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PREFACE

The closest I’ve come to dying was on July 6, 1997. It was my twenty-seventh

birthday. We had reached the 14,162-ft. summit of Mount Shasta just an hour earlier

and were gingerly skiing down the steep slopes above the Hotlum Glacier on Shasta’s

east face. The hour was late, and the snow had turned into a sheet of ice. In a

tumultuous series of events, I tumbled eight hundred vertical feet down the mountain,

out of sight of my partners who were oblivious to my fall.

The falling seemed to go on forever. When it finally slowed to a stop, I found

myself belly-down against the ice. For several dazed moments, I wondered whether I

was still alive. Okay. Limbs are intact. I can still wiggle my fingers and toes. I

assessed the rest of the damage. Skis gone, boots gone, one ski pole left. Crampons

are still in my pack. Ice axe? No, I had foolishly left it at base camp that morning.

The sun was setting, and the air was filled with an eerie silence. My chances

of surviving the night on the mountain’s flank were slim. I had to get to base camp.

Faced with few other options, I strapped the crampons over my socks and began the

slow traverse to the neighboring drainage where camp was located. I tried to ignore

the thousand vertical foot drop below me; another fall might well be the end of it. But

while each step carried the risk of falling, it also brought me a little closer to safety.

Near the end of the traverse, I was reunited with my partners (one of whom

gave me his ice axe) and together we returned to base camp. I managed to escape with
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a sprained ankle and the loss of much skin from my left buttock. Others who came

after me were not so lucky; a few weeks later, a climber fell on the same slope and

died of exposure. Even now, steep, icy slopes late in the afternoon give me the

willies.

Looking back, the Shasta incident marked a turning point in my graduate

career. After two years of failed projects, I had passed my orals a couple weeks before

with a proposal to study mechanisms of tubulogenesis. At the time, I had never even

laid eyes on a live cyst. The field has turned out to be rich and provocative, and for

this I am grateful. But I also wonder what might have happened if I had abandoned

my initial projects and delved into collagen culture sooner. Likewise, our key error on

Shasta was not turning back early in the afternoon when it was apparent that we were

way behind schedule. Nature, in both its macro and micro incarnations, is immune to

the hubris of human endeavor. Knowing when to retreat is as important as having the

will to continue. It is a lesson I am still learning.

In climbing the graduate school mountain, with its steep passes and false

summits, I have many to thank along the way. First and foremost are my dear parents,

whose unfailing support of my childhood science fair projects steered me toward

science and whose loyalty and encouragement are steady to this day. I thank my dad

for his perception of science as a noble profession, and my mom for her unflinching

tenacity in times of need. I am eternally grateful to Keith, my advisor, for treating me

like a true peer and colleague, even though many times I did not deserve it, and for

granting me the unfettered freedom to pursue what I thought was interesting, even

though I often was not ready for it. I thank James Nelson, whose imprint on my work
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is indelible. Not only did he (along with David Drubin) codify the concept of guiding

polarity through spatial cues, but his suggestions and insights have repeatedly led to

breakthroughs in my work. The motorcycle rides down to the sunny Stanford campus

were an added pleasure. Thanks also to the other members of my committee: Zena

Werb, for her belief that “everyone should have a Jewish mother”, and Henry Bourne,

for his gadfly-like persistence in penetrating to the heart of a question.

In the Mostov Lab, I owe a particular debt to Anne Pollack, who established

the tubulogenesis system in the lab and pioneered the in situ confocal analysis of

tubules, which has made a cell biological analysis of tubule formation possible. Two

days after the Shasta fall, I limped into her new lab at the University of Arizona to

learn about tubulogenesis from the source. In the spirit of true collaboration, she not

only taught me the culture system but also changed my wound dressings each

morning! I am also grateful for the able hands and willing mind of Ellen Kats, a

Berkeley undergrad who found her way to the Mostov Lab. Ellen became my first

student and performed most of the experiments on the Raf project. The intellectual

exchanges and technical advice of many current and former lab members must be

recognized, including those of Mike Cardone, Steve Chapin, Karen Singer, Janice

Richman-Eisenstat, Fred Luton, Seng-Hui Low, Steen Hansen, Mirjam Zegers, and

Martin ter Beest. And a huge thanks to Gloria Pedro and Kitty Tang for making it

their business to keep the lab running smoothly.

On the personal side, Josh Thaler has been my closest friend and confidante

since our undergraduate days. He knows every corner of my brain, has seen me at my

best and at my worst, and somehow still manages to love and believe in me. He shares



in my small triumphs, props me up when needed, and calls my bluff when necessary.

I cannot fathom what my life would be like without his presence.

Thanks to all those with whom I have had the privilege of sharing the

wilderness experience, especially Sam, Paul, Bob and Cathy, Jim, and John. You

know who you are. When in doubt, bring your ice axe.

And thanks to Mark, who brings magic to my life and unspeakable joy to my

heart. Your presence feeds my soul. Somehow, you make the birds sing louder, the

skies brighter, the climbs easier, and the descents more fun. May we scale many

peaks and carve countless turns together, whooping like banshees all the way down.
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ABSTRACT

REGULATORY FORCES DURING THREE-DIMENSIONAL EPITHELIAL

MORPHOGENESIS

Lucy Erin O'Brien

Tubulogenesis is the central process that characterizes epithelial organ

development. While many different signaling elements have been implicated in tubule

formation, the specific cellular changes effected by these signals remain poorly

understood. Collagen culture of Madin-Darby Canine Kidney (MDCK) cells provides

a tractable system to examine the cell biology of epithelial morphogenesis. Here, we

present two branches of investigation into the genesis of epithelial architecture using

this system.

First, we examine the role of the Raf-MEK-ERK pathway during tubulogenesis

using an MDCK cell line that expresses conditionally active Raf-1 kinase. We find

that transient Raf-1 activation is sufficient to recapitulate all four stages of HGF

induced tubulogenesis. Initial induction of Raf-1 in MDCK cysts resulted in the

formation of extensions and chains of cells in the absence of HGF. However, with

continued Raf activation further morphogenesis was aborted, with complete

detachment of these cells from the mother cyst. Attenuation of Raf-MEK-ERK

signaling allowed extensions and chains to form mature tubules reminiscent of those
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induced by HGF. We therefore propose that dynamic regulation of Raf-MEK-ERK

singling may be paramount to the cellular rearrangements that constitute HGF-induced

tubulogenesis.

Second, we examine the forces that orient cellular polarity during epithelial

morphogenesis. Cellular polarization involves the generation of asymmetry along an

intracellular axis. In a multicellular tissue, the asymmetry of individual cells must

conform to the overlying architecture of the tissue. However, the mechanisms that

couple cellular polarization to tissue morphogenesis are poorly understood. Here, we

report that orientation of apical polarity in developing Madin-Darby canine kidney

(MDCK) epithelial cysts requires the small GTPase rac1 and the basement membrane

component laminin. Dominant negative rac1 alters the supramolecular assembly of

endogenous MDCK laminin and causes a striking inversion of apical polarity.

Exogenous laminin is recruited to the surface of these cysts and rescues apical

polarity. These findings implicate rac1-mediated laminin assembly in apical pole

orientation. By linking apical orientation to generation of the basement membrane,

epithelial cells ensure coordination of polarity with tissue architecture.
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CHAPTER ONE

THE ORCHESTRATION OF EPITHELIAL MORPHOGENESIS
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Epithelial Tissue Morphogenesis: Think Globally, Act Locally

Multicellular tissue development requires that cells translate a global inductive

signal into local alterations in behavior. These local behaviors must be coordinated

both spatially and temporally to create the specific architecture needed for tissue

function. To achieve this coordination, neighboring cells and the extracellular matrix

(ECM) act on a local level to modulate the growth factor response of individual cells.

The combination of global and local signaling inputs orchestrates the mass movements

of cells that characterize tissue morphogenesis.

Epithelial morphogenesis provides an example of how combined global and

local factors regulate development. Epithelial organs such as the lung, kidney, and

pancreas are composed of branching tubular or ascinar networks as a means to

maximize surface area in the confined space of an organ'. Each tubule is comprised

of a monolayer of cells that encloses a central lumen (Figure 1-1). The cells in this

monolayer exhibit characteristic apical and basolateral poles. The apical pole faces

the lumen and is marked by microvilli, the cytoskeletal terminal web, and the Golgi

apparatus. The basolateral pole faces the substratum and is marked by the nucleus,

cell–cell adherens junctions, and the basement membrane. In addition to these

structural features, apical and basolateral poles are distinguished by different plasma

men brane protein and lipid compositions. Tight junctions are found at the most

apical aspect of the lateral plasma membrane and demarcate the boundary between the

apical and basolateral plasma membrane domains.

*** * ****



basement
membrane

basal pole

Figure 1-1. Hallmarks of the epithelial phenotype.

Schematic diagram of a tubule cross-section (upper left) and magnified view

illustrating structural features associated with the apical pole (red) and basal pole

| (green).



Epithelial development therefore occurs on two levels: On the multicellular

level, cells proliferate, migrate, and eventually arrange themselves in tubular

monolayers. In many cases, these activities are thought to occur in response to soluble

growth factors, which act globally on all the cells in a developing organ. For example,

fibroblast growth factor (FGF) is required for lung development”, and hepatocyte

growth factor (HGF) is involved in genesis pancreas, mammary gland, and kidney*.

Thus, a simple molecular signal can unleash a complex program of events to transform

the morphology of a multicellular system.

On the single-cell level, the generation of apical and basolateral domains

establishes an intracellular axis of polarity. This process is thought to be under local

regulation. Each cell interprets local positional cues, such as cell-cell adhesion, cell

substratum adhesion, or free plasma membrane surface, and orients its polar axis in

response to these cues".

Most studies of epithelial morphogenesis have focused on one of these two

levels. However, it is impossible to deny that these two levels are, in fact, intimately

related. The characteristic architecture of epithelia may be seen as a consequence of

the constraints imposed by the polarized morphology of individual epithelial cells.

Alternatively, the polarity of individual cells may be seen as a requisite for epithelial

architecture. For example, lumen formation and apical polarization invariably occur

in tandem, even though the former is typically considered a feature of organ

development and the latter is typically considered a feature of cellular polarization.

To clearly understand the complex forces that drive epithelial morphogenesis, we must

understand the interface between global and local regulatory factors.



MDCK Cells in Collagen Culture Reveal the Cell Biology of Epithelial Development

Technical obstacles are partly to blame for the paucity of research uniting these

two modes of thought. Studies of epithelial organ development have typically used

transgenic mouse models or explant culture systems to examine the involvement of

particular gene products in organ formation. However, these systems are not

amenable to analysis at the single cell level. By comparison, studies of epithelial

polarization have traditionally relied upon epithelial cells cultured on solid supports.

These systems are ideal for examining aspects of single cells, but do not provide

insight into the formation of a multicellular tissue.

One approach to integrate these two levels of analysis uses a three-dimensional

cell culture system in which branching morphogenesis is inducible. Such a system

allows examination of the behavior and morphology of individual cells in the process

of forming tubules. The Madin-Darby Canine Kidney (MDCK) cell line, derived from

canine renal tubular epithelium, provides an ideal model for analyzing tubulogenesis.

These cells have been a prototype for studies of epithelial polarity. When grown in a

type I collagen matrix, MDCK cells form multicellular branching tubules in response

to hepatocyte growth factor (HGF)7, 8. This HGF-induced process is reminiscent of

early stages of renal development, in which tubulation of the ureteric bud is induced

by soluble mesenchymal factors. The consequent tubules then differentiate into the

collecting ducts of the mature kidney”.

HGF-induced MDCK cell tubulogenesis occurs through a stereotyped sequence

of events!9. These events will be discussed further in Chapter Two. Briefly,



protrusion of a single cell into the collagen matrix initiates a new MDCK tubule

within 12 hours of HGF treatment. After 24 hours, this protrusion forms the anchor

for a chain of cells extending into the matrix. Cells in the chain have lost

apicobasolateral polarity. After 48 hours, the chain of single cells has thickened to

form a cord several cells wide. At this stage, cells exhibit repolarization of apical but

not basolateral marker proteins. After 72 hours, nascent lumena appear in the cords as

opposing cells separate from each other. The endpoint of tubule development is

marked by full repolarization of cells in the tubule10.

HGF-induced MDCK cell tubulogenesis therefore provides an opportunity to

investigate how local changes in cell morphology and behavior are coordinated to

form a complex tissue architecture. Unfortunately, the vast majority of tubulogenesis

research!!-22 has not taken advantage of this. Instead, most prior studies have

approached tubulogenesis from a reductionist signaling perspective that may well be

inappropriate. Specifically, our understanding of signaling mechanisms is largely

based on studies of biological phenomena that occur in a matter of Seconds or minutes.

The applicability of these paradigms to biological phenomena that occur over several

days is unclear, and yet in general most studies do not hesitate to interpret

tubulogenetic data in the light of signaling studies conducted with short-term

phenomena. In the case of tubulogenesis, many different cellular events are

coordinated to produce a tubule: migration, division, adhesion, polarization. Each of

these elements is a field of study in its own right. Furthermore, tubulogenesis occurs

in an asynchronous manner. Different stages of tubule development can

simultaneously be observed in the same cyst, and often even in the same tubule.



Taken together, this complexity implies three things: First, that neighboring cells may

be experiencing different regulatory inputs. Second, that these regulatory inputs are

continually modulated throughout tubulogenesis. And third, that the specific local

environment (both intra- and extracellular) is therefore a dominant force during

tubulogenesis. However, the vast majority of studies have overlooked these key

elements and instead regard tubule development as a binary decision: tubules or no

tubules. Data is presented as low-magnification phase-contrast images from which it

is impossible to discern cell morphology. The understanding of tubulogenesis gleaned

from such studies is superficial at best and misleading at worst.

