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Chapter 1: Introduction: 2-D to 3-D Transitions

In vivo, cell function is regulated not only by soluble biochemical signals, energy
status, and oxygen availability, but also by the structural features and
composition of the surrounding extracellular matrix (ECM) (1, 2, 3). The ECM is
a crosslinked macromolecular network of proteins, glycoproteins, and
proteoglycans that maintains tissue architecture while regulating cell function and
fate (4, 5). Structural characteristics of ECMs vary as a function of ECM
composition. One such characteristic is dimensionality; cells interface either with
a two-dimensional (2-D) or three-dimensional (3-D) ECM (3, 5). The ability of a
cell to sense and appropriately respond to dimensionality is essential for biologic
development and tissue homeostasis. Consistent with this idea, a central aspect
of cellular differentiation is the acquisition of the appropriate transcriptional
programs and molecular machinery required for function either in 2-D or 3-D.
Though all cells are inherently 3-D structures at the subcellular level, cells
residing within solid tissues can be classified as either 2-D or 3-D by considering
the dimensionality of their respective ECM niches. 2-D cells form a tight
monolayer lining all tubular organs such as the gastrointestinal tract, respiratory
tract, glandular tissues, as well as the vasculature (3, 5). Under physiologic
conditions, 2-D cells exhibit apical/basal polarity, are generally non-motile,
quiescent, and tightly adherent to one another via interaction of multiprotein
cell:cell junctional complexes. As such, epithelial, endothelial, and mesothelial
cells can be classified as 2-D cells. The ECM that defines cellular two-
dimensionality is the basement membrane (BM). 2-D cells reside atop this flat,

sheet-like ECM which serves to confine such cells to tubular and glandular



lumina while acting as a structural scaffold for tissue organization and
compartmentalization (5, 6). In many vertebrate tissues, the BM serves as a
rugged barrier partitioning the second and third tissue dimensions (5, 6).

Beneath the epithelial BM lies the 3-D environment of the interstitial
compartment. 3-D tissues — such as the mesenchyme of the dermis or colonic
wall and soft tissues including muscle and adipose tissue - are predominately
mesodermal or neural crest in origin. These tissues are populated by 3-D cells
including fibroblasts, adipocytes, myocytes and peripheral neurons. Unlike 2-D
cells, 3-D cells do not display apical/basal polarity, maintain the capacity to
become highly motile and tissue-invasive, and do not typically exhibit homotypic
adhesion. These cells are encased on all sides by a 3-D ECM dominated by
mesh-like networks of collagens | and Il in mature tissues or by scaffolds of fibrin
and the fibrillar glycoprotein fibronectin in tissues undergoing active remodeling
(2,3,7,8).

A priori, since both 2-D and 3-D cells are derived from a common
precursor - the 2-D, epithelial-like epiblast and hypoblast cells of the two-layered
embryo in vertebrates — it follows that mechanisms must exist for interconversion
of these two cell types. At the onset of gastrulation, 2-D epiblast cells residing
atop a BM lose polarity and homotypic adhesion, invade the underlying ECM and
assume a 3-D cell phenotype to form the earliest mesodermal precursors—a
process that can be termed the 2-D to 3-D transition (9). This conversion from a
2-D to a 3-D phenotype is an important developmental paradigm that becomes
inappropriately activated in several disease states. An essential requirement for
a cell to change dimensionality is the ability to penetrate ECM barriers interposed
between dimensions, such as the 2-D BM and the 3-D ECM of the interstitial
compartment (Figure 1.1). Indeed, most 2-D-to-3-D transitions are a stepwise
process beginning with perforation of epithelial or endothelial BMs, recruitment of
the transcriptional programs required for execution of essential cell functions in 3-
D, migration into 3-D, and establishment of a 3-D niche suitable for proliferation,
differentiation, and survival (4, 5, 7, 10-12).
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Figure 1.1. The 2-D-to-3-D transition

A differentiated epithelial cell normally exists atop the 2-D ECM of the BM.
During carcinoma progression, a malignant epithelial cell punctures the BM
via the action of MT1,2,3-MMPs and transmigrates into the 3-D environment
of the interstitial ECM. BM degradation products with biological activity
signal to the invading cell and host stroma to modulate cell function. Within
the 3-D ECM, collagen fibrils are remodeled by MT1- and MT2- MMP, and
fibrin fibrils via MT1,2,3-MMPs. This 2-D to 3-D transition process in
accompanied by disruption of cell:cell adhesion complexes (including
adherens junctions containing E-cadherin), loss of cell polarity, protease
activation, cytoskeletal and nuclear remodeling, and integrin switching.
Collectively, these phenotypic changes result in the malignant epithelial cell
assuming a non-polar, mesenchymal-like phenotype for growth, migration,
and survival within the 3-D interstitial ECM.

Herein | will discuss shifts in cellular dimensionality as events regulated by

the capacity of a cell to modify and overcome ECM barriers in both development

and disease. Furthermore, | will present recent studies that characterize the

transcriptional regulators and ECM remodeling events recruited during 2-D-to-3-

D transitions. Despite considerable variation in structure and composition



between 2-D and 3-D ECMs as well as the diversity of the cell lineages that
undergo changes in dimensionality, a body of evidence suggests that a select
group of transcriptional regulators of the Snail, ZEB, and basic helix-loop-helix
family trigger the cell-intrinsic transcriptional reprogramming required for 2-D-to-
3-D transitions (13). Additionally, a small family of membrane-tethered
proteolytic effector enzymes, termed the membrane-type matrix
metalloproteinases (MT-MMPs), serve as the minimal degradative machinery
required for navigation and remodeling of both 2-D and 3-D ECM barriers (4, 5,
7, 8, 10, 14, 15). Hence, understanding the regulation, activity and
pathophysiologic functions of this surprisingly small group of factors should
provide a deeper understanding of the molecular mechanisms underlying the

control of cell dimensionality during development and disease.

Changing Dimensionality in Development and Disease. Changes in cell
dimensionality have long been known to occur during developmental events.
During mammalian development, the early embryo consists of two apposed
layers of 2-D epithelial cells. With the induction of gastrulation, genesis of the
third germ layer, the mesoderm, occurs when epithelial cells within the epiblast at
the primitive streak adopt mesenchymal (i.e., fibroblast-like) characteristics,
penetrate the underlying BM and populate the intervening space to ultimately
form the primitive mesoderm—the precursor to mature connective tissues (Figure
1.2A)(16-18). Similar programs are recruited during other developmental 2-D-to-
3-D transitions. Specialized cells within the neuroepithelial layer of the ectoderm
in the three-layered embryo — termed neural crest cells — delaminate, assume a
3-D phenotype, and migrate to distant sites where they differentiate into
specialized tissues including craniofacial structures, peripheral nerves and
pigmented cells (19-21).

2-D-to-3-D transitions occur during multiple stages of vascular
development. During angiogenesis — the process of capillary sprouting from the
mature vasculature — pro-angiogenic growth factors trigger endothelial cells to

penetrate BM barriers, lose polarity, infiltrate the 3-D environment and eventually



coalesce to assemble a patent neovessel (5, 12, 14, 22) — a 2-D-to-3-D-to-2-D
transition process. In adults, this developmental program is recruited to support
vascularization of wounds, tumors, and sites of chronic inflammation (23, 24).
Endothelial cells engage a similar program to form the cardiac valves when 2-D
embryonic endocardial cells give rise to the 3-D mesenchymal cells populating
the valve connective tissue (25-28). Furthermore, vascular pericytes and mural
cells have been proposed to emerge from endothelial cells via a similar
mechanism (29-33).
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Figure 1.2. 2-D-to-3-D transitions

A. During gastrulation, epiblast cells invade at the primitive streak,
penetrating the epithelial BM to populate the space beneath the germ layer to
produce the mesoderm. B. At the initial phase of tumor invasion, tumor cells
acquire the ability to breach epithelial BM barriers and migrate into the stromal
matrix. After traversing the stroma, tumor cells cross the vascular BM both at
the primary tumor site (termed intravasation) as well as at the site of
metastasis (i.e., extravasation) to colonize distant organs.

With the exception of the 2-D/3-D transition events associated with
reproduction in adult mammals — such as invasion of the endometrial decidua by
trophoblast cells during blastocyst implantation — such programs do not seem to
be re-engaged in the adult, save for pathologic conditions. 2-D-to-3-D transitions
seem to play a major role in promoting cancer morbidity and mortality. During
carcinoma progression, non-invasive, dysplastic 2-D epithelial cells proliferate

locally as a lesion termed carcinoma in situ. Unchecked, the localized lesion will



acquire the capacity to perforate the subjacent BM barrier and invade the 3-D
interstitium, thus becoming an invasive carcinoma (Figure 1.2B) (34, 35).
Additionally, epithelial cells need not adopt a neoplastic status to display 2-D-to-
3-D transitions. For example, recent studies demonstrate that in pathologic
fibrotic disease states (e.g., most commonly affecting the liver, lungs or kidneys),
epithelial cells adopt a 3-D mesenchymal, fibroblast-like phenotype as they
traverse the underlying BM, infiltrate underlying stromal tissues and deposit an
excess of interstitial matrix components (36-41). In addition, it has been
proposed that endothelial cells can inappropriately recruit embryonic 2-D-to-3-D
transition programs to contribute to the population of 3-D fibroblast-like cells
found in fibrotic tissue and within the peritumoral stroma (42-44), as well as
during atherosclerosis and pulmonary hypertension (45, 46)

Conversely, changes in dimensionality that occur during development and
disease can also proceed from 3-D to 2-D. During nephrogenesis, condensation
of the 3-D cells of the metanephric mesenchyme results in the differentiation of
the 2-D epithelia of nephrons (38). Similar programs seem to be recruited during
adenocarcinoma metastasis; though 2-D-to-3-D transition of neoplastic epithelial
cells is required for local invasion at the primary tumor site, distant secondary
tumor foci often contain well-differentiated 2-D epithelial glandular structures
nearly identical to the tissue of origin (47). These findings suggest that cancer
cells adopt a fibroblast-like phenotype in order to express invasive activity, but
might re-assume an epithelial phenotype to support proliferation.

These examples underscore the fact that dimensional plasticity is a
recurring theme in diverse developmental and pathologic events. Cellular
dimensionality can be regulated at both the intrinsic and extrinsic levels. Intrinsic
dimensionality refers to the transcriptional programs operating within the cell;
cells typically express genes suited for function either in 2-D or 3-D. Extrinsic
dimensionality is dictated by the ECM microenvironment; a cell either rests atop
a 2-D substratum or is embedded within a surrounding 3-D ECM. To change in
dimensionality within the context of complex tissues in vivo, the cell must both

reprogram its intrinsic dimensionality and overcome extrinsic 2-D and 3-D ECM



barriers. Since intrinsic and extrinsic dimensionalities are often disconnected
under artificial cell culture conditions (e.g. a fibroblast is programmed to function
within the 3-D interstitium in vivo, not upon 2-D plastic or glass substrata used in
standard tissue culture), most studies in the field of cell biology have failed to
consider cell dimensionality. Hence, the two central questions of: i) how cells
change their dimensional identity and ii) how dimensionality impacts important
cell functions such as proliferation, migration, and survival remain largely
unanswered. What work has recently been done to investigate how cells alter
intrinsic and extrinsic dimensionality, as well as the mechanisms by which

dimensionality regulates cell function?