An Intrinsic Epithelial Developmental Program?

The morphological changes that characterize cord and mature tubule formation

are not unique to HGF-induced tubulogenesis. Rather, a similar response is observed

whenever MDCK cells are placed in an environment that denies them a free plasma

membrane surface. These circumstances include development of MDCK cysts in

collagen, overlay of MDCK monolayers with collagen, and overlay of 2-3 cell

colonies with collagen23-27. The key feature of all these culture conditions is that

MDCK cells are not provided with a free plasma membrane surface. Instead, they

must create this surface de novo through lumen formation. The observation that cells

in these different culture conditions form lumens and reorient their polarity via a

common sequence of events suggests the existence of a developmental program

intrinsic to epithelia. This program would be executed in the absence of a free

Surface; its outcome would be the generation of a free, lumenal surface enclosed by a



single layer of polarized cells. A corollary of this idea is that HGF is not required for

latter stages of tubulogenesis. Instead, HGF would serve to initiate tubulogenesis by

stimulating extension and chain formation. Once formed, chains would progress to

cords and mature tubules without the need for HGF, as cells in chains would execute

this putative epithelial program.

*- : *-**

The Importance of Free and Adhesive Surfaces

In order to undergo morphogenesis, MDCK cells must have both free and f.

adhesive plasma membrane surfaces. If either type of surface is absent, cells will go tº .

to great lengths to rectify the situation. Perhaps the most dramatic example of this **** *

type of remodeling comes from the behavior of suspension-grown MDCK cysts that i. …'

are then embedded in collagen28.2°. When grown in suspension culture, MDCK cells ...” º

form cysts with the apical pole of the cyst facing the medium and the basolateral pole º
-

of the cyst facing the cyst interior”. Suspension-grown cysts contain a central lumen,

but unlike collagen-grown cysts this lumen contains basement membrane proteins and

thus the lumenal surface of suspension-grown cysts is adhesive. Embedding

Suspension-grown cysts in collagen denies them a free surface. In response, the cysts

degrade their lumenal ECM, thereby creating a free lumenal surface. The peripheral

apical pole is internalized, and a new apical pole is established at the lumenal surface.

If protease inhibitors are used to prevent degradation of the lumenal ECM, cells in the

cyst still create free surface by forming lumens along lateral membranes.

The fact that cells undergo extensive remodeling to establish both free surfaces

and cell-cell contacts49 suggests that contrast between free and adhesive plasma



membrane surfaces is critical to epithelial morphogenesis. On the tissue level, the

requirement that each cell must have both free and adhesive surfaces dictates the

tubular or ascinar organization of epithelial monolayers. On the level of individual

cells, free and adhesive surfaces serve to both initiate polarization and to orient the

axis of apicobasolateral polarity. Signaling inputs from 31 integrin may provide the

stimulus for initiating polarization, as £1 integrin blocking antibodies lead to the

development of nonpolar MDCK cysts (L.E.O. and K.M., unpublished observation)

and prevent the remodeling that occurs in response to collagen overlay24, 2*, *.

Basolateral polarization involves signaling inputs from cell-cell adhesions through the

E-cadherin/B-catenin complex and the secó/8 complex32. 33. Apical polarization

invariably occurs at the free surface, but the molecular signals that identify this free

surface remain obscure.

Once recognized, the information provided by these positional cues must be

propagated throughout the cytoplasm. The microtubule and actin cytoskeletons likely

figure prominently in this process. In differentiated cells, microtubules extend from

the basal to the apical plasma membrane, with their plus ends at the basal surface and

their minus ends at the apical surface*. While the temporal appearance of this

polarized arrangement is unclear, it is tempting to speculate that it may play a role in

Propagating the polarizing signal, perhaps by specifying unidirectional transport of

Polarizing agents across the cell. Microtubule transport is essential to establish

Polarity in the one-cell C. elegans embryoº, and a similar role would be consistent

Yith the requirement for microtubules during MDCK cells' response to collagen

‘’Yerlay. The actin cytoskeleton is also an attractive candidate for relaying polarizing



signals. In particular, both cadherin-mediated cell-cell contacts and integrin-mediated

cell-substratum contacts are linked to the cortical actin cytoskeleton?0, 30. At the

apical domain, actin is a major component of the terminal web. Thus, actin is

associated with all three types of positional cues, although further research will be

needed to understand how this association might contribute to polarity.

Local Control of Three-Dimensional Epithelial Morphogenesis: Overview of Results

In these studies, we have sought to understand how intracellular signaling

pathways control the morphogenetic movements that lead to development of epithelial

tissue structure. Chapter Two extends others’ work showing that the Raf-MEK-ERK

pathway is activated downstream of HGF and required for tubulogenesis?0, 37. In our

study, we report that transient activation of the Raf-MEK-ERK pathway is not only

necessary, but also sufficient to recapitulate all four stages of HGF-induced tubule

formation, whereas sustained Raf-1 activation is not. Chapter Three examines the

regulatory pathway that specifies orientation of the apical pole in MDCK cysts. When

single MDCK cells are embedded in a collagen matrix, they proliferate to form cysts,

Spherical monolayers of polarized cells enclosing a central lumen (Figure 1-2). The

morphological stages of cyst development closely resemble the progression from

chain to cord to mature tubule that characterizes HGF-induced tubule development,

and thus cyst development may be considered analogous to the later stages of tubule

development.

* -- * *

** * -
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Here, we report that orientation of the apical pole involves the small GTPase

rac1 and the basement membrane component laminin. We provide evidence that rac1

activity is required for the assembly of laminin into a network at the basal surface.

Assembled laminin then sends a polarizing signal that orients apical polarization.

These studies provide insight into how modulation of signaling events at the local

level coordinates the multicellular events that generate three-dimensional tissue * -- *-*

**

ºr ºf
**

* *

architecture.

a-º-º:

- ***
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CHAPTER TWO

TRANSIENT ACTIVATION OF RAF-1 IS SUFFICIENT TO RECAPITULATE

HGF-INDUCED TUBULOGENESIS
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Abstract

Tubulogenesis is the central process that characterizes epithelial organ

development. While many different signaling elements have been implicated in tubule

formation, the specific cellular changes effected by these signals remain poorly

understood. Hepatocyte growth factor (HGF)-induced tubulogenesis of Madin-Darby

Canine Kidney (MDCK) cells provides a tractable cell culture system to examine the

cell biology of tubule formation. Here, we examine the role of the Raf-MEK-ERK

pathway during tubulogenesis using an MDCK cell line that expresses conditionally

active Raf-1 kinase. We find that transient Raf-1 activation is sufficient to recapitulate

all four stages of HGF-induced tubulogenesis. Initial induction of Raf-1 in MDCK

cysts resulted in the formation of extensions and chains of cells in the absence of

HGF. However, with continued Raf activation further morphogenesis was aborted,

with complete detachment of these cells from the mother cyst. Attenuation of Raf

MEK-ERK signaling allowed extensions and chains to form mature tubules

reminiscent of those induced by HGF. We therefore propose that dynamic regulation

of Raf-MEK-ERK singling may be paramount to the cellular rearrangements that

constitute HGF-induced tubulogenesis.

Introduction

Tubulogenesis is the central process that characterizes epithelial organ

development'. This process is complex, involving local coordination of cell
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differentiation, proliferation, and migration”. While much is understood about the

upstream growth factors and signaling events that motivate tubule formation, little is

understood about how these signals alter the relationship of cells with neighboring

cells and the extracellular matrix (ECM) in order to generate a multicellular tubule.

HGF-induced tubulogenesis of MDCK cells provides a tractable cell culture

system to examine the cell biology of tubule formation. When grown in a matrix of

collagen I, MDCK cells form cysts, spherical monolayers of cells surrounding a

central lumenº. In response to HGF, these cysts develop multicellular, branching

tubules over a 2-3 day period+ 5. Pollack et al. have characterized four distinct stages

of tubule development (Figure 2-1)*: (1) Single-cell extensions, visible after 6-24

hours of HGF treatment. Extensions arise from a specific remodeling of the

basolateral domain to form a pseudopodal structure that extends into the collagen

matrix. These extensions can grow as long as 2-3 cell lengths. (2) Chains of 2-3

single-file cells, visible after 12-36 hours. These cells have lost polarity, and this stage

of tubulogenesis is typically unstable. (3) Cords of cells 2-3 cells thick and of varying

length, visible after 24-48 hours. Apical markers are restricted to the midline of the

cord, while basolateral markers are still nonpolar. (4) Mature tubules, characterized

by lumens and visible after 36-72 hours. Cells in mature tubules have completely

reestablished apicobasolateral polarity. A single developing tubule often contains

cells in multiple stages of tubulogenesis; typically, more advanced stages are closer to

the body of the cyst.
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Figure 2-1. Four stages of HGF-induced tubulogenesis.
|

HGF-treated MDCK cysts are stained for actin (green) and nuclei (red). Line

illustrations are adapted from Pollack et al., Dev. Biol. 204:64.
—
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The morphogenetic activity of HGF is primarily transmitted through the

tyrosine kinase receptor met". The cytoplasmic domain of met is characterized by a

multisubstrate docking site that contains two critical tyrosine residues, Y1349 and

Y1356. The interaction of met with HGF leads to met dimerization and

crossphosphorylation of these tyrosines, allowing association of at least eight distinct

signaling molecules (Grb2, Src, PI-3 kinase, PLC-Y, Shc, SHP-2, Gabl, Cbl, and

STAT3) with the docking site through their Src-homology 2 domains?-12. These

interactions in turn activate a number of downstream signaling pathways.

One critical pathway is the Raf-MEK-ERK pathway. HGF treatment of

MDCK cells upregulates ERK activity!3, 14, and pharmacological inhibition of MEK

blocks HGF-induced tubulogenesis' 3. Recently, MDCK cells expressing a

conditionally active form of Raf-1 were shown to undergo spontaneous formation of

tubular structures in collagen gels!?. This behavior was associated with Raf-induced

secretion of transforming growth factor [3 (TGF-3). Neutralizing TGF-3 antibodies

blocked Raf-1 induced tubulogenesis.

To further understand how Raf-1 activation elicits the complex changes in cell

behavior that characterize tubulogenesis, we examined the ability of cells expressing

activated Raf-1 to mimic the behavior of cells treated with HGF. We find that

transient Raf-1 activation is sufficient to recapitulate all four stages of HGF-induced

tubulogenesis. Short-term (18-24 hours) activation of Raf-1 induces the formation of

extension- and chain-like structures in the absence of HGF. Their morphological and

temporal appearance resembles HGF-induced extensions and chains. However, the

morphogenesis of these Raf-induced structures is aborted with continued Raf-1

* = r * * *
--

gºº -

rº
-s tº *

*** .

- 22 -



activation, resulting in migration and detachment from the mother cyst. In contrast,

downregulation of Raf-1 activity allows these extensions and chains to develop into

cords and mature tubules. We therefore propose that dynamic regulation of Raf

MEK-ERK signaling may be central to the cellular rearrangements characterizing

HGF-induced tubulogenesis.

Results

Raf-1 Induction is Sufficient to Mimic Early Stages of HGF-Induced Tubulogenesis

To investigate the role of the Raf-MEK-ERK pathway in tubulogenesis, we

used MDCK cell lines that conditionally upregulated Raf-1 activity. These cell lines

stably expressed EGFPARaf-1:ER, a chimeric protein in which a GFP-tagged catalytic

domain of Raf-1 (EGFPARaf-1) is fused to the ligand-binding domain of the estrogen

receptor (ER). Addition of the ER ligand 4-hydroxytamoxifen (4-HT) induces both

activation of Raf-1 and fluorescence of GFP10. The intensity of GFP fluorescence

serves as an indicator of Raf-1 activity. Two different MDCK cell lines were used:

EGFPARaf-1 (DD]:ER, which exhibits high levels of Raf-1 kinase activity, and

EGFPARaf-1 ■ ys):ER, which exhibits significantly lower levels of Raf-1 kinase

activity!". A detailed characterization of these cell lines has previously been

reported 17. In our experiments, MDCK cells expressing either EGFPARaf-1 ■ pp):ER or

EGFPARaf-1 ■ ys):ER yielded similar results. EGFPARaf-1 ■ yw■ :ER cells are shown in

all figures.
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EGFPARaf-1:ER cells were grown for 10 days in a matrix of collagen I in the

absence of 4-HT. These cells formed cysts indistinguishable from untransfected

control cysts (Figure 2-2a and data not shown). 4-HT was added to the 10-day cysts to

induce Raf-1 (Figure 2-2b). Raf-1 activation was accompanied by a concomitant

increase in GFP fluorescence. After 18-36 hours of activation, EGFPARaf-1:ER cysts

exhibited Striking pseudopodal extensions. These extensions appeared

morphologically similar to extensions formed by control MDCK cells in response to

12-24 hours of HGF treatment”. Chains of 2-3 cells were also observed in the induced

EGFPARaf-1:ER cysts, although their prevalence was lower than extensions. 4-HT

did not alter the morphology of untransfected control cysts (not shown).
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|Figure 2-2. Induction of Raf-1 activity is sufficient for extension formation.

Confocal analysis of uninduced and induced EGFPARaf-1:ER cysts. Cysts

were stained for actin (red); GFP fluorescence is indicative of Raf-1 activation. a,
|

Uninduced EGFPARaf-1:ER cells form normal cysts after 10 days of growth in

| collagen. b. After 10 days of culture, EGFPARaf-1:ER cysts were treated with 1 um

tamoxifen (4-HT) for 36 hours to induce Raf-1 activity (green). Induced cysts formed

structures resembling HGF-induced extensions (arrowheads) and chains (arrows).
||-
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Raf-1 was less effective than HGF at inducing tubulogenesis. EGFPARaf

1:ER cysts exhibited -20% of the nascent tubules exhibited by HGF-treated cysts. No

correlation was observed between the extent of Raf-1 activation in individual cells (as

indicated by GFP fluorescence) and tubule initiation, suggesting that other factors

influenced the decision to tubulate. We next verified that Raf-induced tubulogenesis

involved activation of the Raf-1-MEK-ERK pathway (Figure 2-3). As expected,

inhibition of MEK with U0126 abrogated tubulogenesis, despite the appearance of

GFP fluorescence indicative of Raf-1 activation.
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Confocal analysis of Raf-induced extension formation in the absence or

presence of the MEK inhibitor UO126. Cysts were stained for actin (red); GFP
fluorescence is indicative of Raf-1 activation. a, EGFPARaf-1:ER cysts were treated

with 4-HT for 24 hours, resulting in the activation of Raf-1 (green) and the formation

of extensions and chains. b, EGFPARaf-1:ER cysts were treated with both 4-HT and

10 pm U0126 for 24 hours. Despite activation of Raf-1 (green), these cysts did not

º extensions and chains.
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We next examined the apicobasolateral polarity of Raf-induced extensions

(Figure 2-4). As previously reported?, HGF-induced extensions form through

remodeling of the basolateral domain and therefore are positive for basolateral

markers. The apical domain of extension-forming cells typically remains intact during

this process. Raf-induced extensions exhibited a similar polarity; apical markers in

extension-forming cells were restricted to the lumenal surface (Figure 2-4a), while

basolateral markers localized to the extending membrane surface (Figure 2-4b).
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Figure 2-4. Raf-induced extensions form through remodeling of the basolateral

domain.

Immunocytochemical analysis of apicobasolateral polarity in Raf-induced

extensions. EGFPARaf-1:ER cysts were treated with 4-HT for 20 hours. GFP

fluorescence is indicative of Raf-1 activation. Cysts were then harvested and stained

for either apical or basolateral markers (red). a, The apical plasma membrane protein

gp135 (red) remains confined to the lumenal surfaces of extension-forming cells

(arrow). gp135 is excluded from the body of the extension. b. The basolateral

membrane protein p58 (red) outlines the extending membrane surface (arrowheads)

-
and is excluded from the lumenal surfaces of these cells.
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In summary, activation of the Raf-1-MEK-ERK pathway is sufficient to

recapitulate early stages of HGF-induced tubule formation. Although Raf-1 induces

tubulogenesis less efficiently than HGF, the morphological and temporal appearance

of Raf-induced extensions and chains resembles that of HGF-induced extensions and

chains.

Sustained Raf-1 Activation Causes Cell Dispersal

During HGF-induced tubulogenesis, chains develop into cords after 48-60

hours of HGF treatment. After Raf-1 induction for comparable time periods,

tubulogenesis was aborted. Cells in nascent tubules appeared to detach from the cyst

and migrate into the collagen matrix, resulting in the appearance of “satellite” cells

around a cyst without tubules (Figure 2-5). During this period, the lumenal surface of

EGFPARaf-1:ER cysts became increasingly disorganized. Cells at the lumenal surface

often lost apical polarity, as evidenced by the disappearance of actin microvillar

staining and the cytoplasmic localization of gp135 (Figure 2-5b).
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Figure 2-5. Prolonged Raf-1 activation causes cells in tubules to disperse.

Confocal analysis of cyst morphology after 48-60 hours of Raf-1 induction.

Eight-day EGFPARaf-1:ER cysts were treated with 4-HT for either 48 hours (a) or 60

hours (b). Cysts were harvested and stained for the apical marker gp135 (red); GFP

fluorescence is indicative of Raf-1 activation. After 45-60 hours of Raf-1 activation,
| - - - - - - - -no extensions or chains were apparent. Instead, detached satellite cells were visible in
|

the vicinity of the cysts. These satellite cells were likely derived from cells in
- -| extensions and chains.

–
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Thus, activation of Raf-1 for over 48 hours caused abortion of tubulogenesis

and the appearance of satellite cells in the cyst vicinity. We interpret this result as

indicating that prolonged Raf-1 activation results in hypermotility of tubulating cells.

Instead of developing into cords, cells in extensions and chains continue to migrate

into the matrix, eventually detaching from the cyst. This phenotype contrasts with

HGF-induced tubulogenesis, during which cell-cell contact is maintained and cells

cease migrating in order to form cords.

Downregulation of Raf-1 Allows Tubule Maturation

We hypothesized that during HGF-induced tubulogenesis, Raf-1 may be

upregulated only transiently, and that progression from early to late stages of tubule

formation may require downregulation of Raf-1. To test this hypothesis, we used 1

pum 173-estradiol (E2) to induce Raf-1 activity in EGFPARaf-1:ER cysts for 18 hours,

allowing them to form extensions and chains. We then washed out E2 and verified

that Raf-1 activity was downregulated by loss of GFP fluorescence (Figure 2-6). (E2

is more labile than 4-HT, resulting in faster downregulation of Raf-1.)

Following washout, Raf-1 induced extensions and chains were able to develop

into cords and mature tubules. The midline of Raf-induced cords was positive for the

apical marker gp135 and for intense actin staining (Figure 2-6a). These markers were

also found at the lumenal surface of mature Raf-induced tubules. Raf-induced cords

and mature tubules appeared 18-24 hours after estradiol washout, or ~48 hours after

initial activation of Raf-1. Thus, the morphological and temporal appearance of cords
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Figure 2–6. Attenuation of Raf-1 activity permits tubule maturation.

activation of Raf-1. Eight-day EGFPARaf-1:ER cysts were treated with 1 pm 173

Confocal analysis of EGFPARaf-1:ER cyst morphology following transient

|estradiol (E2) to induce Raf-1 activity. After 24 hours of induction, E2 was washed

out. Cysts were harvested either 18 hours (a) or 24 hours (b) after washout. Note
- - - - - - - -that GFP fluorescence is undetectable in these cysts, indicating downregulation of

|Raf-1 activity. Staining for actin (red) and the apical marker gp135 (blue) is shown.

|a, Cord formation following transient Raf-1 activation. Gp135 is localized to the
|
|

maine of the cord. b. Mature tubule formation following transient Raf-1 activation.
Gp135 outlines the lumenal surface of the tubule.
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Raf-induced tubules consistently contained fewer cells than HGF-induced

tubules, resulting in structures that were appreciably shorter. This difference may be

attributed to the different mitogenic activities of HGF and Raf-1. In addition to its

morphogenetic activity, HGF is known to act as a potent mitogen!8. Indeed, abundant

cell proliferation is apparent in HGF-treated cyst cultures”. This proliferation likely

contributes to the extended length of HGF-induced tubules. In contrast, induction of

Raf-1 in MDCK cells does not stimulate proliferation!7. We propose that while cells

in Raf-induced tubules undergo the cell-cell rearrangements that occur during HGF

induced tubulogenesis, their proliferation remains at normal levels, resulting in

shortened tubules.

In summary, attenuation of Raf-1 activity allows Raf-induced tubules to

progress to maturity. The resulting structures are morphologically similar to HGF

induced tubules except for their shorter length, perhaps reflecting the inability of Raf-1

to stimulate cell proliferation.

Discussion

The Raf-MEK-ERK pathway is essential for HGF-induced tubulogenesis,

although how this pathway regulates the morphogenetic movements that characterize

tubulogenesis remains obscure. Here, we show that transient activation of Raf-1 is

Sufficient to recapitulate all four stages of HGF-induced tubulogenesis in the complete

absence of HGF (Figure 2-7). In general, the morphological and temporal appearance

of Raf-induced tubules closely resembles that of HGF-induced tubules. By contrast,
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sustained Raf-1 activation causes cells in initial stages of tubule formation (extensions

and chains) to detach and migrate away from the mother cyst, precluding progression

to later stages of tubulogenesis. We propose that dynamic regulation of the Raf-MEK

ERK pathway is central to the morphogenetic movements that characterize

tubulogenesis.

****
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Figure 2-7. Model.

a, Raf-1 activation induces extension and chain formation after 24 hours. b,

Continued Raf-1 activation causes cells in extensions and chains to detach and scatter.

c, Raf-1 downregulation allows chains to develop into cords and mature tubules.

Green shading denotes Raf-1 activation; blue shading denotes lumens (L).

º
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Signaling from Met to Raf

Development of multicellular tubules is extraordinarily complex, requiring

both global and local regulation of cell proliferation, migration, and differentiation.

Consistent with this complexity, at least eight different signaling molecules are known

to interact with the multisubstrate docking site of the HGF receptor met, and many of

these interactions appear to be required for tubulogenesis?-12. These effectors

presumably activate a myriad of downstream signaling pathways to execute the

tubulogenetic program.

In light of this complexity, it is remarkable that transient activation of one of

these pathways is alone sufficient to recapitulate all of the morphological changes

involved in tubulogenesis. This finding raises the following question: If only one

pathway is sufficient, why invoke such a multiplicity of signaling pathways in

tubulogenesis? Several answers are possible. First, Raf-1 is only ~20% as efficient as

HGF in inducing tubule formation. This difference could reflect the absence of input

from other signaling pathways. Second, Raf-induced tubulogenesis appears to occur

without significant cell proliferation, whereas HGF-induced tubulogenesis is

accompanied by a marked increase in cell proliferation”. Signaling pathways other

than Raf-MEK-ERK likely regulate proliferation in response to HGF. Third, it is

possible that overactivation of any single pathway downstream of met could lead to

spontaneous tubulogenesis without activation of other pathways. Indeed, either

overexpression of the adaptor protein Gabl or constitutively active PI3K also appears

to result in spontaneous tubule formation', '9. However, morphological analysis in

these studies was confined to low-magnification phase-contrast images, making it
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difficult to ascertain whether the induced structures resembled HGF-induced tubules.

Finally, the tubulogenetic signaling program is likely robust, involving reciprocal

crosstalk between different pathways. In this context, activation of one pathway may

lead to activation of many components of the tubulogenetic program.

Our finding that tubule maturation requires downregulation of Raf-1 after ~18

hours would predict a similar downregulation of the Raf-MEK-ERK pathway during

HGF-induced tubulogenesis. Whether this occurs is unknown and will require further

experimental investigation. It is well documented that activated met stimulates ERK

phosphorylation, and that this stimulation persists for at least 3 hours!". In contrast,

ERK phosphorylation in response to the related tyrosine kinase receptor EGFR

persists for only ~15 minutes". Furthermore, EGF does not induce tubule formation,

consistent with a requirement for longer-term ERK activation during tubulogenesis”.

To our knowledge, the status of ERK activation at timepoints longer than three hours

after HGF treatment has not been examined.

Interestingly, the tyrosine phosphatase SHP-2 has been implicated in

maintenance of ERK activation downstream of met|4. SHP-2 interacts with activated

met both directly and through the Gabl adaptor protein. In MDCK cells grown on

plastic, loss of the SHP-Gabl interaction leads to rapid attenuation of ERK activation

15 minutes after HGF treatment. These cells do not undergo morphogenesis in

response to HGF. Instead, they appear to scatter, resulting in a phenotype reminiscent

of EGFPARaf-1:ER cysts after 48-60 hours of Raf-1 activation. Altogether, it appears

that the temporal parameters for activation of tubulogenesis through the Raf-MEK

ERK pathway are tightly constrained.
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Downward and colleagues have reported that collagen invasion requires Raf

stimulated secretion of TGF-É, and that inhibiting TGF-3 prevents Raf-induced

tubulogenesis' 3. As TGF-B alone does not induce tubulogenesis'9, its exact role

remains unclear. TGF-3 appears to have highly divergent effects in different

biological contexts. During certain cases of organ development, TGF-É appears to

activate matrix metalloproteinases?0. Such a role would be attractive for TGF-3

during initiation of tubulogenesis, when alterations in the appearance of the basement

membrane are observed (Appendix 2A).

Tubule Formation Involves Regulated Dedifferentiation and Redifferentiation

Tubule development provides an example of morphogenesis through regulated

dedifferentiation and redifferentiation. The initiation of tubulogenesis involves certain

aspects of the dedifferentiation that occurs during epithelial-mesenchymal transition.

Specifically, cells must disrupt the epithelial monolayer and invade the ECM to form

extensions, and cells must lose polarity to form chains. Conversely, later stages of

tubulogenesis involve epithelial redifferentiation. Cord and mature tubule

development involves the cessation of migration, repolarization, and formation of a

lumen.

Our results suggest that the Raf-MEK-ERK pathway may control the switch

between these two phases of tubule development. Activation of Raf-1 induces

dedifferentiation, thereby promoting tubule initiation. Downregulation of Raf-1

allows cells to redifferentiate, thereby allowing tubule maturation. This proposal is

consistent with the behavior of EGFPARaf-1:ER cells grown as monolayers on
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filters!7. Activation of Raf-1 in EGFPARaf-1:ER monolayers causes these cells to

lose polarity and multilayer in a manner reminiscent of the dedifferentiation that

occurs during oncogenic transformation. Indeed, their phenotype is indistinguishable

from that of MDCK cells transformed by oncogenic Ras?". Interestingly, HGF

treatment of MDCK monolayers produces a similar effect.”