Breaching the BM: the First Step Into 3-D.
BM Function and Structure: Impact on Cell Transmigration. Early in
development animals ranging from flies to humans direct the embryonic
epithelium to orchestrate the organization of an supramolecular network of
proteins, glycoproteins, and proteoglycans, termed the basement membrane
(BM) (48, 49). This conglomerate of structural macromolecules coalesces to
form a dense, 100-300 nm-thick 2-D lamina that underlies all epithelia, and in
higher organisms, ensheaths endothelial cells, nerves, smooth muscle cells and
adipocytes (48, 50). The assembled BM provides adherent cells with structural
support and functional cues by virtue of its biomechanical properties, display of
adhesion receptor ligands and repertoire of matrix-bound growth factors (6, 50).
With a pore size on the order of 50 nm, only small molecules are able to
passively diffuse across this thin, but structurally rugged, barrier (6, 51, 52).
Nonetheless, normal cells are able to traffic freely and rapidly across BMs by
activating tissue-invasive programs during morphogenesis as well as immune
surveillance (9, 16, 17, 53). Further, in a repetitive theme familiar to biologists,
cell populations participating in pathologic events, such as cancer, can
inappropriately co-opt “normal” BM transmigration programs to dire, and most
often, lethal, consequence by driving the metastatic process (34).
Transmigration of cells across the BM plays an unquestionably important
role in normal and neoplastic events, and has been the subject of thousands of
reports — not to mention innumerable reviews - in the literature (6, 34, 48, 49).
Nevertheless, it likely comes as a surprise that the mechanisms which allow cells
to cross this structural barrier remain largely unknown and the subject of
considerable debate. While the ability of a migrating cell to perforate the BM has
been almost uniformly ascribed to proteolytic events, more than 500 proteinases
are encoded within the mammalian genome, thus complicating efforts to identify
a subset of critical, matrix-degrading enzymes (54). As such, using various
model constructs designed to recapitulate BM structure in vitro, most
investigators have, over the last 20 years, accepted a largely circumstantial

premise that secreted proteinases play a dominant role in regulating



transmigration in both physiologic and pathologic states (55, 56). Very recently,
however, evidence has begun to accumulate which suggests that accepted
dogma may now be ripe for revisiting (4, 48, 57, 58). New insights into BM
assembly and structure have raised serious concerns regarding the utility of most
of the in vitro models used for analyzing invasion (59-61). Further, in vivo studies
of mice harboring inactivating mutations of proteinases commonly implicated as
the “usual suspects” in BM transmigration seldom appear to exhibit frank defects
in BM invasion-associated events (62-65). Instead, recent studies support the
contention that a small subset of membrane-anchored metalloproteases play a
previously unrecognized role in this process (4). While we would be pleased to
inform readers that solutions to all queries regarding BM invasion programs lie
herein, this is far from the case and continued efforts will be required to build a
definitive model of BM transmigration. Rather, it is our intent to highlight existing
conundrums and caveats in the field, to pose possible solutions as to the means
by which normal and neoplastic cells traverse BM barriers and to outline
experimental systems where these hypotheses might be evaluated and tested in
rigorous fashion.

BM Structure. Comprised of more than 50 distinct macromolecules, the
predominant components of BMs are intertwined meshworks of polymeric laminin
and type IV collagen (6, 49, 50). Distinct from all other BM constituents, only
laminin and type IV collagen are able to self-assemble into polymers (50). Until
recently, most models of BM organization assumed that type IV collagen serves
as the major scaffolding upon which the laminin network is deposited. Newer
studies suggest, however, that laminin polymers serve as the initial template for
BM assembly (66, 67). Laminin isoforms are a family of 16 heterotrimeric
glycoproteins composed generally of a 400 kD a chain, a 200 kD 3 chain and a
200 kD y chain (68). The coalescence of a, B, and y chains leads to the
formation of a cruciform trimer with three long arms and one short arm stabilized
by disulfide bonds (68). Supramolecular organization is triggered when laminins
are concentrated at the plasma membrane of BM-associated cells via binding of

long arm globular domains to cellular receptors that range, in a tissue-specific



fashion, from sulfated glycolipids to a-dystroglycan (66, 67). In turn, stable
interactions between the short arm globular domains of adjacent laminin
molecules allow for the organization of a single layer of obliquely-oriented laminin
heterotrimers (66, 69).

Like the laminins, type IV collagens also assemble into a supramolecular network
at the surface of epithelial and endothelial cells, adipocytes, muscle cells and
nerves through processes either mediated directly by integrins (e.g., a231and
a131) or indirectly via type IV collagen binding interactions with laminin as well as
other BM-associated macromolecules (49, 50). There are six distinct type IV
collagen chains [a1-6(1V)] which display tissue-specific distribution patterns (49).
In the trans-Golgi network, a(lV) chains form heterotrimeric protomers that
contain a central discontinuous triple helical domain rich in Gly-X-Y motifs, where
Xand Y are often proline and hydroxyproline residues, as well as an N-terminal
7S domain and a C-terminal, globular NC1 domain (49). Following protomer
secretion, dimeric associations between two NC1 trimers and tetrameric
interactions between 7S domains promote the assembly of a polymeric
meshwork (Figure 1.3) (49, 50). Remarkably, the six genetically distinct a chains
assemble to form only three heterotrimers, i.e., ala1a2, a3a4a5 or a5a5a6 (49).
The a1(lV) and a2(lV) chains, the so-called “classic” chains, are present in the
BM of all tissues whereas the other two heterotrimers display a more restricted
pattern of distribution (49). Unlike the laminins, type IV collagen polymers are
stabilized by a network of covalent crosslinks (49). Indeed, this structural
characteristic likely provides the structural basis for the long-appreciated fact that
type IV collagen cannot be extracted from BMs assembled in vivo unless the
animals are fed a lathyrogen (i.e., a compound, such as -aminopropionitrile, that
prevents collagen crosslinking by inhibiting lysyl oxidase activity) and the tissues
treated with a strong reducing agent (70). These observations support the
contention that disulfide bonds and lysyl oxidase-catalyzed aldimines dominate
intermolecular crosslinks generated within the 7S domain (70, 71). Further, more
recent analyses of the type IV collagen NC1 domain have led to the novel

demonstration of a new, and heretofore unprecedented, type of intermolecular,
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thioether crosslink which is formed between specific methionine and

hydroxylysine or lysine residues residing with apposing NC1 trimers (59, 61, 72).

Hence, the highly-ordered and crosslinked nature of the type IV collagen network

confers BMs with their structural integrity (73) and most likely presents migrating

cells with their most formidable barrier during transmigration.

Figure 1.3. Type IV collagen network structure.

Type IV collagen protomers are triple-helical assemblies which contain N-
terminal 7S domains that oligomerize to form 7S tetramers that are
covalently stabilized by disulfide and (hydroxyl)lysine-derived crosslinks.
The globular, C-terminal NC1 domains of two type IV collagen protomers
also interact to form dimers composed of 6 individual collagen chains
[termed NC1 hexamers (Hex)] that are held in association by strong non-
covalent forces as well as (hydroxyl)lysine-methionine thioether crosslinks.
Each individual collagen chain is synthesized with an N-terminal 7S
domain that is decorated with a N-linked oligosaccharide (black, y-shaped
symbol). Formation of 7S domain tetramers and NC1 dimers support the
assembly of a crosslinked, stabilized meshwork within the basement
membrane that is reinforced by supramolecular twisting and lateral
associations between the triple-helical collagenous domains (arrowheads).

Independent of the self-polymerizing properties of the laminins and type IV

collagens, BM networks are further bridged by non-covalent interactions with
nidogens 1 and 2, which in turn also bind the BM heparin sulfate proteoglycan,
perlecan (6, 50). Perlecan, and other BM-associated proteoglycans, including

collagens XV, XVIII and agrin may help confer charge-dependent selective
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filtration properties to BMs and serve as reservoirs for heparin-binding growth
factors including FGF-2, VEGF, and PDGF (74, 75).

Mechanisms of BM Transmigration: An Introduction. To probe mechanisms
underlying BM transmigration events during the transition from 2-D to 3-D, we
must first ask: what are the properties of BMs and the associated invasive cell
populations that influence the transmigration process? From a structural
perspective, the migrating cell will be confronted with a semi-permeable, type IV
collagen-rich barrier whose pore size is dictated by both ECM density and
crosslinking (4, 76). In turn, the degree to which the cell can deform its
cytoplasm and nucleus to traverse a structural pore will determine whether
proteolytic remodeling is a required step during BM transmigration (77-79). As
migrating cells are unable to efficiently negotiate pores whose diameters are less
than 2.0 ym in size (80, 81), a spatial limitation that exceeds BM pore size by a
factor of ~40-fold (51, 52), it would seem that BM organization must be
modulated to accommodate cell traffic. Larger BM discontinuities have been
identified within distinct sites, such as the pulmonary bed, where circumscribed
areas devoid of BM macromolecules have been detected, but their frequency
and tissue-specific localization seem inconsistent with a more general role in
providing unimpeded passageway for transmigrating cells (60, 82).

In normal tissue, BMs are subject to turnover at variable rates, presumably
maintaining an equilibrium wherein macromolecular constituents are constantly
removed and re-deposited in a dynamic process that preserves overall BM
architecture (83). Therefore, in order to trigger 2-D-to-3D transitions, decreased
BM synthesis or enhanced BM degradation would be predicted to tip this
equilibrium in favor of BM removal and provide a mechanism for local BM
effacement (5, 83). To effect such a process, increasing evidence suggests that
cells re-activate programs normally reserved for use during embryonic
development — a state wherein massive waves of cell migration are the rule
rather than the exception (84, 85). How might BMs be remodeled to support
transmigration during 2-D-to-3-D transitions? While attenuated BM production

and assembly are likely contributing factors in the loss of an intact BM at the
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tumor invasive front (35, 86), proteolytic machinery is also recruited to effect its
removal (35, 87-91). BM pore size might be widened by proteolytic remodeling
of BM superstructure, causing the localized dissolution of the BM at sites of cell
invasion.