This scenario, if correct, raises two intriguing questions: First, how are cell

cell contacts modulated during extension and chain formation, when adhesion must be

weakened but not completely lost? The available evidence suggests that intercellular

adhesion is certainly diminished in developing tubules. HGF in particular is able to

stimulate endocytosis of E-cadherin23. During both normal HGF-2 and Raf-induced

tubulogenesis, scattered satellite cells are apparent in the vicinity of the cysts, and

time-lapse video microscopy (Appendix 2B) strongly indicates that these satellites are

derived from developing extensions and chains that lost contact with the mother cyst.

While much further study will be needed to understand its mechanistic underpinnings,

it appears that the modulation of cell-cell adhesion during tubulogenesis is not without

CTI’Or.

Second, if HGF stimulates the Raf-MEK-ERK pathway, then what factors are

responsible for the timing of its downregulation? These factors must be local, acting

on individual cells or small groups of cells, because different regions of the same

tubule undergo cord formation at different times. ECM molecules are an attractive

candidates for this role. By their nature, such molecules could easily exert local

effects on cells in their immediate proximity. Furthermore, the ECM is known to
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modulate the tubulogenetic response", and cells undergoing tubulogenesis actively

remodel their ECM (Appendix 2A).

Our model that tubulogenesis proceeds through regulated dedifferentiation and

redifferentiation provides a conceptual framework for understanding the complex

cellular behaviors leading to tubule formation. The Raf-MEK-ERK pathway is a

central component of this framework. By demonstrating that transient activation of

this pathway recapitulates the four stages of HGF-induced tubulogenesis, our work

uncovers a key link between signaling and development of multicellular structures.
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Materials and Methods

Antibodies/Reagents

Immunocytochemistry was performed as described below with the following

reagents. Primary antibodies: mouse anti p58 (kind gift of Karl Matlin), mouse anti E

cadherin (Transduction Laboratories), mouse anti gp135 (kind gift of George

Ojakian). Secondary antibodies: goat anti mouse Alexa Fluor"M 594 (Molecular

Probes), donkey anti mouse Cy5 (Jackson Immunochemicals). Actin filaments were

stained with Alexa Fluor"M 594 phalloidin (Molecular Probes) at a dilution of 1:40.

Cell Culture

MDCK cell lines stably transfected with EGFPARaf-1:ER have been described

extensively elsewhere!7. Cell lines were maintained in phenol red-free DME medium

supplemented with 10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin at

37°C in a humidified atmosphere containing 5% CO2. To induce Raf-1 activity, 1 um

4-hydroxytamoxifen (4-HT) was included in the medium.

Growth of cysts in three-dimensional collagen I gels was performed as

described previously?. In brief, a suspension of single MDCK cells was added to a

solution of buffered, liquefied collagen I. An initial concentration of 2 x 10" cells/ml

was used. The final concentration of collagen I in the solution was 2 mg/ml, which

allowed the collagen I to solidify into a gel by incubation in a 37°C oven prior to

addition of medium. Over a 10-day period in the absence of 4-HT, individual cells in

the collagen I matrix proliferated to form cysts, with each cyst arising from a single
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cell. After ten days in culture, Raf-1 activity was induced for varying time periods

with 1 pum 4-HT. In washout experiments, cysts were induced with 1 pm 173

estradiol (E2), which is more labile than 4-HT. After 18-24 hours, E2 was removed

from the cultures by five sequential 10-minute washes with E2-free medium. Loss of

GFP fluorescence over the 24-hour period immediately following washout verified

that E2 had been removed and Raf-1 was downregulated.

Immunofluorescence

Cysts in gels of collagen I were processed for immunofluorescence as

previously described”, with the following modifications: Prior to fixation, gels were

briefly treated with collagenase type VII (Sigma C-2399) at 100U/ml in PBS" for 15

minutes at 37°C to increase accessibility of antibodies to cysts. Samples were then

mounted in ProLong"M (Molecular Probes).

Confocal Microscopy and Image Analysis

Cells were viewed using a krypton-argon laser (488 and 564 lines) and a

helium-neon laser (633 line) in conjunction with a Bio-Rad 1024 confocal laser scan

head attached to either a Nikon Eclipse TE300 microscope or a Nikon Diaphot 200

microscope. Digital images of optical sections of cysts were collected in the x-y plane

of the sample using a Plan Apo 60x 1.40 NA objective coupled with a 3x zoom.

Images were converted from Bio-Rad PIC format to TIFF format and analyzed using
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NIH Image 1.61 software. Images for figures were colorized, resized, arranged, and

labeled using Adobe Photoshop 5.0 software.
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Appendix 2A.

Altered Laminin Staining Patterns Accompany Both HGF- and Raf-induced Extension

Formation

Initiation of tubulogenesis involves transient dedifferentiation and invasion of

the extracellular matrix. Since the basement membrane reinforces the epithelial

phenotype and presents a mechanical barrier to invasion, extension formation may

require proteolysis of the epithelial basement membrane. To investigate this

possibility, we examined laminin staining patterns in unstimulated EGFPARaf-1:ER

cysts, in EGFPARaf-1:ER cysts treated with HGF, and in EGFPARaf-1:ER treated

with 4-HT. While untreated cysts were surrounded by a ring of laminin staining, cysts

induced to form extensions by either HGF or 4-HT treatment did not (Figure 2-A).

Instead, scattered puncta of laminin staining were distributed in the matrix around the

cysts. This altered distribution could indicate that laminin was either proteolyzed or

misassembled with the onset of tubulogenesis. Further investigation will be required

to determine the biochemical fate of laminin and the role such alterations would play

during tubule formation.
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Figure 2-A. Altered patterns of laminin staining during extension formation.

Immunocytochemical analysis of laminin during HGF- and Raf-induced

extension formation. Eight-day EGFPARaf-1:ER cysts were either untreated (a),
|

treated for 24 hours with HGF (b), or treated for 24 hours with 4-HT (c). Cysts were

harvested and stained for actin (red) and laminin (green). a, Untreated 8-day

EGFPARa■ - :ER cysts exhibit a ring of laminin staining. b, Laminin staining in the

vicinity of an HGF-treated cyst is diffuse and punctate, c, Laminin staining in the

vicinity of a 4-HT-treated cyst is also diffuse and punctate. In this panel, laminin

staining (originally in the far red channel) was pseudocolored green to allow

visualization of puncta against the dark background. GFP fluorescence is not
|

illustrated.
|
—
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Appendix 2B

Alternating Phases of Growth and Collapse Characterize HGF-Induced Extension

Formation

To further understand the cellular movements involved in HGF-induced

tubulogenesis, we used time-lapse video microscopy to examine developing

extensions. Phase-contrast images taken at 15-minute intervals over a 8-12 hour

period revealed the process of extension formation to be dynamic (Figure 2-B).

Individual extensions often appeared to grow and collapse through a sequence of

events reminiscent of neuronal growth cone pathfinding. In some instances, several

rounds of growth and collapse were observed. In other cases, the tip of the extension

exhibited small lateral movements, as though it was “probing” the extracellular matrix.

A minority of extensions appeared stable throughout the period of image acquisition.

On occasion, developing extensions appeared to pull the entire cell body away from

the cyst. These detached cells retracted their extensions and rounded up.
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Figure2-B.HGF-inducedextensionformationinvolvesperiodsofgrowthandcollapse. UntransfectedMDCKcystsweretreatedfor8
hourswithHGFpriortoimageacquisition.Imagesshownwere acquired

at30minuteinvervalsduring
8
hoursof
additionalHGFtreatment.Pinkandgreenarrowheadsdenotethe tipmigration

oftwodifferentextensions.Thepink-labeledextensionexhibits
a
singlecycleofgrowth(b-e),stability (e-h),andcollapse(h-o).In

contrast,the
green-labeledextensionexhibitsalternatingperiodsofgrowthandcollapse: collapse(a-c),growth(c-f),collapse(f-i),growth(i-j),collapse(j-l),growth(1-m),collapse(m-o).Theoscillating movements

ofthe
green-labledextensionweremuchsmallerthanthe
movements
ofthe
pink-labeledextension. Additional,unlabeledextensionsareapparent

inotherregionsofthecyst.
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CHAPTER THREE

RAC1 ORIENTS APICAL POLARITY BY CONTROLLING BASOLATERAL

LAMININ ASSEMBLY DURING EPITHELIAL MORPHOGENESIS
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Abstract

Cellular polarization involves the generation of asymmetry along an

intracellular axis. In a multicellular tissue, the asymmetry of individual cells must

conform to the overlying architecture of the tissue. However, the mechanisms that

couple cellular polarization to tissue morphogenesis are poorly understood. Here, we

report that orientation of apical polarity in developing Madin-Darby canine kidney

(MDCK) epithelial cysts requires the small GTPase rac1 and the basement membrane

component laminin. Dominant negative rac1 alters the supramolecular assembly of

endogenous MDCK laminin and causes a striking inversion of apical polarity.

Exogenous laminin is recruited to the surface of these cysts and rescues apical

polarity. These findings implicate rac1-mediated laminin assembly in apical pole

orientation. By linking apical orientation to generation of the basement membrane,

epithelial cells ensure coordination of polarity with tissue architecture.

Introduction

Cellular polarization is a two-stage process. First, cells select an axis of

polarization in response to spatial cues. Second, cells generate molecular asymmetry

along this selected axis". In multicellular tissues, the axis of each polarized cell must

be aligned with the overall structure of the tissue in order to achieve the specific

geometry needed for tissue function. However, little is understood about the

molecular mechanisms that couple polarity to tissue architecture.
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Most epithelial organs consist of monolayers of cells that adhere to each other

through cell-cell junctions. These monolayers are arranged in follicular or tubular

structures that enclose a central lumen and are surrounded by a basement membrane.

Individual epithelial cells establish the apical domain next to the lumen, suggesting a

link between cellular polarity and tissue structure. Indeed, cell-cell junctions, which

are vital structural features of epithelia, direct apical polarization in invertebrates”, 3.

Mammalian epithelial cells grown on culture supports are able to form an apical

domain in the absence of cell-cell junctions*, suggesting that a different cue may

designate the apical pole under these circumstances. However, both the molecular

nature of this cue and the basis of its coordination with epithelial architecture are

unknown.

The extracellular matrix (ECM) represents a potential link between polarity

and tissue organization. Dynamic cell-ECM interactions are integral to tissue

morphogenesis, as illustrated by the reciprocal relationship between epithelia and their

laminin-rich basement membrane. In developing epithelia, cells secrete laminin and

assemble it into a polymeric network through the activity of cell-surface laminin

receptors. Genetic or functional ablation of laminin receptors disrupts the process of

laminin assembly and alters the appearance of laminin on the cell surfaceº. 7. In

explant culture and in vivo, assembled laminin provides morphogenetic signals

essential for epithelial development?-19. While the downstream effectors of laminin

signaling are unknown, the asymmetric localization of laminin may indicate a role in

polarization.
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The prototype rho family GTPases, rhoA, rac1, and cdc42, propagate

polarizing signals by inducing actin cytoskeletal remodeling at designated sites in the

cell cortex. Mutations in these small GTPases cause loss or misorientation of polarity

in diverse biological contexts. In the polarized Madin-Darby Canine Kidney (MDCK)

epithelial cell line, expression of a dominant negative allele of cdc42 specifically

depolarized basolateral membrane proteins!'. By contrast, expression of dominant

negative or constitutively active alleles of rhoA and rac1 did not alter polarity despite

effects on tight and adherens junctions!2-14. These studies examined MDCK cells

grown as monolayers on a synthetic support. To date, the role of rho family GTPases

in the three-dimensional organization of epithelial follicles and tubules has not been

investigated.

How are cell polarity and tissue organization coupled during epithelial

morphogenesis? To analyze this issue, we have examined the apical polarization of

developing MDCK cysts embedded in ECM. Each cyst arises from the proliferation

of a single cell to form a spherical monolayer of polarized cells enclosing a central

lumen!?. The organization of these cysts resembles that of epithelia in vivo, and thus

cyst development provides a model system for the formation of a rudimentary

epithelial suborganº. Here, we report that rac1 and laminin form an autocrine pathway

that orients the apical pole during cyst development. Dominant negative rac1 impairs

laminin assembly and strikingly inverts the apical pole to the cyst periphery.

Exogenous laminin is recruited to the cyst surface and rescues apical polarity. By

linking apical orientation to assembly of the basement membrane component laminin,

our results illustrate how epithelia coordinate polarity with tissue architecture.
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Results

Dominant Negative Rac1 Specifically Inverts Apical Polarity

To examine the role of rac1 during cyst morphogenesis, we used MDCK cell

lines that conditionally expressed either dominant negative (N17) or constitutively

active (V12) myc-tagged alleles of rac1 under control of the tetracycline-repressible

transactivator'3. Cysts grown in collagen I, monolayers grown on filters, and cysts

grown in laminin-1 all expressed exogenous rac1 in the absence of doxycycline (dox)

but not in the presence of 20 ng/ml dox (Figure 3-1a and not shown). In all assays,

control cells grown in 20 ng/ml dox behaved identically to untransfected MDCK cells.

We characterized apical polarization during normal cyst development by

analyzing single confocal optical Sections taken through whole mounts of cysts grown,

fixed, and stained in collagen I gels (Figure 3-1b). Virtually all four-day control cysts

established the apical pole in the cyst interior (96%, n=595), as indicated by the

localization of the tight junction protein ZO-1, the apical plasma membrane protein

gp135, the Golgi apparatus, and intense actin staining likely representing microvilli

and the terminal web (Figures 3-1c-e). Lumens were visible in 87% of the cysts

(n=595) and were invariably adjacent to the apical domain.

We next examined the development of cysts expressing either V12rac1 or

N17rac1. Four-day V12rac1 cysts appeared identical to control cysts except for an

intensification of actin staining at the lumenal surface. In contrast to the V12rac1

cysts, four-day N17rac1 cysts exhibited a specific inversion of the apical pole. The
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vast majority of N17rac1 cysts established an apical pole at the cyst periphery (83%,

n=657), as evidenced by the localization of ZO-1, gp135, the Golgi apparatus, and

intense actin staining (Figures 3-1g-i). Ultrastructural analysis confirmed that the ZO

1 staining of N17rac1 cysts represented apparent tight junction formation (Figure 3

lj). N17rac1 cysts lacked lumens at both light microscopic (Figures 3-1 g-i) and

ultrastructural levels (Appendix 3A).

The inverted apical pole of N17rac1 cysts exhibited some differences from the

apical pole of control cysts. First, although actin filaments were concentrated at the

N17rac1 apical pole, they were not assembled into microvilli (not shown). Second,

gp135 was detected in only 60% of peripheral cells in the N17rac1 cysts (n=90 cells

from 14 different cysts). Often, gp135-positive regions of the plasma membrane

appeared to protrude from the N17rac1 cyst surface (Figure 3-1h). Although actin

also localized to the cyst periphery, it was largely excluded from these membrane

protrusions.

To determine whether inverted apical polarity required continuous N17racl

expression, we cultured cysts without dox for four days, during which they expressed

N17rac1 and misoriented the apical pole. We then repressed further N17rac1

expression with 20 ng/ml dox. Within two days of the addition of dox, these cysts

repolarized in the proper orientation and formed lumens (data not shown). Thus, the

inverted apical pole is subject to remodeling in response to restored rac1 signaling.
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Figure 3–1. N17 rac1 inverts apical polarity during cyst development.

a, Expression of exogenous and endogenous rac1 in MDCK cells stably

transfected with a vector encoding tetracycline-repressible myc-N17rac1. Cysts in

collagen, monolayers on a filter support, and cysts in laminin were harvested four days

| after plating. Lysates from each culture condition were immunoblotted with either an

anti-myc antibody, which detects only exogenous myc-N17rac1 (left 2 lanes), or an

anti-racl antibody, which detects both exogenous and endogenous rac1 (right 6 lanes).

The myc tag retards migration of exogenous N17rac1 (upper band), permitting its

distinction from endogenous rac1 (lower band). Equal amounts of lysate were loaded

in each lane.
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b, Schematic diagram of a typical cyst in ECM, exterior view (left) and cross

sectional view (right). The lumen (L), apical surface (red), and nuclei (blue) are

shown.

c-e, g-i, Immunocytochemical analysis of apical polarization in four-day

control and N17rac1 cysts. Cysts are stained for apical domain markers (green), actin

(red), and nuclei (blue). Localization of the tight junction protein ZO-1 (c.g.), the

endogenous apical plasma membrane protein gp135 (d,h), the Golgi apparatus (e.,i),

and intense actin staining (c-e.g-i) reveals establishment of the apical pole at the

interior lumenal surface of control cysts but at the periphery of N17rac1 cysts. While

control cysts exhibit discernable lumens (L), N17rac1 cysts do not. Bar (c-e, g-i), 10

|Im.

fj, At the ultrastructural level, structures resembling tight junctions are present

at the periphery of N17rac1 cysts (j, arrow) but not control cysts (f). Red lines denote

cyst boundaries; INT and ECM indicate cyst interiors and the extracellular matrix,

respectively. Bar, 500 nm.
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We also examined basolateral polarization during cyst development. The

basolateral markers p58 and E-cadherin localized to surfaces of cell-cell and cell

substratum contact in both control and N17rac1 cysts. In control cysts, these markers

were excluded from the lumenal surface (Figures 3-2a-b). In N17rac1 cysts, which

lacked lumens, these markers were distributed over the entire plasma membrane

(Figures 3-2c-d). This nonpolar distribution could result from the absence of a

lumenal surface to exclude basolateral proteins. In fact, a similar overlap of

basolateral markers with the apical pole occurs during early stages of normal MDCK

morphogenesis, prior to the appearance of lumens*, 16-18. It is also possible that

N17rac1 cysts have lost the ability to restrict basolateral markers.

In summary, expression of constitutively active rac1 did not significantly alter

MDCK cyst morphogenesis. In contrast, expression of dominant negative rac1 caused

a selective inversion of the apical pole to the cyst periphery, accompanied by a failure

of lumen formation. The absence of lumens may explain why basolateral membrane

proteins exhibit a nonpolar distribution in N17rac1 cysts.
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Figure 3–2. Basolateral markers localize to all cell surfaces in N17rac1 cysts.

Immunocytochemical analysis of basolateral polarization in four-day control

and N17rac1 cysts. Cysts are stained for basolateral proteins (green), actin (red), and

|

nuclei (blue). In both cases, the basolateral markers p58 (a,c) and E-cadherin (b,c)

localize to cell-cell and cell-ECM contacts. Bar, 10 pum; L, lumen.
|
L
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Extracellular Environment Modulates the Polarity Effects of N17rac1

To investigate how extracellular environment modulates the effects of

N17rac1, we examined polarization of cells grown as a monolayer on a filter support

and cysts grown in suspension. In both control and N17rac1 monolayers, the

localization of ZO-1, gp135, the Golgi apparatus, and intense actin staining revealed

the apical pole to be at the free cellular surface in contact with the media (Figures 3

3a-d). Thus, N17rac1 did not alter apical polarization in monolayers despite

expression levels comparable to those of collagen-grown cysts (Figure 3-1a). When

grown in suspension culture, MDCK cells form cysts with a cellular organization

similar to cysts grown in ECM but with inverted polarity 19. The apical pole of

suspension-grown cysts faces the free cellular surface of the cyst periphery, and the

basolateral pole faces the adhesive surfaces of the cyst interior. In suspension culture,

N17rac1 cysts oriented the apical pole at the cyst periphery, like control cysts (not

shown). These findings indicate that rac1 is specifically required for polarization of

cysts in collagen.
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Figure 3–3. N17rac1 does not alter polarity of monolayers.

Immunocytochemical analysis of apical polarization in six-day control and

sº- monolayers. Intense actin staining (a,c; red), the Golgi apparatus (a,c;

green), ZO-1 (b.d; green), and gp135 (b.d; red) are polarized toward the free upper

surface of the monolayer in both cases. Nuclei are stained blue. Cells expressing

Nilac are consistently 3-4 pm shorter than control cells, as previously reported!3.
Bar, 10 p.m.
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N17Rac1 Impairs Laminin Assembly at the Cyst Surface

Since the effects of N17rac1 only manifested in collagen culture, we

hypothesized that impaired cell-ECM interactions formed the basis of the N17rac1

cyst phenotype. Numerous studies implicating laminin in epithelial morphogenesis

(reviewed in ref. 20) prompted us to examine levels of laminin in control and N17rac1

cyst cultures. While epithelia synthesize several types of laminin, the most studied is

laminin-1, a trimer composed of the laminin O.1 chain (~400 kD), 31 chain (210 kD),

and Y1 chain (200 kD). MDCK cells may also express other variants of laminin, such

as laminin-10, which have chains in common with laminin-1 and thus would have

been detected by our polyclonal laminin-1 antibody.

To examine laminin in cyst-containing collagen gels, we used heat and

detergent to solubilize the collagen I matrix and lyse the cysts. Laminin was then

detected through immunoprecipitation (IP) and immunoblotting (IB). Immunoblots of

immunoprecipitated MDCK laminin revealed a broad band which comigrated with the

unresolved 31/Y1 band of purified laminin-1 at ~200 kD (Figure 3-4a and not shown).

In addition, immunoblotting inconsistently detected a slower band which comigrated

with the O.1 chain of purified laminin-1 (not shown). The relative intensities of the O.1

band and the fl1/Y1 band were similar for control and N17rac1 samples. Notably,

solubilized control and N17rac1 gels contained statistically indistinguishable amounts

of laminin (Figures 3-4a,d). We next examined laminin in the media surrounding the

gels by IP and IB. Again, control and N17rac1 media contained statistically similar

amounts of laminin (Figures 3-4c,d). The sum of laminin in the cyst-containing gel
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and the media comprised the total laminin in the cyst culture. Thus, N17rac1 does not

alter steady-state levels of total laminin.

We also quantitated intracellular laminin levels to determine whether N17rac1

altered laminin secretion. To isolate intact cysts, cyst cultures were digested with

collagenase and then gently centrifuged. Both the supernatant (not shown) and the

cyst pellet (Figure 3-4b) contained laminin. As expected, the sum of these two

fractions was comparable to the amount of laminin in solubilized, cyst-containing gels.

The laminin associated with isolated cysts appeared as two species (Figure 3-4b). The

slower, more abundant species comigrated with laminin from solubilized gels or

media. This species diminished when intact cysts were treated with trypsin,

suggesting that it was extracellular. In contrast, the faster species was not detectable

in solubilized gel or media samples, likely because it comprised “1% of the total

laminin in the culture (Figure 3-4d). This species was resistant to trypsin, suggesting

that it was intracellular. Its smaller size, low abundance, and intracellular localization

are consistent with that of a biosynthetic intermediate. Importantly, control and

N17rac1 cysts contained comparable levels of the intracellular laminin species

(Figures 3-4b,d), indicating that N17rac1 does not alter laminin secretion.
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Figure 3-4, N17rac1 does not reduce laminin levels or inhibit laminin secretion.

a, Steady-state laminin levels are unchanged in N17rac1 cyst cultures. Four

day control and N17rac1 cysts in collagen I were incubated in 0.5% SDS at 70° C for

15 minutes to solubilize the collagen gel and lyse the cysts. The resulting mixture was

immunoprecipitated (IP) and immunoblotted (IB) with an anti-laminin antibody that

detects the laminin 31 and Yl chains (lam 3/Y). A parallel IP/IB of vimentin eim)
verifies that an equal amount of lysate is represented in each lane.

b, Intracellular laminin is unchanged while cell-surface laminin is increased in

isolated N17rac1 cysts. Four-day control and N17rac1 cysts were isolated from
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collagen gels by collagenase treatment and gentle centrifugation. To distinguish

extracellular and intracellular laminin, some intact cysts were also treated with trypsin

prior to lysis. Cyst lysates were immunoblotted with anti-laminin antibody. Lysates

were also immunoblotted for vimentin to ensure equal loading.

c, Laminin in the media of N17rac1 cyst cultures is unchanged. Media from

four-day control and N17rac1 cyst cultures were subjected to IP and IB with anti

laminin antibody. An immunoblot of vimentin from a parallel preparation of cyst

lysates verifies that each lane represents media conditioned by equal numbers of cells.

d, Quantification of laminin in four-day control and N17rac1 cyst cultures.

IP/IB were performed to detect laminin in solubilized, cyst-containing collagen gels

(gel), trypsin-sensitive laminin on the surface of isolated cysts (surf), trypsin

insensitive intracellular laminin (intra), and laminin in the media (med).

Measurements of band intensity are presented as the percentage of total control

laminin, which was determined to be the sum of the laminin in solubilized gels and the

laminin in the media of control cultures. The average of three separate experiments is

shown.

e, N17rac1 cysts exhibit significantly reduced levels of the laminin receptor O.3

integrin. Four-day control and N17rac1 cyst lysates were immunoblotted for the

laminin receptors O-dystroglycan (O-dyst), 0.3 integrin (0.3 int), 0.6 integrin, fl

integrin, or 34 integrin (not shown). In N17rac1 cysts, levels of 0.3 integrin were

diminished to 32% + 6% of control levels while all other receptor levels remained

similar. Lysates were also immunoblotted for vimentin to ensure equal loading.
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The isolated N17rac1 cysts did possess significantly higher levels of trypsin

sensitive, extracellular laminin (Figures 3-4b,d). We therefore examined patterns of

endogenous laminin deposition by immunofluorescence. Laminin staining on the

surface of control cysts was regular and punctate (Figures 3-5b-c). No paracellular

laminin staining was apparent. Projections of serial confocal sections demonstrated

that the laminin puncta were distributed uniformly over the entire cyst surface (Figure

3-5g). While N17rac1 cysts also exhibited no apparent paracellular laminin, their cell

surface laminin staining was dramatically altered (Figures 3-5e-f). Confocal

projections revealed larger laminin patches, irregularly distributed on the N17rac1

cysts (Figure 3-5h). In light of the biochemical data that laminin levels were not

reduced in N17rac1 cyst cultures, this abnormal appearance strongly implied that

laminin on the N17rac1 cyst surface is misassembled.

The precise relationship between the sparse laminin patches visualized by

immunofluorescence (Figure 3-5h) and the trypsin-sensitive laminin on the surface of

isolated N17rac1 cysts (Figure 3-4b) is not clear. The misassembly of laminin on

N17rac1 cysts likely interfered with its immunocytochemical detection. For example,

our anti-laminin antibody, raised against native laminin, may have recognized

misassembled laminin inefficiently. Indeed, conformation-dependent reactivity of

anti-laminin antibodies has been reported previously?". It is also possible that the

laminin patches were incompletely penetrated by the antibody, or that their staining

intensity Saturated the linear range of the confocal microscope.

Cell surface laminin receptors mediate the supramolecular assembly of

lamininº. 7. To investigate whether N17rac1-induced laminin misassembly might be
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the consequence of altered receptor levels, we examined the three major MDCK

laminin receptors: dystroglycan, 0.634 integrin, and 0.331 integrin.”. Control and

N17rac1 cysts exhibited comparable levels of O-dystroglycan (Figure 3-4e), O.6

integrin, B4 integrin, and 31 integrin (not shown) in immunoblots of isolated cysts.