Protease-Dependent BM Transmigration. Evidence for proteolytic BM
destruction during transmigration is supported by the observation that tissue-
invasive events associated with 2-D-to-3-D transitions in developmental as well
as disease states are characterized frequently by irreversible changes in BM
structure (4, 9, 16, 18, 35, 48). Indeed BM discontinuities have been identified at
sites of carcinoma invasion in vivo (35, 92, 93). Together, these observations
have lent considerable support to the proposition that protease-dependent BM
degradation is an event essential to transmigration (34, 48, 94). Accordingly, the
expression of extracellular matrix (ECM)-degradative proteases has been
documented in association with the tissue-invasive phenotype of both normal and
neoplastic epithelial cells (34, 48, 57, 94). Nevertheless, the fact that the
mammalian degradome is comprised of hundreds of proteases has led many to
speculate whether the identification of those enzymes necessary and/or sufficient
for BM transmigration may prove to be an impossible task (95, 96).

To date, in vivo models have implicated a confusing — and sometimes
contradictory - array of serine proteases (97), cathepsins (98), and
metalloproteases (95, 99) in tissue-invasive processes. Studies designed to
identify roles of specific proteinases in ECM remodeling events associated with
invasion in vivo must, however, be interpreted cautiously. In the in vivo setting,
transmigration across an intact, crosslinked BM devoid of any preformed
passageways is not only associated with the dissolution of the intervening
barrier, but also the generation of multiple chemokines and mitogens, the
inactivation of chemo-repulsive agents, the release or activation of matrix-bound
growth factors as well as the unmasking of cryptic epitopes that can modify cell
genotype/phenotype (57, 96, 100), the mechanistic interpretation of an “invasive”
phenotype in the in vivo setting is challenging, if not problematic. Indeed, given

the inherent complexities associated with whole animal studies, one might
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realistically ask; i) is it possible to use in vivo models to identify the specific
proteases involved directly in the BM remodeling program that specifically
underlie invasion and ii) if not, how do we proceed?

From a reductionist perspective, an “ideal” model might rely on an ex vivo
system wherein the ability of a normal or neoplastic cell type to traverse a BM
barrier could be monitored directly. Studies initiated in the late 1970s used just
such an approach with tissues isolated from donor organisms (55, 101). A
popular source of tissue was the human placenta wherein the amniotic BM is
sandwiched between an overlying layer of epithelial cells and a dense,
underlying layer of interstitial collagen (dominated by an interwoven mat of
fibrillar type | collagen) (101, 102). Following removal of the amniotic epithelial
layer, a cell type of interest could be cultured atop the “naked” matrix and its
invasion through the BM tracked (55, 103). Interestingly, such studies lent early
support to the contention that BM invasion requires the mobilization of a subset
of metalloenzymes encoded by the matrix metalloproteinase (MMP) gene family
(55, 101, 103), a conclusion that may well hold 30 years later.

In search of the type IV collagenase(s). With close to 20,000 publications in
the literature dedicated to the MMP family, it is perhaps less than surprising that
these proteases have been associated with tissue-invasive and remodeling
events in a variety of developmental and pathophysiologic states ranging across
the evolutionary spectrum (48, 57, 58). In overview, MMPs are a class of 25
enzymes that are synthesized as latent zymogens (57, 95). When productive
conformational changes occur between the autoinhibitory MMP prodomain and
the catalytic domain, proteolytic activity is unmasked (104). MMPs are
conveniently divided into two general classes; the secreted MMPs and
membrane-type MMPs (MT-MMPs), with several subclass denominations based
on domain composition (57, 95). Strikingly, despite the apparent complexity of
the proteinase genome with all the complicating features of protease
redundancy, compensation and adaptive development, recent work appears to
narrow the cast of suspects to a small subclass of MMPs that serve as critical

determinants of the BM transmigration program (4, 57, 58, 105).
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A Novel BM Transmigration Program. Given a consensus that carcinoma cells
as well as their normal counterparts mobilize similar machinery to traverse BMs
(i.e., both cell populations employ analogous 2-D-to-3-D transition programs as
they down-regulate cell:cell and cell:BM interactions, rearrange cytoskeletal
elements and adopt a fibroblast-like motile phenotype (84)), ex vivo studies of
pro-invasive activity were initiated to define the cancer cell-BM transmigration
program (4). Using denuded peritoneal BM explants, multiple carcinoma cell
lines (e.g., breast, prostate, pancreas, and squamous cell) exhibited invasive
activity either “spontaneously” in response to motogenic signals generated by
aberrant transcription factor expression or following the addition of pro-invasive
growth factors (4, 84). In each case, carcinoma cells initiated invasion by first
inserting pseudopod-like membrane extensions through the BM barrier in a
manner that morphologically recapitulates cancer cell invasion in vivo (Figure
1.4A-B). Consistent with a protease-dependent mechanism, type IV collagen
degradation products could also be identified in the perforated BM (4). While
earlier studies had provided indirect evidence supporting a role for serine,
cysteine or aspartyl proteinases during BM invasion programs (97, 98, 106),
validated inhibitors of the respective proteinase families were unable to suppress
invasive activity in this ex vivo model (4). In marked contrast, inhibitors directed
against MMP family members not only ablated the cancer cell-mediated
degradation of BM-associated type IV collagen, but transmigration as well (4).
As proteolysis and invasion were unaffected by tissue inhibitor of
metalloproteinases-1 (TIMP-1), an endogenous inhibitor specific for most
secreted MMPs as well as the glycosylphosphatidylinositol (GPI)-anchored
MMPs (i.e., MT4-MMP and MT6-MMP) (107), these data provided indirect
support for the contention that BM remodeling might be mediated by one or more
of the TIMP-1-insensitive MT-MMPs (i.e., MT1-MMP, MT2-MMP, MT3-MMP and
MT5-MMP) (4), which are characterized by a type | transmembrane domain
which tethers the MMP to the cell surface. Indeed, BM degradation and
transmigration by cancer cells of epithelial, mesenchymal or neural crest origin

were inhibited effectively by TIMP-2, a second member of the TIMP family that
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targets all of the secreted as well as MT-MMP family members (4, 108). Most

striking, perhaps, is the fact that cancer cells of multiple origins were unable to
mobilize alternate proteolytic systems that supported BM invasion- even after 8
or more days in culture - when MMP activities were inhibited (4).

Figure 1.4. Proteolytic invasion of BM barriers

A. Transmission electron micrograph of a carcinoma cell extending an
invadopodium-like process across a BM in vivo (from Kinjo et al. (1), with
permission). Arrowheads mark the BM. B. Recapitulation of the in vivo BM
transmigration program in vitro by culturing MDA-MB-231 breast carcinoma
cells atop a peritoneal explant (from Hotary et al. (4); reprinted with
permission). The invading cell extends an invadopodial process (asterisk)
through the intact peritoneal BM into the underlying interstitial matrix (). C.
When engineered to express MT1-MMP, invasion-null COS-1 cells activate a
BM transmigration program. Inset magnifies the discontinuous BM (arrows)
associated with the COS-1 cell invadopodium.

In an effort to identify those MMPs that directly confer host cells with the
ability to remodel or transmigrate BM barriers, a series of secreted or membrane-
anchored MMPs were subsequently expressed in COS cells (i.e., an epithelial

cell type that displays no BM degradative or invasive activity and no MMP
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expression) (4). Independent of their secretion as latent or fully active enzymes,
neither MMP-2, 3, 7, 9, 11 nor 13 endowed COS cells with BM remodeling
activity (4). Though one cannot rule out the possibility that these proteinases
hydrolyzed BM components at levels below the limits of morphologic or
biochemical resolution used in these studies, none of the secreted MMPs tested
conferred COS cells with BM pro-invasive potential (4). In marked contrast,
however, three MT-MMP family members, i.e., MT1-MMP, MT2-MMP or MT3-
MMP, conferred COS cells with the ability to both degrade and transmigrate the
subjacent BM (Figure 1.4C) (4). BM remodeling activity did not, however, extend
to MT4-MMP, MT5-MMP or MT6-MMP. Importantly, while it might be argued that
a requirement for MT1, 2, 3 -MMPs during BM transmigration arose as a
consequence of their ability to indirectly generate type IV collagenolytic activity
by converting the MMP-2 zymogen to its active form (109), MT-MMP-dependent
BM remodeling and invasion proceeded in an unabated fashion in the absence of
active MMP-2 (4). Though these findings are limited to an experimental system
wherein the implicated MT-MMPs were overexpressed in recipient COS cells,
further studies demonstrated that specific MT-MMP silencing by small inhibitory
RNAs (siRNAs) abrogated the ability of human cancer cells to traverse BMs
isolated from either mouse, rat, canine or human sources (4). A required role for
MT-MMPs must, of course, be validated in an in vivo system. While this work is
ongoing, our preliminary data using the developing chick embryo as a host
organism suggest that our in vitro findings might well prove applicable to complex
in vivo settings. Nevertheless, the specific BM components cleaved by the MT-
MMPs in situ remain to be characterized as does their role in promoting BM
transmigration.

MT-MMPs Serve as Pro-Invasive Motors that Drive BM Transmigration. The
ability of any single proteinase to effectively transform an invasion-null cell into a
BM-invasive phenotype is, to say the least, surprising. Analyses of the
structure/function relationships that underlie the ability of this subset of MT-
MMPs to mediate BM remodeling and transmigration have yielded a number of

insights into this process:
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Firstly, MT1-MMP, MT2-MMP and MT3-MMP, though synthesized as
latent enzymes, undergo intracellular activation prior to their display at the cell
surface following the proteolytic removal of their respective prodomains by
members of the ubiquitously expressed proprotein convertase family (109-111) .

Secondly, in the antiproteinase-rich extracellular environment of plasma,
the active proteinases only display BM-degradative and pro-invasive activities
when tethered to cell surface — a characteristic that may imbue these enzymes
with unique activities (4, 112). For example, while soluble MMPs depend on
diffusion to locate target substrates, the localization of MT-MMP catalytic activity
to the cell surface provides for the direct apposition of enzyme and substrate at
sites directed by the repertoire of receptors expressed on the cell membrane at
the invasive front (113, 114). Additionally, MT-MMPs may be further
concentrated at sites of active BM remodeling by trafficking to an actin-rich,
adhesive cell protrusion termed, the invadopodium (113, 114). Though the
precise mechanisms underlying MT-MMP trafficking to zones of BM effacement
remain unclear, MT1-MMP cytoplasmic domain itself is dispensable, as cells
expressing an MT1-MMP cytosolic tail-deletion mutant retain invasive activity
while continuing to focus proteolytic activity to invadopodia (4, 112).

Thirdly, a recent elucidation of the biophysical mechanics underlying
collagen degradation suggests that MT-MMPs may promote BM transmigration
not only by dissolving ECM barriers, but also by acting as pro-invasive motors
(115). In this model, MMPs display a proteolysis-dependent diffusion bias
wherein the MMP affinity for native substrates exceeds that for degraded
products, preventing retrograde diffusion of MMPs into sites depleted of targets
in accordance with a “burnt bridge” model (115). Hence, MT-MMPs operating at
the cell surface-BM interface may use a proteolysis-dependent diffusion
mechanism to ‘pull’ the cell through the native ECM concurrently with matrix
degradation, thus potentially integrating proteolysis and invasion into a single
concerted process.