However, N17rac1 cysts exhibited markedly decreased O.3 integrin levels (Figure 3

4e; 32 + 6% of control). Since O2B1 integrin is required for laminin assembly?3, this

reduction may represent the basis of N17rac1-induced laminin misassembly.
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Figure 3-5. Abnormal organization of laminin on the surface of N17 rac1 cysts.

a-f. Immunocytochemical analysis of laminin deposition at the surface of four

day control and N17rac1 cysts. Cysts are stained for laminin and actin. b,c, Laminin

completely surrounds control cysts with a punctate, regular distribution. e,f, By
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comparison, laminin on the N17rac1 cyst surface appears as a few, sparsely distributed

patches.

g-h, Projections of confocal sections further contrast the uniform laminin

deposition of control cysts (g) with the irregular laminin deposition of N17rac1 cysts

(h). Green dots denote cyst boundaries. Bars, 10 pum.
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In summary, we examined the quantitative and morphological effects of

N17rac1 on laminin. Steady-state levels of both intracellular and total laminin were

comparable in N17rac1 and control cyst cultures, indicating that laminin biosynthesis

is not significantly altered by N17rac1. However, the large-scale spatial organization

of laminin on N17rac1 cysts was grossly abnormal, perhaps due to reduced levels of

O3 integrin. Taken together, these results imply that N17rac1 alters the assembly of

laminin on the cyst surface.

Exogenous Laminin Is Sufficient to Reorient the Apical Pole

To test whether apical inversion was a downstream effect of laminin

misassembly, we examined the ability of exogenous laminin to rescue N17rac1 cyst

polarity. The presence of purified laminin-1 (250 pig■ ml) in the collagen I gel did not

affect expression of the N17rac1 transgene (Figure 3-1a). In these mixed laminin

1/collagen I cultures, laminin appeared as a halo around both N17rac1 and control

cysts (Figure 3-6e and not shown). Confocal projections revealed this staining to

include a diffusely bright signal and a punctate component (Figure 3-6f); these puncta

were reminiscent of laminin on control cysts in collagen I alone (Figure 3-5g). The

uniformity of this staining contrasted with the sparse appearance of endogenous

laminin on N17rac1 cysts in collagen I alone (Figures 3-6a,b), suggesting that

exogenous laminin was recruited to the N17rac1 cyst surface.

Strikingly, exogenous laminin restored proper apical orientation to the

N17rac1 cysts. Most N17rac1 cysts established the apical pole in the cyst interior, as

revealed by actin, ZO-1, and gp135 staining (Figures 3-6g,h,k). N17rac1 cysts with an
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interior apical pole typically contained lumens (84%, n=1547). Perhaps because

compromised tight junctions inhibited their enlargement'4, 24, N17rac1 lumens were

smaller and the incidence of multiple lumens was higher (24% of 2062 N17rac1 cysts

vs. 6% of 1091 control cysts; see Figure 3-6g). Interestingly, V12rac1 cells also have

defective tight junctions!”, and V12rac1 cysts formed multiple lumens after 7-9 days

in culture (not shown). Exogenous laminin did not affect control cyst development

(Figure 3-6k and not shown).

We next investigated the effects of elastase-generated fragments of laminin on

N17rac1 cyst morphogenesis. Elastase cleaves laminin into well-characterized

fragments, leaving known receptor binding sites intact while eliminating the ability of

laminin to polymerize.7. In contrast to whole laminin, elastase-digested laminin (ED

laminin) did not rescue the N17rac1 phenotype, even at 600 pg/ml (Figure 3-6i). This

result is consistent with a requirement for laminin assembly and suggests that receptor

ligation alone is inadequate.

Lastly, we investigated the ability of other ECM components to rescue the

apical orientation of N17rac1 cysts. Matrigel, collagen type IV, and fibronectin did

not alter control cyst morphogenesis (not shown). Matrigel, a reconstituted basement

membrane mixture primarily containing laminin-1 and collagen type IV, reoriented

apical polarity and restored lumen formation to N17rac1 cysts, as expected (not

shown). The laminin component of Matrigel probably effected this rescue since

collagen IV alone (1.5 mg/ml) did not alter N17rac1 cyst development (Figure 3-6.j).

Finally, the mesenchymal ECM component fibronectin (1.5 mg/ml) also failed to
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rescue (not shown). These results indicate that orientation of apical polarity is specific

to laminin.

In summary, we determined the effects of exogenous laminin on N17rac1 cyst

development. When grown in laminin/collagen gels, N17rac1 cysts were uniformly

surrounded by laminin staining. These cysts polarized normally and developed

lumens, whereas cysts grown in the presence of elastase-digested laminin or other

ECM components did not. The sufficiency of exogenous laminin to rescue N17rac1

cyst development implies a causal link between laminin misassembly and apical

inversion.
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|Figure 3-6. Exogenous laminin restores proper apical orientation to N17 rac1 |

cysts.

a,e, Apparent recruitment of exogenous laminin to the N17rac1 cyst surface.

|N17rac1 cysts were grown in either collagen alone or collagen supplemented withg g pp

exogenous laminin-1. After four days, cysts were stained for laminin (green) and actin

(red). A halo of laminin staining surrounds N17rac1 cysts in mixed laminin/collagen

gels (e) but not cysts in collagen alone (a). A lumen (L) is visible in the interior of the

cyst in e.
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b.f. Projections of serial confocal sections reveal extensive laminin staining on

the surface of N17rac1 cysts in mixed laminin/collagen gels (f). This staining

contrasts with the sparse, irregular staining of laminin patches on N17rac1 cysts in

collagen alone (b). Green dots denote cyst boundaries.

c-d, g-h, Exogenous laminin restores normal polarity to N17rac1 cysts.

N17rac1 cysts were grown in the presence or absence of exogenous laminin. After

four days, cysts were stained for apical domain markers (green), actin (red), and nuclei

(blue). In mixed laminin/collagen gels, N17rac1 cysts form lumens (L) and an interior

apical pole as revealed by staining of actin, ZO-1, and gp135 (g-h). In collagen I

alone, N17rac1 cysts do not form lumens and position the apical pole at the cyst

periphery (c-d). Bar (a-h), 10 pum.

i-j, The presence of elastase-digested (ED) laminin (i), collagen IV (j), or

fibronectin (not shown) does not rescue the polarity of N17rac1 cysts. Bar (i,j), 10

pum.

k, Quantification of cyst phenotypes. In collagen I alone, 83% of N17rac1

cysts exhibited a peripheral apical pole (AP) and 14% exhibited an interior AP

(n=657). In exogenous laminin, only 15% of N17rac1 cysts exhibited a peripheral AP

while 75% exhibited an interior AP, indicating rescue (n=2062). These proportions

resemble those of control cysts in collagen I alone; 0% of control cysts in collagen

exhibited a peripheral AP and 96% exhibited an interior AP (n=595). Laminin did not

significantly alter apical polarization of control cysts since 99% of these cysts

exhibited an interior AP and 0% exhibited a peripheral AP (n=1091). The sum of

cysts with peripheral and interior APs is typically less than 100% because cysts with
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no or ambiguous APs were also observed. Cysts were scored from four separate

experiments with at least 150 cysts per experiment.
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Discussion

In a multicellular tissue, the asymmetry of individual cells must conform to the

higher order tissue architecture. How a cell establishes an axis of polarity that reflects

the organization of its parent tissue remains poorly understood. Here, we provide

evidence for an autocrine loop in which cells create their own extracellular polarity

cue during cyst morphogenesis (Figure 3-7a). Specifically, we find that intracellular

rac1 controls extracellular laminin assembly. Assembled laminin then acts back on

the cell to direct orientation of the interior apical pole. Blocking rac1 activity disrupts

the loop by impairing laminin assembly because the misassembled laminin is

incompetent to signal. The absence of laminin signaling leads to an inversion of the

apical pole (Figure 3-7b). Taken together, the data illustrate how assembled laminin,

the major component of epithelial basement membranes, couples apical polarization to

epithelial tissue organization.
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|Figure 3-7. Model.

a, An autocrine loop orients apical polarity during normal cyst development.

Intracellular rac1 activity regulates extracellular laminin assembly. Assembled

laminin reciprocally acts back on the cell, initiating a transcellular signal that *
positional information to the site of apical pole formation (AP).

b, Disruption of the autocrine loop inverts apical polarity. N17rac1 disrupts

|assembly of laminin, rendering it incompetent to initiate a polarizing signal. Without

this positional information, the developing cyst inverts placement of the AP.
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Assembled Laminin Sends a Transcellular, Polarizing Signal

Intracellular rac1 likely regulates extracellular laminin assembly through

effects on transmembrane receptors. Numerous studies of assembly have established a

central role for dystroglycan and 31 integrins, including the O.331 integrinº. 7, 23.

Intriguingly, levels of 0.3 integrin are reduced by 68% in N17rac1 cysts, perhaps

leading to the impairment of laminin assembly. Reduced O.3 levels persist in cysts

rescued by exogenous laminin (Appendix 3B), consistent with a role upstream of

laminin assembly. Rac1 could also modulate the activity of laminin receptors by

regulating actin-receptor interactions. Notably, integrins and dystroglycan both form

complexes with actinº. 26, and actin filaments are indispensable for laminin

assembly”.

Exogenous laminin is recruited to the cyst surface and restores correct polarity,

suggesting that it compensates for the impaired signaling of endogenous laminin. It is

also possible that exogenous laminin rescues the N17rac1 cyst phenotype through a

pathway parallel to rac1. Because of its relative abundance, exogenous laminin may

drive its own assembly through mass action, overcoming the reduction of O.3 integrin.

Indeed, recruitment and assembly of exogenous laminin have been observed

previously with stem cells and myotubes", 7. Exogenous laminin could also nucleate

the polymerization of endogenous laminin”. Interestingly, the intensity of exogenous

laminin staining diminished rapidly beyond the immediate vicinity of the cysts,

despite the abundance of laminin in the gel. This observation is consistent with our

earlier proposal that only laminin assembled on the surface of the cyst can be detected

efficiently by immunofluorescence.
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The polarizing signal initiated by laminin must be transmitted across the cell to

the eventual site of apical pole formation. Distal elements of this pathway likely

include receptors that interpret the laminin signal, receptor-associated cytoskeletal

elements that propagate the signal transcellularly, and a spatial cue that ultimately

dictates the site of apical pole establishment. Studies of cellularization during

Drosophila embryogenesis have identified two groups of junctional proteins that may

act as apical spatial cues: Bazooka and DaPKC, and Crumbs, Scribble, and Discs

Lost". Whether their vertebrate homologs form analogous pathways remains to be

seen. Notable differences can be found between apical polarization in flies and

mammals; in particular, apical polarity during Drosophila cellularization does not

appear to require laminin”, and apical polarity in MDCK cells does not require cell

cell junctions, at least when cells are grown on culture supports”. Given these

discrepancies, further investigation of polarization in these two systems will be of

great interest.

N17rac1 Cysts Invert the Axis of Apical Polarization

The apical pole of N17rac1 cysts is consistently inverted toward the cyst

periphery. This phenotype contrasts with the loss or randomization of polarity

frequently observed when regulation of polarization is disrupted in other contexts!',

29-31. It also underscores the independent natures of pole formation and pole

orientation. Indeed, N17rac1 cysts are unprecedented in placing the apical domain at

the cell-ECM interface; in all other reported circumstances, epithelial cells invariably

place the apical domain at free cellular surface", 19, 32.
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Inversion of the apical domain could reflect positioning of the apical cue at the

cyst periphery. When grown in suspension culture, normal MDCK cells form cysts

with inverted polarity”. Laminin accumulates in the interior of these suspension

grown cysts and appears involved in polarization33. Perhaps an analogous mechanism

applies to the N17rac1 cysts, although we did not detect laminin in the N17rac1 cyst

interior. More likely, the normal, interior apical cue is absent in N17rac1 cysts,

uncovering a subordinate cue that positions the apical domain at the cyst periphery.

Such hierarchies have been reported recently in Drosophila neuroepithelia and C.

elegans embryos, where loss of the dominant cue (APC and sperm asters,

respectively) specifically reorients polarity toward a secondary cue (Bazooka and the

meiotic spindle)34, 35.

While N17rac1 perturbs the polarity of cysts in collagen, it does not perturb the

polarity of monolayers on synthetic supports or cysts in suspension. This finding

suggests that different mechanisms orient polarity in different extracellular contexts.

Both monolayer and suspension culture are inherently anisotropic, providing cells with

free and adhesive cellular surfaces. We propose that N17rac1 cells polarize normally

in these circumstances because they receive overriding positional information from the

asymmetry of their environment. Conversely, cells in collagen experience an isotropic

environment in which all cell surfaces are adhesive, either to collagen or to other cells.

These cells must break the symmetry of their environment and polarize without

external cues by forming a free lumenal surface. In this respect, collagen culture

uniquely recapitulates epithelial development in vivo. N17rac1 interferes with

symmetry-breaking, resulting in the inverted phenotype of N17rac1 cysts. Thus, cyst
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development in collagen reveals a role for rac1 not apparent in simpler, less

physiological systems.

The multicellular nature of tissue development requires that the polarity of

each individual cell be coordinated with neighboring cells and the extracellular

environment. Our results reveal how the structural features of a tissue can couple the

polarity of individual cells to the higher order tissue architecture. Linking apical

orientation to the generation of the basement membrane ensures proper localization of

the apical pole during epithelial cyst development. In this autocrine manner, epithelial

cells influence their own morphogenesis by actively modifying their extracellular

environment. The identification of rac1 and laminin as two elements in a common

pathway orienting apical polarity provides a basis to further explore the molecular

mechanisms that control epithelial polarization.
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Materials and Methods

Antibodies/Reagents

Immunocytochemistry was performed as described below with the following

reagents. Primary antibodies: mouse anti cis-Golgi enzyme GM130 (Transduction

Laboratories), mouse anti p58 (kind gift of Karl Matlin), mouse anti E-cadherin

(Transduction Laboratories), affinity purified rabbit anti laminin (Sigma), rat anti ZO

! (R40.76; kind gift of Bruce Stevenson), mouse anti gp135 (kind gift of George

Ojakian), mouse anti vimentin (Sigma), mouse anti Cº-dystroglycan (Upstate

Biotechnology), rabbit anti O.3 integrin (Chemicon), rabbit anti O.4 integrin

(Chemicon), rat anti C6 integrin (GoH3; Serotec), and rat anti ■ ãl integrin (AIIB2;

kind gift of Caroline Damsky). The Sigma rabbit anti laminin antibody was raised

against intact laminin-1, consisting of laminin O.1, 31, and Y1 chains. While MDCK

cells are known to express laminin-139, they may also express other variants, such as

laminin-10, that contain these chains. Such variants would also have been detected by

the anti laminin antibody. Secondary antibodies: goat anti mouse Alexa Fluor" 488,

goat anti rat Alexa Fluor"M 488, goat anti rabbit Alexa Fluor"M 488 (all from

Molecular Probes), donkey anti mouse Cy5, sheep anti mouse HRP, donkey anti rabbit

HRP, and donkey anti rat HRP (all from Jackson Immunochemicals). Actin filaments

were stained with Alexa Fluor"M 594 phalloidin (Molecular Probes) at a dilution of

1:40. Nuclei were stained with TO-PRO3TM (Molecular Probes) at a dilution of 1:100.

- 88 -



Cell Culture

T23 MDCK cells expressing N17rac1 or V12rac1 under control of the

tetracycline-repressible transactivator have been described extensively elsewhere!3.

Cell lines were maintained in MEM supplemented with 10% FCS, 20 ng/ml dox, 100

U/ml penicillin, and 100 mg/ml streptomycin at 37°C in a humidified atmosphere

containing 5% CO2. To induce exogenous gene expression, 20 ng/ml dox was

removed by washing cells with PBS" three times immediately prior to embedding in

collagen I.

Growth of cysts in three-dimensional collagen I gels was performed as

described previously!8. In brief, a suspension of single MDCK cells was added to a

solution of buffered, liquefied collagen I. An initial concentration of 2 x 10" cells/ml

or 2 x 10° cells/ml was used for immunofluorescence and biochemical experiments,

respectively. Cyst development proceeded identically at both concentrations. The

final concentration of collagen I in the solution was 2 mg/ml, allowing the collagen I

to solidify into a gel by incubation in a 37°C oven prior to addition of medium. After

solidifying, the cultures received media containing either 20 ng/ml dox (control

conditions in which exogenous gene expression is repressed) or 0-10 ng/ml dox (to

induce exogenous gene expression). Over a 4 day period, individual cells in the

collagen I matrix proliferated to form cysts, with each cyst arising from a single cell.

Four-day control cysts contained an average of 13.1 + 3.4 cells and their average

diameter was 56.9 + 6.9 pum (n=10). Four-day N17rac1 cysts contained an average of

11.6 + 4.5 cells and their average diameter was 42.4 + 11.3 pum (n=10). After four

- 89 -



days in culture, cysts were processed for either immunocytochemical or biochemical

analysis as detailed below.

As described previously!3, in the complete absence of dox N17rac1 levels

were detected at 20% of endogenous rac1 levels after 12h of induction and increased

to a maximum of 600% of endogenous rac1 levels after 48h. Development of

transfected cysts in the presence of 20 ng/ml dox was indistinguishable from

development of untransfected cysts in either the presence or absence of 20 ng/ml dox

(not shown). All N17rac1-expressing cysts shown in figures were grown in 0 ng/ml

dox; however, a comparable phenotype was obtained with lower dox concentrations

(4-200 pg/ml), which substantially diminished N17rac1 expression!3.

Growth of cells in gels containing collagen I mixed with additional ECM

components was performed as for gels containing collagen I alone, with the following

differences: For collagen I■ laminin mixtures, laminin-1 purified from EHS tumor cell

cultures (Becton-Dickinson) was added to collagen I at a final laminin concentration

of 250 pg/ml. For collagen I/elastase-digested laminin mixtures, laminin was purified

from the EHS tumor and digested with elastase as previously described37. The

elastase-digested laminin was added to collagen I at a final laminin concentration of

600 pig/ml. For collagen I/collagen IV mixtures, collagen IV from the EHS tumor in

0.05M HCl (Becton-Dickinson) was dialyzed overnight at 4°C against PBS" and

added to collagen I at a final collagen IV concentration of 1.5 mg/ml. For collagen

I/fibronectin mixtures, fibronectin from human plasma in 100mM CAPS, 0.15M

NaCl, and 1 mM CaCl2, pH 11.5 (Becton-Dickinson) was dialyzed overnight at 4°C

against PBS" and added to collagen I at a final fibronectin concentration of 1.5 mg/ml.
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After addition of cells, the solutions were allowed to solidify for 60-90 minutes in a

37°C Oven.

To grow cells as monolayers, cells were plated at a density of 2.5 x 10^

cells/cm2 on 12 mm Transwell polycarbonate filters (0.4 pm pore size; Corning

Costar) and grown for 4-7 days with changes of media every two days. To grow cysts

in suspension, the wells of a 24-well plate were first coated with Sea Plaque"M. GTG

low melting point agarose (1% w/v in PBS") (FMC Bioproducts). After the agarose

had solidified, cells were added to the wells at a density of 2 x 104 cells/cm2.

Suspension cysts were allowed to grow 3-7 days with changes of media every two

days. In both monolayer and suspension culture, N17rac1 expression was induced

when cells were initially plated.

Immunofluorescence and Electron Microscopy

Cysts in gels of collagen I were processed for immunofluorescence as

previously described!8, with the following modifications: Prior to fixation, gels were

briefly treated with collagenase type VII (Sigma C-2399) at 100U/ml in PBS" for 15

minutes at 37°C to increase accessibility of antibodies to cysts. After postfixing,

nuclei were stained by incubating gels with 1:100 dilution of TO-PRO3TM (Molecular

Probes) in PBS" at 37°C for 1h. Samples were then mounted in ProLong TM

(Molecular Probes). Cysts in gels of collagen I mixed with other ECM components

were processed similarly, except that samples were digested with collagenase VII for 5

minutes at 37°C instead of 15 minutes.
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In order to stain cysts for extracellular laminin, anti-laminin Ab was diluted in

media and added directly to live cells at 37°C for 1.5-4 hours. To verify that only

extracellular antigens were visualized, antibodies against vimentin, an intracellular

antigen, were also included; the absence of vimentin staining indicated that laminin

staining exclusively represented secreted laminin. Samples were then extensively

washed and subjected to the immunofluorescence protocol described above.

Cells grown on filters were processed for immunofluorescence as previously

described38, with the following modification: After postfixing, nuclei were stained by

incubating cells with a 1:1000 dilution of TO-PRO3TM for 30 minutes at 37°C and

then mounted in ProLong"M.

Cysts in suspension were processed for immunofluorescence as follows: Cysts

were pelletted by centrifugation at 700g for 5 minutes and resuspended in Sea

Plaque"M. GTG low melting point agarose (1 mg/ml in PBS") at 37°C. The

cyst/agarose mixture was plated onto tissue culture inserts (Nunc) and allowed to

solidify for 5-10 minutes at room temperature. Cysts were then fixed in 4% PFA for

30 minutes and processed for immunofluorescence similarly to cysts in collagen type I

gels.

For electron microscopy, collagen-grown cysts were fixed in a solution

containing 2% glutaraldehyde, 0.8% paraformaldehyde, and 0.1 M cacodylate. The

cells were stained with osmium and imidazole as previously described39, dehydrated,

embedded in resin, sectioned, and imaged (Zeiss 10CA).
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Confocal Microscopy, Image Analysis, and Quantification of Cyst Phenotypes

Cells were viewed using a krypton-argon laser (488 and 564 lines) and a

helium-neon laser (633 line) in conjunction with a Bio-Rad 1024 confocal laser scan

head attached to either a Nikon Eclipse TE300 microscope or a Nikon Diaphot 200

microscope. Digital images of optical sections of cysts were collected in the x-y plane

of the sample using a Plan Apo 60x 1.40 NA objective coupled with a 3x zoom.

Digital images of optical sections of monolayers were collected in the x-z plane of the

sample using a Plan Apo 100x 1.40 NA objective. For projections, a stack of images

representing one half of a cyst was collected at 0.5 um intervals. Images were

converted from Bio-Rad PIC format to TIFF format and analyzed using NIH Image

1.61 software. Images for figures were colorized, resized, arranged, and labeled using

Adobe Photoshop 5.0 software and printed on a Fujix color printer.

For quantification of cyst phenotypes, cysts were stained for actin, nuclei, and

gp135 as described above. Samples were viewed using epifluorescence and cysts

were classified as possessing an interior apical pole, peripheral apical pole, or

ambiguous apical pole according to the following criteria: Cysts with intense actin and

gp135 staining at either an interior lumenal surface or at cell-cell contacts were

considered to have an interior apical pole. Cysts with intense actin and gp135 staining

at the cyst-substratum interface were considered to have a peripheral apical pole.

Cysts that lacked intense actin and detectable gp135 staining and cysts that exhibited

these two markers both in the cyst interior and at the cyst-substratum interface were

considered to have an ambiguous apical pole. Whether a cyst possessed either one or

more than one lumen was also recorded.
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Biochemical Analysis of Cysts

To prepare solubilized gel samples, cyst-containing collagen gels were

incubated in SDS lysis buffer (0.5% SDS, 100 mM NaCl, 50 mM TEA-Cl pH 8.1, 5

mM EDTA pH 8.0, 0.2% NaN3 plus protease inhibitor cocktail (5 mg/ml pepstatin, 10

mg/ml chymostatin, 5 mg/ml leupeptin, 50 mg/ml antipain, 500 mM benzamidine, 10

U/ml aprotinin, and 1 mM PMSF) for 15 minutes at 70° C. This treatment denatured

the collagen matrix and lysed the cysts. A small fraction of the solubilized mixture

was set aside to determine protein concentrations and the remainder was used for

immunoprecipitation.

To prepare lysates, cysts were first isolated from collagen gels as follows:

Cyst-containing collagen gels were incubated in MEM containing 4000 U/ml

collagenase (Sigma C-0773), 0.005% DNase (Boehringer), and protease inhibitor

cocktail containing (to inhibit protease contaminants in the collagenase) for 45

minutes at 37°C while gently rotating to digest the collagen matrix. In some cases,

protease inhibitors were omitted and 8.3 mg/ml trypsin (Worthington) was included to

digest extracellular proteins. After digestion, trypsin was inhibited with TLCK at a

final concentration of 0.2 mg/ml (Boehringer). Intact cysts were then pelletted from

the collagenased mixture by centrifugation at 3000 g for 3 minutes and washed twice

with PBS' to remove residual collagen. After washing, a small fraction of the cyst

pellet was set aside to determine protein concentrations. The remainder of the cyst

pellet was either lysed in sample buffer (for direct immunoblotting) or lysed in SDS
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lysis buffer (for immunoprecipitation) and heated at 70°C for 10 minutes to inactivate

intracellular proteases.

For immunoblotting of cyst lysates, protein concentrations in different lysates

were normalized according to results of a BCA protein assay. Normalization by cell

number (DNA content as determined by a CyOuant"M assay (Molecular Probes))

produced relative values within 5% of those obtained with normalization by BCA.

Lysates were analyzed by reducing SDS-PAGE using 12% gels (for rac1 and

vimentin) or 3-8% gradient gels (for laminin and laminin receptors) followed by

immunoblotting.

For immunoprecipitation from cyst lysates and solubilized gels, Triton X-100

was added to samples at a final concentration of 1.67%. For immunoprecipitation

from media, SDS was added to a final concentration of 0.5% and the media samples

heated at 70° C for 10 minutes prior to adding Triton X-100. All samples were

precleared with CL2B beads (Pharmacia) before the addition of 1 pil of primary

antibody. Samples were incubated with primary antibody overnight at 4°C while

gently rotating. Subsequently, samples were incubated with approximately 20 ul of

protein G- or protein A-conjugated Sepharose beads (Pharmacia) for 1 h at room

temperature while rotating. The beads were washed before resuspension in sample

buffer with 0.1 M DTT. Immunoprecipitates were analyzed by reducing SDS-PAGE

and immunoblotted similarly to cyst lysates.
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Appendix 3A

N17 rac1 cysts lack lumens.

Ultrastructural analysis (Figure 3-A) revealed that 4-day control cysts typically

exhibited lumens. Abundant microvilli were apparent at the lumenal surface. In

contrast, 4-day N17rac1 cysts typically lacked lumens. Regions of cell-cellcontact

appeared similar in control and N17rac1 cysts. The periphery of N17rac1 cysts often

exhibited extensive blebbing.
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|Figure 3-A, N17rac1 cysts lack lumens at the ultrastructural level.

TEM images through the midline of 4-day control and N17rac cysts. While

N17rac1 cysts (c,d). When visible, cyst-ECM boundaries are outlined in red. The
lumens (L) are clearly apparent in control cysts (a,b), no lumens are apparent *
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lumenal surface of control cysts is characterized by abundant microvilli. Membrane

blebbing was often observed at the periphery of N17rac1 cysts.
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Appendix 3B

Levels of 0.3 integrin remain depressed in N17rac1 cysts rescued by exogenous

laminin.