Of course, attempts to assign specific or direct-acting properties to the

MT-MMPs are complicated by the fact that matrix proteolysis itself can exert
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global effects on cell function. In the course of BM proteolysis, the MT-MMP-
expressing cell would be bathed in a host of bioactive degradation products in
association with fluctuations in local pH (6, 57, 96, 100, 116). Further, as new
ligands are exposed (e.g., as the leading edge of the invading cell traverses the
perforated BM, contact would be made with the underlying interstitial tissue),
integrin usage would switch with attendant changes in downstream signaling and
the application of cell-mediated mechanical forces (117, 118). Finally, changes
in the biomechanical properties of the degraded BM itself would be expected to
affect both cell shape and consequently, gene expression (2, 119, 120).
Independent of the relative impact of these various signaling pathways on cellular
behavior, MT1-, 2- and 3- MMPs appear unique relative to all other proteinases
examined to date with regard to their ability to consolidate focal proteolysis with

BM transmigration.
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The Epithelial-Mesenchymal Transition (EMT): Changing Intrinsic
Dimensionality

What is EMT? Under normal conditions, epithelial cells are intrinsically
programmed for function in 2-D. Epithelial cells exhibit apical/basal polarity such
that they bind the ECM of the BM on their basal aspect; they express integrin
receptors specific for components of the 2-D BM, and typically do not proliferate
or migrate. Following BM penetration, in order to acquire 3-D dimensionality,
each of these facets of epithelial cell identity must be lost for proliferation,
survival, and migration in 3-D. The transcriptional reprogramming and
subsequent morphologic conversion of a 2-D epithelial cell into the phenotype of
a 3-D cell is termed the epithelial-mesenchymal transition (EMT). In recent
years, considerable insight has been gained into the signaling pathways and
transcription factors that regulate EMT (11, 84, 121). However, since EMT
studies are generally performed under classical, 2-D tissue culture conditions in
vitro, the means by which EMT occurs within context of the ECM remodeling
processes required for 2-D-to-3-D transitions remain largely unknown. While all
of the known molecular regulators of EMT will not be discussed herein, | will
discuss the key transcriptional changes that initiate EMT programs and begin to
construct a model uniting EMT with the ECM remodeling events that occur during
2-D-to-3-D transitions.

EMT: Regulation. Several levels of control preserve the epithelial phenotype
against mesenchymal differentiation. The ECM is a central regulator of epithelial
plasticity. Indeed, epithelial cells must interface with an intact BM for
maintenance of their differentiation state (17). Disruption of BM architecture and
exposure of epithelial cells to 3-D ECMs seems to alter instrinsic dimensionality
to contribute to the activation of pathologic EMTs (40, 122). These observations
compel us to ask if, during 2-D-to-3-D transitions, proteolytic BM disruption and
inhibition of BM deposition precedes EMT to drive transcriptional reprogramming
toward a 3-D phenotype; or alternatively, if EMT results in the recruitment of
degradative pathways necessary for BM penetration. Taken together with the

observation that expression of BM-degradative enzymes is sufficient to drive 2-D-
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to-3-D transitions in epithelial cells (4), the above studies suggest that that these
two processes likely synergize in promoting gain of the 3-D phenotype, though
the initiating step remains open to debate.

On a molecular level, a central mechanism for control of the epithelial
phenotype seems to be regulation of epithelial cell-cell adhesion molecules of
adherens junctions and tight junctions. Remarkably, the singlular loss of the
adherens junction protein E-cadherin (gene name CDH1 in humans) is sufficient
to initiate the transcriptional reprogramming that characterizes EMT (123-125).
Conversely, expression of E-cadherin in mesenchymal cells induces an
epithelial-like phenotype (125). Hence, transcriptional repressors that bind the
CDH1 proximal promoter and inhibit RNA polymerase II-mediated transcription
possess the intrinsic capacity to drive EMT on a transcriptional level. Indeed,
expression of any one of a small family of transcriptional regulators seems to be
sufficient to trigger the complex program of EMT, and therefore regulate intrinsic
dimensionality.

Transcriptional repressors that drive EMT include those of the Snail zinc
finger, zinc finger E-box-binding homeobox (ZEB), and basic helix-loop-helix
family. In order to initiate EMT, these transcription factors bind to E-box
elements within the proximal promoters of epithelial genes — including CDH1 -
and recruit co-repressors which result in the inhibition of mMRNA transcription
(84). During development, loss of E-cadherin is a required event for the
progression of the epiblast EMT required for the formation of the primitive
mesoderm (126). Gene targeting studies in mice have revealed a required role
for one of these repressors - the Snail family member, Snail1 - in silencing
epiblast E-cadherin at the primitive streak during gastrulation, with other CDH1
repressors dispensable for this process (126). Further study has shown that
Snail1 is aberrantly expressed in abnormal epithelium in several disease states
including fibrosis and cancer, and the expression of Snail1 in 2-D cells is
sufficient to drive complete EMT programs (127-132). Hence, Snail1 has taken
center stage as a preeminent mediator of both developmental and pathologic

EMTs. Our discussion will focus on Snail1 as a prototypical EMT-inducing factor.
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Snail1: Regulation and Function. Like many transcription factors, Snail1
protein is regulated at both the transcriptional and post-translational levels (13).
In epithelial cells, transcription of the gene encoding Snail1 (Snail) is activated
by a variety of extracellular stimuli and transcription factors, many of which are
capable of initiating EMT. Signals from the ECM can activate cell surface
integrins which in turn activate the integrin linked kinase (ILK), which can activate
the Snail1 promoter (133). Furthermore, the presence of laminin-5 has been
shown to induce Snail1 and EMT (134). Cytokines known to trigger EMT
programs, such as TGF family members (135, 136), hepatocyte growth factor,
(137), hedgehog/Gli (138, 139), and the Notch pathway (140) induce Snail1
transcription. Additionally, in the carcinomatous state, oncogenes such as H-Ras
can induce Snail1 transcription (133, 141). Snail1 expression can also be
activated by reactive oxygen species commonly found at sites of chronic
inflammation and tissue remodeling (142). Not surprisingly, Snail1 transcription
is also sensitive to negative regulation; e.g., activity of glycogen synthase kinase-
3 (GSK3) acts to repress Snail transcription (143) and Snail1 can bind to its own
promoter and act as a repressor (144).

Independently of its regulation at the transcriptional level, Snail1 protein
stability and subcellular localization are regulated via post-translational
mechanisms. Phosphorylation of Snail1 is key means by which Snail1 protein
function is modulated. A major regulator of Snail1 protein stability and
localization is the activity of GSK3-8, a component of the canonical Wnt signaling
pathway (145). In differentiated epithelial cells, Snail1 is constantly
phosphorylated at serine residues near its N-terminus by GSK3-3, which targets
Snail1 for polyubiquitination and proteasomal degradation (130, 146).
Inactivation of GSK3-[ activity via upstream signaling pathways — including the
canonical Wnt pathway — results in Snail1 protein stabilization, CDH1 repression,
EMT, and subsequent tissue invasion (130, 146). Thus, Snail1 is a key mediator
of Wnt-triggered EMTs. Furthermore, the canonical Wnt/B-catenin signaling
pathway exerts control on Snail1 activity by regulating Snail1 nuclear localization.

In differentiated epithelial cells, in the absence of canonical Wnt activity, nuclear
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GSK3-f activity targets Snail1 protein for proteasomal destruction (131). Upon
activation of the Wnt pathway and accumulation of nuclear 3-catenin, the -
catenin/T-cell factor (TCF) transcriptional target Axin2 sequesters GSK3-f in the
cytoplasm, stabilizing nuclear Snail1, and activating EMT programs (131).
Furthermore, p21-activated kinase (PAK1) — pro-invasive factor in breast cancer
— phosphorylates Snail1 to promote its accumulation within the nucleus (147).
Recently, the small C-terminal domain phosphatase was identified as an
antagonist of Snail1 phosphorylation by GSK3-f; possibly identifying a novel
EMT-inducing pathway (148).

When Snail1 protein is stabilized within the nucleus, it binds E-box
elements predominantly within the proximal promoters of target genes (84). The
N-terminal SNAG domain serves to recruit various co-repressors required for
gene silencing (149). The LIM protein, Ajuba, binds the Snail1 SNAG domain
and recruits protein arginine methyltransferase—an event required for CDH1
silencing (150, 151). Interestingly, Ajuba proteins are also components of
adherens junctions, suggesting a potential positive feedback loop promoting
adherens junction disassembly (151). Snail1 also recruits histone deacetylases
1 and 2, DNA methyltransferase 1, and Polycomb complex 2 for effective CDH1
repression via promoter methylation and histone deacetylation (149, 152, 153).
Furthermore, interaction with lysyl oxidase-like 2 seems to be required for
effective repression of CDH1 by Snail1 (154).

What are the consequences of Snail1 binding to promoters of target
genes? In addition to repressing epithelial genes (e.g. CDH1) Snail1 modulates
transcriptional programs that exert wide-reaching effects on cell function (Figure
1.5). EMT involves not only loss of epithelial characteristics, but also the gain of
mesenchymal transcriptional programs which allow cells to function within the 3-
D environment of the interstitial compartment. Hence, any stimulus that engages
EMT must also imbue cells with a 3-D mesenchymal phenotype in order to create
conditions permissive for the execution of an effective 2-D-to-3-D transition.
Since Snail1 expression is sufficient to initiate a complete EMT and drive 2-D-to-

3-D transitions (130, 131), Snail1 must possess the inherent capability to engage
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mesenchymal genes. One potential mechanism involves Snail1 indirectly
inducing mesenchymal genes in epithelial cells via direct repression of E-
cadherin expression, and the consequent accumulation of free 3-catenin
liberated from adherens junctions that transactivates mesenchymal genes (124).
Additionally, Snail1 expression in differentiated mesechymal cells recruits the
migratory and proteolytic machinery required for navigation of 3-D interstitial
ECMs (155). A further, though as yet uncharacterized, mechanism of
mesenchymal gene activation by Snail1 might potentially involve Snail1

repression of microRNAs directed against mesenchymal genes.
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Figure 1.5. Regulation and Functions of Snail1

Snail1 protein accumulation in the nuclear compartment is induced by a
variety of upstream signals. Snail1 activity regulates diverse cell functions
during 2-D-to-3-D transitions via both direct repression of transcription as well
as indirect mechanisms.