Reduced levels of O.3 integrin could contribute to the altered assembly of

laminin on the N17rac1 cyst surface. If this were so, then O.3 integrin would be

upstream of laminin assembly, and N17racl cysts rescued by exogenous laminin

should exhibit a reduction in O.3 levels similar to unrescued cysts. To test this

conjecture, we examined levels of O.3 integrin in isolated N17rac1 cysts grown in

either collagen I alone, or collagen I supplemented with exogenous laminin-1.

N17rac1 cysts in the presence of exogenous laminin exhibited a reduction in O.3

integrin similar to N17rac1 cysts in collagen I alone, consistant with the possibility

that levels of O.3 integrin are regulated upstream of laminin assembly during cyst

development (Figure 3-B).
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|Figure 3-B. Levels of os integrin remain reduced in N17rac1 cysts grown in the

presence of exogenous laminin.

Control and N17rac1 cysts were grown for four days in collagen I alone

(collagen I) or in a laminin-1/collagen I mixture (laminin-1). Lysates of isolated cysts

were immunoblotted for 0.3 integrin. Equal amounts of lysates were loaded in each

lane.
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Appendix 3C.

Cysts Grown in Exogenous Laminin Develop Intercystal Laminin Cords

In the presence of exogenous laminin, neighboring cysts were often connected

by brightly-staining laminin cords (Figure 3-C). Laminin cords appeared between

cysts as far as 150 pum apart. Occasionally, three neighboring cysts were be connected

in this fashion, creating a triangle of laminin staining. Control and N17rac1 cysts

exhibited laminin cords with similar frequency.

We understand very little about why these cords appear. Importantly, we do

not know whether these cords reflect an activity that is unique to laminin, or whether

staining of exogenous laminin simply reveals an activity that occurs constitutively,

even in gels of collagen I alone. For example, cord formation might be a byproduct of

the recruitment and assembly of exogenous laminin into the basement membrane.

Alternatively, it is possible that cysts exert mechanical tension on the ECM, and when

two cysts are in close proximity their opposing tensions cause ECM “wrinkling” that

is manifested in the apparent cord formation of exogenous laminin. Extensive further

study will be needed to clarify these points.
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Figure 3-C. Cysts in exogenous laminin exhibit intercystal laminin cords.

N17rac1 cysts were cultured in a mixture of collagen I/laminin-1. After 4

days. cysts were stained for laminin (green), actin (red), and nuclei (blue).

Neighboring cysts often exhibited prominent cords of laminin that appeared to connect

the cysts. Control cysts exhibited similar structures.
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CHAPTER FOUR

OUTSTANDING QUESTIONS AND FUTURE DIRECTIONS
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A Disequilibrium Model for Tubule Formation

In Chapter Two, we proposed that HGF-induced tubule formation occurs

through a morphogenetic switch from a differentiated state to a de-differentiated State

and then back to a re-differentiated state. The phenotype of cells at the beginning and

end of tubulogenesis is the same: cells are arranged in a polarized monolayer

surrounding a central lumen. However, the topology of these monolayers has changed

from spherical (prior to HGF) to cylindrical (post-HGF). This topological change is a

consequence of transient alterations in cell behavior stimulated by HGF. In other

words, HGF may be seen as introducing disequilibrium into a stable system, and

tubulogenesis as the consequence of reestablishing equilibrium.

As discussed in Chapter Two, HGF-induced alterations in MDCK cell

behavior occur in a stereotyped sequence'. The initial stages of tubule formation

(extensions and chains) involve a partial dedifferentiation, as cells depolarize and

invade the ECM2. The latter stages of tubule formation (cords and mature tubules)

involve redifferentiation, as cells repolarize and form lumens. These latter stages are

not unique to HGF-induced tubulogenesis. Rather, they occur whenever MDCK cells

form a lumen in three-dimensional culture, such as during cyst development or after

collagen overlay3–6, HGF is not present in these circumstances, suggesting that these

latter stages of tubule formation do not require HGF. Thus, to refine our proposal we

would suggest that HGF introduces disequilibrium to a stable system by inducing

MDCK cells to dedifferentiate. This dedifferentiation is manifested in tubule

initiation through extension and chain formation. In an attempt to reestablish

f
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equilibrium, MDCK cells in chains redifferentiate through an HGF-independent

mechanism, forming cords and eventually mature tubules.

Our finding that transient activation of Raf-1 in MDCK cysts recapitulates all

four stages of HGF-induced tubulogenesis provides support for the above model.

Sustained activation of Raf-1 in MDCK monolayers phenocopies oncogenic

transformation by K-ras", demonstrating that Raf-1 is able to effect dedifferentiation

of MDCK cells. In MDCK cysts, activation of Raf-1 causes cells to undergo initial

stages of tubule development. Since Raf-1 induces MDCK cell dedifferentiation, this

result is consistent with the idea that tubule initiation involves dedifferentiation. In the

presence of continued Raf-1 activation, the maturation of these nascent tubules is

aborted; instead, cells in these tubules detach completely from the cyst. However,

downregulation of Raf-1 after the nascent tubules have formed permits them to

progress to maturity. Presumably, the ability of cells to redifferentiate after Raf-1

downregulation allowed them to form mature tubules. This observation lends support

to the idea that later stages of tubule formation involve an intrinsic epithelial program

that is independent of HGF. Thus, by manipulating the differentiated status of MDCK

cells, we are able to sequentially induce early and late stages of tubule formation.

Activation of the Raf-MEK-ERK pathway is likely to be pivotal to the

morphogenetic disequilibrium induced by HGF. What would be the counteracting

forces that drive redifferentiation and tubule maturation? A pathway originating from

the epithelial basement membrane is one attractive possibility. The basement

membrane in general, and laminin in particular, have long been known as essential to

epithelial development and may serve to reinforce the epithelial phenotype". For

11/
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example, in Chapter Three, we presented evidence that assembly of laminin in the

basement membrane is critical to orientation of the apical pole and lumen formation.

We speculate that proteolytic degradation of the basement membrane is a

prerequisite for the dedifferentiation that characterizes tubule initiation, and that

formation of a new basement membrane promotes the redifferentiation that

characterizes tubule maturation. The evidence supporting this idea is as follows: (1)

While exogenous laminin does not appear to inhibit MDCK tubulogenesis, another

abundant basement membrane protein, collagen IV, does”. This finding would

suggest that basement membrane collagen IV must be removed to allow extensions to

form. (2) In Chapter Two, we demonstrated that the distribution of laminin on the cyst

surface is markedly disrupted during both HGF- and Raf-induced MDCK

tubulogenesis. Since laminin is the major component of the basement membrane, this

altered distribution likely reflects dramatic changes to, or degradation of, the basement

membrane. (3) Work from others has shown that HGF treatment of MDCK cells

increases mRNA levels of protease activators such as urokinase plasminogen activator

(u-PA)10 and proteases such as matrix metalloproteinase 2 (MMP-2) and membrane

type 1 metalloproteinase (MT1-MMP)'''. (4) Inhibition of MT1-MMP inhibits

MDCK tubulogenesis in response to HGF12, and overexpression of MT1-MMP causes

MDCK cells to invade collagen in the absence of HGF13. (5) In lung epithelia, the

presence of collagen IV downregulates transcription of MT1-MMP14. Taken together,

these data are consistent with a model whereby activation of the Raf-MEK-ERK

pathway downstream of HGF initiates tubule development by raising levels of MT1

MMP and other proteases in order to proteolyse collagen IV in the basement
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membrane. Downregulation of Raf-1 would permit tubule maturation by lowering

levels of MT1-MMP, allowing accumulation of collagen IV, which would in turn

further repress MT1-MMP levels. Much further experimentation is needed to

substantiate this model. As just one example, the substrate specificity of MT1-MMP

in this context must be ascertained.

Establishment and Orientation of Polarity are Distinct Processes

The effects of N17rac1 on the apical pole of developing MDCK cysts highlight

the fact that establishment and orientation of polarity are two distinct processes.

N17rac1 cysts are able to establish and apical pole; however, they orient this pole in

the wrong direction. While such a dissection of polarity establishment and polarity

orientation has not previously been reported in the multicellular context of tissue

development, similar scenarios have frequently been observed in polarized unicellular

systems. For example, during the asymmetric division of Drosophila neural precursor

cells, a complex containing the proteins Inscuteable and Bazooka establishes a spatial

cue for polarization of the mother neuroblast during cell division. Loss of this spatial

cue by deletion of Inscuteable or Bazooka causes the mitotic mother neuroblast to

polarize in random orientations' 3-17. Another illustration of this principle occurs

during budding in S. cerevisiae. The products of genes such as BUD1, BUD2, and

BUD5 recognize spatial cues that direct growth toward the axial bud site. Without

these gene products, yeast bud at random locations despite the presence of appropriate

spatial cues'8-29. A third example comes from macrophages, which develop polarized

lamellipodia and migrate toward a chemoattractant source. Expression of dominant
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negative cdc42 does not interfere with the macrophages’ ability to form lamellipodia

and migrate in response to chemoattractant; however, these cells polarize and migrate

in random directions?]. Strikingly, N17rac1 cysts exhibit an inversion of polarity,

rather than the randomized orientation of polarity induced by loss of the

Inscuteable/Bazooka complex or of Budl, Bud2, and Buds. The implications of

polarity inversion have been discussed extensively in Chapter Three.

N17rac1 appears to invert apical polarity by inhibiting assembly of laminin in

the basement membrane. Exogenous laminin rescues orientation of the apical pole in

N17rac1 cysts. These results imply that assembled laminin initiates a polarizing signal

that directs placement of the apical pole during cyst development. However,

assembled laminin is itself already polarized to the cyst-substratum interface. What

polarizes laminin? The answer to this question is not clear. In MDCK monolayers,

laminin is predominantly secreted basolaterally”, although the applicability of this

finding to collagen culture (where cells must create a free surface de novo) is

uncertain. It is possible that in collagen culture, laminin secretion is initially nonpolar

and that its polar activity derives from restricting its assembly to the cell-substratum

interface, where ECM receptors may already be clustered through interactions with the

surrounding collagen I. Intriguingly, the adhesion of MDCK cells to collagen I

stimulates secretion of endogenous laminin”.

The Quixotic Relationship Between Lumens and Apical Surface

The unknown nature of the relationship between lumens and apical surface is a

conundrum that has plagued us throughout the rac1/laminin project. The N17rac1
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cysts lack lumens and have an inverted apical pole. What is the relationship between

these two observations? Specifically, is lumen formation synonymous with apical

polarization, or are they two separate events, and if so, is one a prerequisite for the

other? For example, if lumen formation and apical polarization were identical, then

N17rac1 cysts would lack lumens because they were trying to direct lumen formation

toward the ECM. Alternatively, if lumen formation were a prerequisite for apical

polarization, then perhaps N17rac1 specifically interferes with lumen formation,

causing N17rac1 cysts to place the apical pole at the cyst periphery for lack of better

options.

The conundrum is apparent when one considers the inevitable logistics of

lumen formation. While virtually nothing is known about the molecular events that

lead to lumen formation, it seems inescapable that generating lumens must involve the

polarization of certain molecules to the nascent lumenal surface. These molecules

could be membrane components that facilitate the separation of apposing cell

membranes (for example, proteins such as MUC1 or specialized lipids) or secreted

components that drive membranes apart (perhaps by altering the paracellular

osmolarity of a restricted area). In this light, lumen formation could represent the

earliest manifestation of apical polarization. However, cells in monolayers or in

suspension establish an apical pole without forming apparent lumens. Does apical

polarization in the presence of a free surface occur through a different pathway, or do

cells in these circumstances still undergo the molecular changes involved in lumen

formation, but these changes have no consequence since they occur at the preexisting
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free surface? The resolution of these issues will require a molecular understanding of

lumen development.

Related to lumen development is the question of how MDCK cells sense the

presence of a free surface. The fact that they sense free surface (or the absence of free

surface) is clear: MDCK cells do not form lumens when a free surface is already

available, and they quickly respond to a loss of preexisting free surface by forming

lumens" 6, 24-26. Cells might recognize free surface in a positive sense, i.e. through

direct detection of particular characteristics of the media or lumenal fluid, or they

could recognize free surface in a negative sense, i.e. through the lack of signaling

inputs from cell-cell and cell-substrate adhesions. Once detected, a free surface

suppresses the cell’s ability to form additional free surfaces. Thus, cells in monolayer

or suspension culture do not form intercellular lumens. After cells in a cyst have

formed a lumen (which can occur as early as the two-cell stage), they preferentially

expand this lumen as the cyst enlarges, thereby ensuring that each new cell in the cyst

has a free surface (L.E.O. and K.M., unpublished observations). In some cases it

appears that either lumens cannot be enlarged, such as in the presence of compromised

tight junctions (Chapter Three) or with pharmacological disruption of the cells'

osmotic balance”, or that lumen expansion does not keep pace with cell proliferation.

In these cases, cysts may form multiple lumens so that each cell has a free surface.

Overall Conclusions

In summary, our work links intracellular signaling mechanisms to specific

cellular behaviors that occur during epithelial morphogenesis. Our findings also
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provide a glimpse into how these intracellular pathways promote differentiation (and

perhaps dedifferentiation) by effecting changes in the extracellular environment. A

true understanding of how epithelial cells coordinate their behaviors to create complex

branching tubules will require the integration of signaling and cell biological

approaches. The data and ideas presented in this dissertation provide a framework for

future research along these lines.
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