In addition to driving EMT at the transcriptional level, Snail1 expression
regulates other cell functions relevant to development and disease. With
particular relevance to cancer, Snail1 inhibits cell cycle progression and
promotes resistance to radiation-induced apoptosis via repression of positive cell
cycle regulators and pro-apoptotic genes (156, 157). Furthermore, ectopic
Snail1 expression can drive both epithelial and mesenchymal primary
tumorigenesis in vivo, suggesting crosstalk with oncogenic pathways (13, 139,
158-160). Additionally, in epithelial cells, Snail1-mediated EMT has been
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proposed to confer stem-cell like properties, potentially contributing to secondary
tumor formation in cancer (161). Consistent with this proposition, Snail1
expression is associated with carcinoma recurrence in vivo (162), and might
therefore regulate secondary tumor latency (163, 164). Snail1 also seems to
regulate tissue-invasive events in differentiated mesencyhmal cells and early
mesodermal precursor cells during development, as well as mesenchymal cell
tumors (155, 165). Accordingly, Snail1 is highly expressed in activated
fibroblasts at sites of wound healing and tumor growth (128, 166). During
development, Snail1 plays a role in body patterning by controlling left/right
asymmetry (167). Further study will certainly identify additional EMT-
independent functions for this transcription factor.

Snail1-mediated EMT during 2-D-to-3-D transitions in development and
disease. Due to its ability to autonomously integrate complete EMT programs,
Snail1 is a key mediator of physiologic and pathologic 2-D-to-3-D transition
events. Perhaps most strikingly, global Snail1 deficiency in mice results in early
embryonic lethality due to failure of gastrulation with defective silencing of Cdh1l
in epiblast cells at the primitive streak (126). Tissue-specific Snail1 ablation
using Cre/loxp conditional deletion technology has revealed a role for Snail1 in
craniofacial development, potentially playing a required role in EMT events
during palatal fusion (168, 169). However, Snail1 seems to be dispensable for
neural crest cell 2-D-to-3D transitions, which might be compensated by other
CDH1 repressors (126, 167, 169).

The endothelial-mesenchymal transition (EndoMT) is a program
analogous to EMT that occurs in mature endothelial cells. In a similar manner as
EMT, EndoMT involves loss of differentiated endothelial cell markers, such as
platelet cell adhesion molecule (PECAM) and the homotypic cell-cell adhesion
molecule vascular endothelial cadherin (VE-cadherin), and gain of mesenchymal
markers such as the myofibroblast microfilament a-smooth muscle actin (aSMA)
(170). EndoMT is a central process in the 2-D-to-3-D transitions required for
neovessel sprouting, cardiac valve formation, and vascular mural cell
differentiation (14, 22, 29, 45, 170, 171). Perhaps not surprisingly, Snail1 has
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been implicated in EndoMT (136, 170). Snail1 transcription is engaged via Notch
signaling during endocardial EndoMT and subsequent cardiac valve
mesenchymal cell differentiation, and may play an important role in this process
via direct repression of VE-cadherin (27, 172). Snail1 is required for activation of
aSMA downstream of TGFf signaling in embryonic endothelial cells (136). In
support of a role for Snail1 in angiogenesis and vascular patterning, widespread
Cre-mediated deletion of a loxp-flanked Snail1 allele during embryonic
development results in cardiovascular defects, and Snail1 expression is activated
in neovessels at sites of active tissue remodeling (24, 132, 167). Hence, the
ability of Snail1 to regulate intrinsic dimensionality seems to extend to endothelial
cells.

After completion of development, Snail1 does not seem to be expressed in
healthy, mature tissues (166); however, differentiated cells retain the ability to
express Snail1 and consequently recruit associated embryonic morphogenetic
programs during the pathogenesis of certain diseases. Expression of Snail1 is
thought to integrate EMT during the 2-D-to-3-D transitions that promote local
invasion and distant metastasis in carcinoma cells (13). Consistent with this
premise, Snail1 is expressed in invasive carcinoma cells at the tumor-stroma
interface (128, 129, 132, 166), Snail1 expression is sufficient to induce
carcinoma EMT in vitro as well as 2-D-to-3-D transitions in vivo (130, 131, 159,
162), and Snail1 positively regulates carcinoma lymph node metastasis (173).
Within the peritumoral stroma, it has also been proposed that fibroblasts might
arise from endothelial cells via EndoMT (42). Accordingly, since Snail1 is highly
expressed within the tumor vasculature (24, 132), Snail1 might additionally play a
role in this process.

EMT contributes significantly to the pathogenesis of organ fibrosis.

Indeed, interstitial fibroblasts might arise from the tubular epithelium of the kidney
(39), hepatocytes within the liver (41), and pneumocytes in the lung (40) as well
as from the endothelium (43, 44). Perhaps not surprisingly, Snail1 expression is
observed during fibrosis in vivo and is induced by pro-fibrogenic signals —

including members of the TGF family — in normal epithelial cells in vitro (174-
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176). Functionally, transgenic overexpression of Snail1 in the kidney epithelium
results in tissue fibrosis (177). Though these data indicate that Snail1 expression
alone might be sufficient to drive organ fibrosis, further work is required to assess
the requirement for Snail1 during fibrosis pathogenesis in mouse models in vivo.
Hence, models of Snail1 deficiency wherein Snail1 expression can be abrogated
in a tissue-specific manner must be applied to validated disease systems to

verify proposed roles for Snail1 in disease pathobiology.
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Migration, Survival, and Growth in 3-D.

3-D Interstitial Barriers. Underlying the BM, the interstitial ECM is dominated
by fibrillar networks of type | collagen (10, 178-181). Type | collagen-producing
cells - primarily resident stromal fibroblasts - synthesize and assemble two a1
chains and one a2 chain into a heterotrimeric fibril with a central, continuous
proline- and hydroxyproline-rich triple helix flanked by N- and C-terminal, non-
helical domains termed telopeptides (181, 182). Type | collagen fibrils are
deposited into the extracellular space following proteolytic maturation, and
subsequent oxidation of telopeptide lysine residues by lysyl oxidase (LOX)
enzymes (182). In a spontaneous process, staggered, lateral interactions of
triple helical domains promote the assembly of a polymeric 3-D meshwork
stabilized by intermolecular cross-links between oxidized lysine residues in the
telopeptide regions (182, 183). In vivo, the type | collagen-rich stroma forms a
structural barrier with effective pore sizes estimated to be on the order of 150 nm
(184).

Navigating the 3-D Interstitium: A Proteolytic Process? As cells entering 3-D
establish new contacts with type | collagen via integrins and discoidin domain
receptors (tyrosine kinase collagen receptors), signal cascades are initiated
which further promote EMT-like programs (117, 185). Cancer cells then proceed
to invade stromal tissues in either a single cell fashion or as a cohesive network
of cells (186). Both protease-dependent and protease-independent schemes
have been proposed as the means by which advancing cells infiltrate and
migrate within the interstitium (10, 15, 78, 118, 187-189). During protease-
dependent invasion, cells recruit pericellular proteolytic systems that increase
matrix pore size to a diameter permissive for cell passage by cleavage of
impeding fibrils (10, 15, 181, 190-193). In contrast, protease-independent
migration schemes involve displacement of ECM fibrils and acquisition of a
round, ‘amoeboid’ cell phenotype characterized by increased cell deformability
and decreased cell-ECM adhesion, a mode of migration similar to that used by
leukocytes (78, 187, 189, 194). Interconversion of these two migratory

phenotypes would be predicted to provide cells with an escape mechanism to
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maintain effective 3-D migration in the absence of protease activity (187, 189).
However, studies identifying proteinase-independent, amoeboid cell migration
have used models wherein cells were cultured within hydrogels assembled from
type | collagen molecules that had been proteolytically extracted from bovine
tissues with pepsin, a protease that degrades the nonhelical telopeptides,
rendering this construct deficient in the intermolecular crosslinks that stabilize the
type | collagen network in vivo (78, 181, 187, 191, 194, 195). Indeed, in native,
crosslinked type | collagen ECMs with intact telopeptides, compensatory
amoeboid migration is not observed in the presence of broad-spectrum protease
inhibitors (10, 15, 181, 191-193, 195). Similarly, the migration of 3-D cells within
synthetic, protease-resistant poly(ethylene glycol) (PEG) hydrogels is inhibited as
a function of increasing crosslink density (196).
The Proteolytic Players Within 3-D Collagen. Considerable attention has
focused on both the cysteine proteinase and MMP families of collagenolytic
enzymes as mediators of proteolytic cell traffic through 3-D, collagen-rich tissues.
Cysteine proteinases are a family of 11 exopeptidases and endopeptidases
localized preferentially within endolysosomal compartments (197). Recent
genetic ablation studies have revealed that a subset of cathepsins are essential
for carcinoma growth, invasion, and angiogenesis in vivo, in part due to their
ability to cleave the cell:cell adhesion molecule E-cadherin and to generate anti-
angiogenic, type IV collagen fragments (197). However, no clear role for tumor-
derived cathepsins in type | collagen degradation has been forthcoming (10, 180,
192). Complicating interpretation of these in vivo studies, cysteine proteinases,
like cathepsin L, can cleave transcription factors and histones, suggesting
indirect roles in regulating tumor cell phenotype that do not necessarily involve
ECM proteolysis (198, 199). Hence, it seems likely that cathepsins play
important roles in 3-D cell function that operate independently of type |
collagenolysis per se.

What evidence suggests that MMPs might contribute to the collagen-
invasive program? MMPs have long been associated with type | collagenolysis;
the first identified MMP, MMP-1, was isolated due to its ability to digest interstitial

29



collagen (200, 201). Inhibitor screens have demonstrated an essential role for
MMPs during cell navigation of 3-D native type | collagen barriers - with
negligible roles for other classes of collagenolytic proteases - results which have
been extended to models using explants of live human tissue as well as ECM
barriers in vivo (10, 180, 181, 190-193).

Which specific MMPs might act as central players during invasion of 3-D
collagenous barriers? Not unexpectedly, considerable effort has focused on
potential roles for those MMPs known to express type | collagenolytic activity as
purified enzymes in cell-free systems - MMP-1, MMP-2, MMP-8, MMP-9, MMP-
13, and MT1-MMP (109, 200, 202). Perhaps consistent with its lack of
evolutionary conservation within vertebrates (no orthologous gene exists in
mice), MMP-1 is not essential for tumor cell migration through 3-D collagen
barriers and does not confer invasion-null cells with pro-invasive activity (57, 180,
181). Further, from the perspective that tumor cells are adept at hijacking
mechanisms used by normal cells to remodel type | collagen, analyses of mice
carrying targeted mutations in MMP-2, MMP-8 or MMP-9 reveal only subtle,
nonlethal phenotypic defects, while MMP-13 deficient mice are viable with
defects confined to bone development (203). Cells isolated from MMP-2, MMP-
8, MMP-9, or MMP-13-deficient mice exhibit normal invasive activity through type
| collagen barriers (10). Collectively, these observations suggest that secreted
MMPs may not play essential roles in the focalized collagen hydrolysis required
for 3-D cell migration while not precluding possible functions in bulk ECM
turnover during tissue remodeling (200, 204-206).

For effective tissue invasion, proteolytic activity is likely confined to the
leading edge of migrating cells in order to focally degrade impeding barriers while
maintaining the overall structure of the 3-D ECM scaffold, though more complex
distribution patterns of proteolytic activity have also been described (78, 191,
207, 208). Hence, MT1-MMP might be ideally suited for such activity by
tethering type | collagenolytic activity to the cell surface. Indeed, cells isolated
from MT1-MMP-deficient mice are unable to penetrate collagenous barriers or
degrade subjacent type | collagen (10, 14, 209, 210), suggesting that MT1-MMP
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is the dominant proteolytic effector mobilized during trafficking through 3-D
interstitial barriers in vivo (211).

Protease-Dependent Fibrin Invasion. In addition to the ability to negotiate type
| collagen lattices, tumor infiltrating cells must be equipped for migration-coupled
fibrinolysis. In wound-like microenvironments, increases in vascular permeability
disperse fibrinogen-rich plasma into the interstitium (212). Synthesized primarily
in the liver, fibrinogen consists of six polypeptides: two disulfide-linked trimers
each containing an Aa, B3 and y chain (213). Conversion of fibrinogen to fibrin
occurs when cleavage of the N-terminal fibrinopeptide A from the Aa chain by the
serine protease, thrombin, exposes a polymerization domain that initiates
fibrillogenesis (213). Fibrils associate laterally and branch to form a 3-D network
stabilized by the transglutaminase, factor Xlll, which incorporates €-(y-
glutamyl)lysine crosslinks between the assembled y chains (213). The resulting
fibrin clot contains pores estimated to be 0.1-1.0 ym in diameter (214, 215). The
dense structure and small pore size of mature fibrin clots precludes mobilization
of protease-independent migration schemes (8, 214, 216, 217). Efforts to identify
the proteolytic pathways that govern this process have focused primarily on two
axes: the plasminogen activator system and MMPs. Following processing of the
circulating zymogen, plasminogen, to its active form by the plasminogen
activators (i.e., either tissue-type plasminogen activator or urokinase type
plasminogen activator; tPA and uPA, respectively), plasmin is responsible for
bulk dissolution of fibrin clots during tissue repair (8, 218-220). However, during
cell trafficking, unfocused plasmin-mediated fibrin degradation would not be
predicted to support effective cell migration due to wholesale destruction of the
supporting scaffold. While migrating cells can generate zones of
juxtamembranous fibrinolysis by binding uPA to the membrane-tethered
urokinase plasminogen activator receptor R (97), a requirement for this axis
during cell trafficking through fibrin matrices may be questioned (8, 217).
Fibroblasts as well as endothelial cells readily invade crosslinked fibrin gels in the
absence of uPA, tPA or plasmin activity (8, 217). Furthermore, plasminogen-

deficient mice, though displaying profound defects in thrombolysis, exhibit
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unperturbed cell invasion through provisional fibrin matrices while plasminogen-
deficient humans do not display overt signs of defective cell migration (217-219,
221). Hence, though plasmin unquestionably functions as a bulk fibrinolysin, the
predominant proteolytic system mobilized for trafficking through fibrinous barriers
may reside within other protease family members (8, 216, 217, 220).

Several MMPs possess hydrolytic activity toward fibrin, including MMPs-1,
2,3,7,9,11,and 13, as well as MT1-MMP (8, 216, 217, 220); among these
candidates, however, only ectopic expression of MT1-MMP - and not secreted
MMPs - was sufficient to drive cell invasion into 3-D fibrin barriers (8, 217). In
contrast to results obtained with type | collagen invasion, MT1-MMP-deficient
cells maintain the ability to invade fibrin barriers, albeit at slower rates than MT1-
MMP-sufficient cells, suggesting that compensatory MT-MMP(s) may be
mobilized when MT1-MMP function is compromised (8). Accordingly, MT2-MMP
as well as MT3-MMP are likewise able to promote fibrin-invasive activity (8, 222).
Taken together, these data reinforce the paradigm that pericellular hydrolysis of
ECM barriers, rather than bulk ECM degradation, is a critical requirement for
navigation of crosslinked 3-D ECMs, and that MT-MMPs are the ideal effectors of
this process.

Growth Regulation Within the 3-D Interstitium. When cells find themselves
embedded within a dense, 3-D ECM, the physical constraints exerted by the
pericellular matrix must be circumvented to allow proliferating cells to expand (3,
7,223, 224). Due to their ability to cleave both ECM and non-ECM growth
regulatory targets, MT-MMPs have received significant attention as 3-D
regulators of cell growth. MT-MMPs stimulate proliferation of cells embedded
within 3-D ECMs of type | collagen (7, 211, 225). Several proposed functions of
MT-MMPs in growth regulation may contribute to this 3-D growth stimulatory
effect. Since MT1-MMP-mediated effects on cell growth in type | collagen-rich
tissues correlates with type | collagen degradation, this suggests a simple model
wherein collagenolytic removal of constraining barriers allows expansive cell
growth (7). Furthermore, destruction of pericellular collagen attenuates anti-

proliferative signaling derived from fibrillar collagen-mediated activation of the
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tyrosine kinase receptor, DDR2 (224). Though Occam’s razor might support this
simple model, other evidence supports alternative mechanisms for MT1-MMP-
mediated growth control.

Apart from ECM targets, MT1-MMP cleaves non-ECM growth regulatory
targets in the intracellular as well as extracellular environments (190, 226-229).
Furthermore, MT1-MMP can induce the shedding of the heparin sulfate
proteoglycan, syndecan-1, from stromal cells to indirectly promote cell growth
(230). MT1-MMP may also trigger TGFf signaling, induce Wnt signaling and
repress expression of anti-invasive factors (231-234). Within the cell, MT1-MMP
traffics on the cytoskeleton to the centrosome where it cleaves pericentrin to
induce chromosomal instability, potentially contributing to transformation in
cancer cells (235). Together, these effects might collaborate to alter gene
expression in MT1-MMP-expressing cells (232-234, 236). However, in native 3-
D ECM, the requirement for MT1-MMP cleavage of type | collagen seems to
predominate, as culture of cells in a 3-D, crosslinked ECM of MMP-resistant type
| collagen (derived from a mouse strain carrying a knock-in mutation in the
Collal gene rendering the product resistant to MMP-mediated degradation)
abrogates MT1-MMP-stimulated 3-D proliferation (7). Additionally, MT1-MMP
has been suggested to modulate cell growth independently of its catalytic activity
via a process that is dependent on signaling through its cytoplasmic domain
(237, 238). However, expression of an MT1-MMP construct lacking the
cytoplasmic domain is sufficient for promoting 3-D growth while MT1-MMP
mutants devoid of catalytic activity do not confer expressing cells with a growth
advantage (7). Clearly, MT1-MMP is a potent regulator of growth, but further
investigation is required to define the relative roles of these alternative pathways
during cell proliferation within physiologically-relevant 3-D ECMs. Nevertheless,
it should be stressed that under standard 2-D culture conditions or within ECMs
devoid of covalent crosslinks (e.g. Vitrogen or Matrigel), MT1-MMP-null cells
exhibit normal growth and migratory characteristics (10, 14, 209). A dominant
role for MT1-MMP-dependent collagenolytic activity is also consistent with the

fact that the lethal phenotype observed in MT1-MMP knockout zebrafish cannot
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be rescued by expressing a catalytically-inactive MT1-MMP mutant (239).
Further, mice develop normally in the absence of MT1-MMP and display no
obvious phenotype until after the first week of postnatal life when the bulk of type
| collagen deposition in maturing tissues is initiated (5, 10). Together, these
observations favor the paradigm that MT-MMPs are required for cell growth and
migration as a function of the structure of the ECM environment. In mature
tissues, the dominant role of the MT-MMPs is most consistent with the

proteolysis of physical barriers imposed by crosslinked, 3-D ECMs.
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An MT-MMP-Centric View of 2-D-to-3-D Transitions.

Since MT-MMPs act as the central proteolytic effectors during 2-D-to-3-D
transitions, attention has focused on characterizing the factors that regulate MT1-
MMP expression, intracellular trafficking, and cell surface display, as well as the
critical structural features that underlie its matrix-degradative capabilities (Figure
1.6).

MT-MMP Transcriptional Control. Transcriptional activation of MT1-MMP
expression is mediated by several signaling axes. Not unexpectedly,
transcription factors and signaling pathways associated with the induction of EMT
(e.g., Snail, Wnt, TGF, etc.) can trigger MT1-MMP expression (88, 240-243).
Loss of the epithelial cell-cell adhesion proteins E-cadherin and occludin - a
hallmark of EMT - promotes MT1-MMP expression via de-repression of the
transcription factor, hNanos1, and cytoplasmic localization of ZO1 to activate the
B-catenin/TCF complex, respectively (244, 245). Having traversed the BM,
exposure of cells to type | collagen further induces MT1-MMP expression via a
TGFB/SMAD-dependent pathway (241), suggesting a feedback loop wherein
ECM barriers regulate expression of the proteolytic machinery necessary for
invasion.

MT1-MMP Processing, Intracellular Traffic and Surface Localization.
Following synthesis of the MT1-MMP zymogen, protease function is regulated
post-translationally via control of MT1-MMP activation, secretion, and surface
localization. Whereas most proMMPs are activated extracellularly, a subset of
MMPs are activated intracellularly by proprotein convertases (110, 111, 246,
247). ldentification of an RX(K/R)R proprotein convertase recognition motif in the
proMT1-MMP zymogen led to the discovery that multiple MT-MMP family
members undergo intracellular activation prior to trafficking to the cell surface
(57, 109, 110). Indeed, intracellular processing of MT-MMP family members to
their active forms may also play a required role in controlling their trafficking to

the cell surface (111).
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Figure 1.6. Regulation of MT1-MMP Expression, Processing, Traffic, and
Activity at the Cell Surface

Triggered by a variety of signaling cascades, Pol Il transcription at the MMP14
gene and subsequent translation in the endoplasmic reticulum (ER) generates
proMT1-MMP.  ProMT1-MMP is proteolytically activated by proprotein
convertases — such as furin — within the trans-Golgi network (TGN). MT1-
MMP traffic to the cell surface is tightly regulated such that the active enzyme
is delivered to focal zones of pericellular proteolysis that support 3-D growth
and invasion. Vesicles containing active MT1-MMP are coated with VSV-
G/Rab8 and trafficked via the exocyst complex to cortactin-rich invadopodia,
where membrane fusion is mediated by VAMP-7. MT1-MMP activity at
invadopodia coordinates cytoskeletal dynamics, adhesion, and proteolysis into
a concerted invasion process. MT1-MMP cell surface activity is abrogated via
mechanisms including endocytosis and shedding.

Unlike the pathways of constitutive secretion that control the export of

soluble MMPs, secretory vesicles containing active MT1-MMP are delivered to
the cell surface at sites of cell-ECM contact for effective invasion-coupled ECM

proteolysis. Following activation, MT1-MMP is localized to VSV-G/Rab8-positive
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vesicles that deliver the protease to invadopodia (248); specialized actin-rich cell
membrane protrusions where integrins and pericellular proteases are
concentrated to support proteolysis-driven adhesive migration through the ECM
(113, 248, 249). During the initial phase of invadopodia assembly, integrin
recognition of ECM ligands activates the N-WASP-Arp2/3-cortactin-dynamin
complex which mediates actin polymerization to generate a leading edge,
membrane protrusion (113). Rho GTPase activity at this site is a critical
regulator of MT1-MMP invadopodial localization since p190B RhoGAP and
RhoA/Cdc42 promote polarized trafficking of MT1-MMP-containing vesicles to
invadopodia (249, 250). Fusion of MT1-MMP-containing vesicles to the
invadopodial membrane is mediated by a v-SNARE TI-VAMP/VAMP-7 complex
(251).

MT-MMP Functional Insights From Structural Studies. Clearly, by virtue of
their broad substrate specificity, MT-MMPs are able to support invasion through
structurally distinct and complex ECM barriers in order to support 2-D-to-3-D
transitions. What structural characteristics imbue MT-MMPs with these novel
characteristics?

A key aspect of MT-MMP-mediated tissue invasion is the ability to
concentrate proteolytic activity at the cell surface, since expression of soluble,
but catalytically active, forms of MT-MMPs does not support BM transmigration,
invasion of interstitial ECMs, or 3-D growth (4, 7, 10, 180). Further, pericellular
MT-MMP activity is critical for direct hydrolysis of ECM targets, rather than MT-
MMP activation of protease cascades, since mutant forms of MT1-MMP deficient
in proMMP-2 activation (but which retain catalytic activity), support trafficking
through ECM barriers as do MMP-2-deficient cells (10, 180, 210, 252). Indeed,
during traffic through 3-D type | collagen, only the pericellular type | collagenolytic
functions of MT1-MMP are required, as replacement of the MT1-MMP catalytic
domain with that of fibroblast collagenase (MMP-1) is sufficient to support 3-D
invasion (180). This observation would seem to preclude the contention that
MT1-MMP-mediated cleavage of motility-regulating cell surface molecules, such

as E-cadherin, a, integrin, CD44, or syndecan-1 represents major mechanisms
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by which MT1-MMP drives 3-D ECM invasion (109, 180, 190). Taken together,
this evidence supports the contention that membrane-associated, ECM-targeted
proteolytic activity is the key functional feature of MT-MMPs during cell traffic
through 3-D ECM.
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Current Directions.
Intrinsic Regulation of Dimensionality. Since shifts in intrinsic dimensionality
are governed in large part by EMT, what open questions remain in this field? As
the preeminent CDH1 repressor during development, Snail1 has received
considerable attention as a mediator of EMT programs. Overexpression of
Snail1 in adult mice in vivo is sufficient to drive organ fibrosis (160, 177).
However, expression of Snail1 at levels never reached in development or
disease might not accurately recapitulate naturally-occurring disease. Therefore,
Snail1’s necessity during the pathogenesis of any disease process in vivo
remains an open question. Since Snail1 deficient mice die early in development
(126), we have generated a conditional allele of Snail using Cre recombinase
/loxp technology. We have applied this allele to a validated mouse model of
fibrosis to identify, for the first time, a required role for Snail1 during EMT in
disease pathogenesis in vivo. Furthermore, we have defined novel roles for
Snail1 in regulating differentiated mesenchymal cell function and EndoMT. Study
using these models - coupled with mechanistic in vitro studies using
physiologically-relevant ECM constructs — will allow investigators to rigorously
assess the role of Snail1-mediated EMT and dimensionality shifts during disease.
Extrinsic Regulation of Dimensionality. Despite an increasing body of work
pointing to the importance of multiple MT-MMP family members in tissue-invasive
processes (109, 253), these findings beg the question as to how a single
protease, even one such as MT1-MMP, could possibly exert such a range of
important biological effects by “simply” cleaving impeding ECM molecules (57,
96, 254). Further insight into regulation of cell function by pericellular ECM
remodeling is essential. Herein, we have found that pericellular ECM remodeling
not only confers tissue-invasive potential, but also allows cells to adapt to new
ECM environments by regulating the structure and function of the nuclear
compartment.

Further studies in mouse models of MT-MMP deficiency should provide
insight into the mechanisms underlying cellular dimensionality and in vivo

verification of models derived from ex vivo and in vitro studies. Since the tools
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available for genetic study of MT-MMPs in vivo are limited — MT1-MMP-null mice
die within the first months of life and MT2-MMP-null mice have yet to be
generated — novel models of MT-MMP conditional inactivation are essential to
ablate MT-MMP expression with spatiotemporal specificity. We have generated
and characterized mouse models of conditional MT1-MMP and MT2-MMP
deficiency. Tissue-specific ablation of these proteases in development and
disease will rigorously test their proposed roles in defining extrinsic
dimensionality, and will provide deeper understanding of integration of
pericellular ECM remodeling and EMT as a concerted 2-D-to-3-D transition

process.
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Chapter 2: Hepatocyte Snail1 Drives Liver Fibrogenesis

Introduction.
Plasticity of the epithelial phenotype is an absolute requirement for tissue
morphogenesis within complex organisms (1, 2). Epithelial-mesenchymal
transition (EMT) is one mechanism whereby epithelial cells shed differentiated
characteristics such as homotypic adhesion and apicobasal polarity, coincident
with the acquisition of mesenchymal or fibroblast traits, including multipolar
shape, expression of interstitial extracellular matrix proteins, motility, and tissue
invasion (1, 2). Though required for embryological development, morphogenetic
EMT programs may be reactivated postnatally to induce epithelial transitions in
disease states (2). Indeed, recent data suggest that mature epithelial cells
engage EMT to generate significant numbers of fibroblasts that overpopulate the
interstitial compartment during organ fibrogenesis, contributing to loss of tissue
architecture and consequent physiologic dysfunction (3, 4).

A small group of transcriptional repressors — including members of the
Snail and ZEB families — serves required functions in both developmental - and
possibly pathologic - EMT (5, 6). One such member, Snail1, directly represses
the homotypic cell:cell adhesion molecule E-cadherin in epithelial cells during
gastrulation, and triggers the activation of genetic programs that govern the
tissue-invasive processes characteristic of mesenchymal differentiation (7-10).
Though not normally expressed in mature tissues, Snail1 is re-activated in a
variety of pathologic conditions, including neoplasia and tissue fibrosis, where its
expression is observed in transitioning epithelia (8-14). However, whether Snail
serves an intravital role in EMT-associated events that arise during fibrogenesis

remains unknown. Herein, we demonstrate that Snail1 is expressed in
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hepatocytes during liver fibrogenesis in vivo where it plays a key role during liver
fibrosis by serving as a critical mediator of hepatocyte EMT as well as associated
inflammatory processes. The data provide the first evidence that Snail1 plays a

required role in promoting EMT during fibrogenesis in vivo.
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Materials and Methods.

Mice. To generate the Snail conditional knockout mouse, a targeting vector was
constructed consisting of an FRT-flanked PGK-neo cassette 3' to the loxp-
flanked exon 3 of mouse Snail (Figure 2.3). Approximately 4 kb of flanking
genomic sequence was then inserted 5' and 3' of these sequences to promote
homologous recombination. The linearized targeting vector was electroporated
into W4 embryonic stem cells (15), and stable transfected clones were selected
with G418. Clones were screened for targeting of the Snail by Southern blotting,
and recombination verified at both the 5' and 3' ends of the construct. Of 100
clones screened, 3 were identified with correct targeting and used for injection
into C57BL/6NCrl x (C57BL/6J x DBA/2J)F1 blastocysts to produce chimeric
mice. Out of three chimeric lines produced, two lines transmitted the targeted

Snail allele (Snail™'S%")

through the germline. Beta-actin FLPe mice (Jackson
Laboratories Stock no. 003800) were backcrossed (> 10 generations) to
C57BL/6J mice to generate a congenic strain prior to mating with chimeras for
excision of the FRT-flanked PGK-neo cassette to generate the Snai1"
(Snai1™?5%") allele. Albumin-Cre transgenic mice and R26R mice
(Gtrosa26™'S°") were obtained from Jackson Laboratories.

Model of liver fibrosis. Six week-old male mice were injected in the peritoneum
with a 20% solution of carbon tetrachloride (CCls) in sterile mineral oil (4). Mice
received a dose of 2.5 ml CCl, per kilogram body weight twice per week for two
weeks. Mice were euthanized 72 hours after the final injection. Serum was
collected by cardiac puncture. Trichrome-stained liver tissue was scored for liver
fibrosis by a blinded investigator, with at least five random fields scored and
averaged.

Tissue analysis. For the Masson trichrome and Sirius red stains, tissues were
fixed in 4% paraformaldehyde and paraffin embedded, sectioned, and stained.
For immunofluorescent staining of tissue, fresh liver tissue was frozen in OCT
and sectioned, fixed with acetone at -20° for 10 minutes, blocked, and primary
antibodies applied overnight. Tissue was then washed with phosphate buffered

saline (PBS), the secondary antibody applied for 1-2 hours at room temperature
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with TOTO-3 counterstain (Invitrogen), washed with PBS, and mounted.
Antibodies used were: rabbit anti-Snail1 (10), rabbit anti-FSP1 (16), mouse anti-
albumin (R and D systems), rabbit anti-collagen | (Abcam), rat anti-CD11b
(Serotech) or goat anti-collagen Ill (Southern Biotechnology). Apoptosis was
analyzed with the Roche in situ fluorescein cell death detection kit (Roche
Diagnositcs).

Microscopy and image analysis. Confocal images of cells were acquired on
an Olympus FV500 confocal microscope using a 60X water immersion lens with
a 1.20 numerical aperture using Fluoview software (Olympus). Collagen
deposition was measured by analyzing raw images with MetaMorph software
(Molecular Devices).

Microarray analysis of gene expression. Labeled cRNA isolated from three
mice for each treatment condition (WT and CKO mice with and without CCl,
treatment) was hybridized to mouse 430 2.0 arrays (Affymetrix). Probe signals
were transformed to expression values for each gene. Expression values were
averaged within each treatment group. When comparing treatment groups,
differentially expressed genes were selected with a fold change cutoff of 2.0 and
a P value less than 0.05.

Hepatocyte isolation and culture. Livers were isolated from 6-8 week old male
mice, minced, and digested in 0.5 mg/ml collagenase type | (Worthington). The
cell suspension was filtered through a 100 um pore, cells were washed, and
plated on Matrigel (BD Biosciences) with F-12/DMEM 1:1 with 10% fetal bovine
serum supplemented with insulin. In some experiments, cells were treated with 3
ng/ml recombinant human TGFB (R and D Systems). To analyze protein
expression, cells were immunostained with mouse monoclonal antibodies against

Snail1 (8), or E-cadherin (Zymed Laboratories).
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Results.

Snail1 is expressed in hepatocytes during liver fibrogenesis. To determine
the relative functions of Snail1 and other EMT-inducing transcription factors
during tissue fibrogenesis in vivo, a validated model of hepatic fibrosis was
employed wherein mice are chronically treated with carbon tetrachloride (CCl,).
Following two weeks of exposure to CCly, the expression of Snail is significantly
elevated as assessed by quantitative RT-PCR (qgRT-PCR) with a concomitant
although lesser degree of induction of the Zeb family member, Zeb2, with no
significant activation of Snai2 or Zeb1 (Figure 2.1A). To determine if hepatocytes
increase the expression of Snail1 protein during fibrogenesis, uninjured and
fibrotic tissues were double-immunostained with a Snail1-specific monoclonal
antibody as well as an antibody against albumin to identify hepatocytes. In
accordance with the hypothesis that hepatocytes activate EMT programs during
liver fibrogenesis (4, 11), a strong induction of nuclear Snail1 expression is
observed in the albumin-positive hepatocytes of fibrotic livers as compared to
uninjured tissue (Figure 2.1B), in a fashion analogous to that observed in fibrotic

human livers (11).
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Figure 2.1. Analysis of EMT-inducing transcription factor expression during
liver fibrogenesis

A. RNA was extracted from uninjured livers or from livers from mice
treated with CCl, for two weeks. Levels of transcripts for Snail1, Snail2,
Zeb1, and Zeb2 were analyzed by quantitative RT-PCR (qRT-PCR). B.
Livers were isolated from uninjured mice or mice treated with CCl, for two
weeks. Tissue was sectioned and co-immunostained with antibodies
against albumin (red) and Snail1 (green). Nuclei were counterstained with
TOTO-3 (blue; scale = 20 um).
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CCl4 induces hepatic fibrosis through a process dependent on
transforming growth factor 31 (TGFB4), a potent EMT driver that induces Snail
expression in hepatocytes (17-20). To further verify the capacity of hepatocytes
to activate Snail1 under fibrogenic conditions, mouse liver hepatocytes were
isolated and incubated alone or with TGF[34for 4 d. Under these conditions,
TGFB1 treatment results in a marked induction of MRNA encoding Snail mRNA
as well as the accumulation of Snail1 protein in the nucleus (Figure 2.2C). Taken
together, these results indicate that hepatocytes possess the capacity to
reactivate Snail, raising the possibility that Snail1 mediates hepatocyte EMT

during liver fibrosis.
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Figure 2.2. Snail1 is activated in hepatocytes in response to fibrogenic
stimuli

(Left panels) Hepatocytes were isolated from wild-type mice and treated
with or without 3 ng/ml recombinant TGFB4 for 4 days, at which time cells
were immunostained for Snail1 (red). Nuclei were counterstained with
DAPI (scale = 30 um). (Right panels) RNA was isolated from hepatocytes
and Snail1 mRNA levels measured by qRT-PCR.

Hepatocyte-specific ablation of the Snail gene. To determine whether
hepatocyte Snail1 serves a pro-fibrogenic role in vivo, we employed a recently
characterized allele of mouse Snail wherein the function of the Snail gene is
inactivated by Cre recombinase-mediated loss of loxp sites flanking the third
exon of Snail (Snail'™®; Figure 2.3, 2.4A) (8).
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Figure 2.3. Targeting Snai1

A. Targeting schematic. A vector was constructed containing the third
exon of Snail1 flanked by loxp sites. Four kilobases of upstream and
downstream flanking sequences were inserted 5 and 3’ to this cassette,
respectively. B. The linearized targeting vector was transfected into
embryonic stem cells, and stable transfectants screened for recombination
with the indicated restriction endonucleases and probes. C. Example
genotyping data demonstrating isolation of Snail™ adults.

To inactivate Snail specifically in hepatocytes, the Snail'™® strain was
bred with mice carrying the Alb-Cre transgene, where Cre recombinase is
expressed under the control of the hepatocyte-specific Aloumin promoter to
generate Alb-Cre; Snail®®"*® mice (hereafter termed CKO; Figure 2.4A)(21).
Compared to wild-type (WT) littermates (Snail'®*'®®), CKO mice are viable,
display no overt defects, and survive up to six months with no ill effects (data not

shown).
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Following a two-week course of CCl, treatment, Snail1 protein is detected
in the nucleus of hepatocytes of WT littermates, but not in CKO mice, confirming
efficient hepatocyte-specific recombination of the Snail'®® allele (Figure 2.4B).
CKO mice were then bred to the Rosa26-loxp-STOP-loxp-lacZ (R26R) reporter
strain, wherein cells expressing Cre recombinase activity also excise the loxp-
flanked DNA STOP sequence cassette in this allele to express [3-galactosidase in
cells containing the functional Alb-Cre transgene (Figure 2.4C). Staining of liver
tissue from Alb-Cre; Snail'®®"***; R26R mice and control littermates reveal -
galactosidase activity in all hepatocytes, demonstrating that livers of CKO mice
are not composed of Snail1-positive hepatocyte subpopulations with ineffective
Cre-mediated recombination selected during liver development. That Snail1-
deficient hepatocytes differentiate and function equivalently to WT littermates
(Figure 2.4D) suggests that Snail1 is not necessary for organ expansion once

primary liver tissue is formed.
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Figure 2.4. Hepatocyte-specific Snai1 deletion.

WT

A. Mice carrying the Snail" allele were bred with mice carrying the
hepatocyte-specific Cre transgene, albumin-Cre (Alb-Cre). B. Liver tissue
was isolated from Snail™ mice or Alb-Cre; Snail™ mice and co-
immunostained with antibodies against albumin (red) and Snail1 (green), with
nuclei counterstained with TOTO-3 (blue; scale = 20 ym). C. CKO mice were
bred to the R26R reporter strain such that Albumin-Cre transgene activity
would result in recombination of the loxp-flanked STOP cassette in the R26R
allele, allowing lacZ gene expression and [(-galactosidase activity in
hepatocytes. D. Liver tissue was isolated from R26R*"; Snai1'™®"** mice with
or without the Albumin-Cre transgene. Whole tissue was stained for (-
galactosidase activity (blue staining), sectioned, and counterstained with eosin
followed by examination by light microscopy. Scale = 50 pym.
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Snail1 is required for the progression of liver fibrosis. As hepatocyte Snail1-
deficient CKO mice are viable with no apparent defects, 6 week-old CKO mice
and WT littermates were challenged with CCl,. After treatment, livers were
removed, sectioned, and processed for histopathological analysis or
immunofluorescence microscopy. Whereas uninjured WT and CKO livers are
morphologically identical, CCls-treated WT livers exhibited marked deposition of
periportal and interlobular extracellular matrix fibrils (ECM) rich in collagen types |
and Ill. Remarkably, this pathologic change is significantly attenuated in CCl,-
treated CKO livers (Figure 2.5A,B). Using validated criteria to quantify pathologic
progression of liver fibrosis where a score of zero corresponds to a healthy liver,
fibrosis is significantly reduced in CKO mice compared to WT littermates
following CCl,4 treatment (WT 1.6 £ 0.2, CKO 0.8 + 0.2; P = 0.003) (Figure
2.5A,C) (22), with no observed differences in hepatocyte apoptosis (data not
shown). Since liver fibrosis is associated with chronic inflammation and massive
influx of bone marrow-derived cells (23), hematoxylin and eosin-stained tissues
were examined for inflammatory cell infiltration. The fibrotic interstitium of CCl,-
treated WT livers contain multinucleated macrophage giant cells, while CKO
livers display an altered pattern of inflammation, limited to isolated clusters of
mononuclear cells (Figure 2.5D). Accordingly, immunostaining for CD11b, a
marker of monocytes and macrophages, reveals higher immunoreactivity in WT
livers (25 £ 7 CD11b-positive cells per 60X field in WT versus 13 £ 2 cells in CKO
mice; Figure 2.5D).
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Figure 2.5. Hepatocyte Snail1 is required for efficient liver fibrogenesis.

A. Wild-type or CKO mice were treated with CCl,4 for two weeks, at which time
liver tissue was isolated. Tissue was stained with Sirius red (left panels; scale
= 200 um), or immunostained for collagens lll (red, middle panels) or | (green,
right panels; scale = 50 ym) with TOTO-3 counterstaining. B. Induction of
collagens | and Il deposition versus uninjured liver was quantified by
morphometric analysis (* P < 0.05). C. Scatter plot demonstrating distribution
of fibrosis scores for each genotype (* P = 0.003). D. Hematoxylin and eosin-
stained tissues from WT and CKO CCls-treated mice were examined to
assess immune cell infiltration. Arrows indicate multinucleated giant cells in
WT tissue (left) and mononuclear cell infiltrates in CKO tissue (right; scale =
50 ym)). (Insets) Tissues were stained for CD11b (green) and counterstained
with TOTO-3 (blue; scale = 50 um).

To further assess the role of hepatocyte Snail1 in liver fibrosis, mMRNA
from liver tissue was hybridized to cDNA microarrays for global analysis of gene
expression. Compared to uninjured livers of the corresponding genotype, CCls-

treated WT livers display significant changes in 846 unique genes (using a
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significance cutoff of P = 0.05 with a minimum two-fold change in signal in KO
versus WT). In WT livers, gene ontology (GO) analysis of altered transcripts
reveal highly significant enrichment for biologic processes related to the immune
response (P = 0.00003) and inflammation (P = 0.000001). In contrast, CKO
livers display alterations in 487 transcripts versus genotype-matched uninjured
livers in response to CCl,, with a 2-3 log decrease in enrichment of GO terms
related to immunity (P = 0.001) or inflammation (P = 0.005), consistent with the
attenuated inflammatory response observed in these tissues (Figure 2.5D).
Importantly, no significant differences in probe signal are observed between
uninjured livers from WT and CKO mice. Analysis of a panel of genes known to
contribute to the progression of liver fibrosis, including interstitial collagen types |
and lll (Collal, Colla2, Col3al), fibroblast markers (fibroblast-specific protein-1
(FSP1; S100a4), Vimentin, and CD44), signaling receptors (platelet-derived
growth factor receptor 8 (Pdgfbr), leptin receptor (Lpr)), proteases (membrane-
type | matrix metalloproteinase (Mmp14), cathepsin B (Ctsb)), soluble pro-
fibrogenic signals (connective tissue growth factor (Ctgf)), and inflammatory
effectors of oxidative stress (Ncfl and Ncf2 subunits of NADPH oxidase) (4, 11,
23-27), reveal a stronger induction of these transcripts in response to CCls in WT
livers relative to CKO livers (Figure 2.6A). A compensatory induction of other
EMT-inducing transcriptional repressors in fibrotic CKO livers is not observed
under these conditions (Figure 2.6B). Taken together, these data support the

proposition that hepatocyte Snail1 drives the progression of hepatic fibrosis.
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Figure 2.6. Snail1 drives pro-fibrogenic gene expression programs.

A. RNA was isolated from uninjured livers or from livers from mice treated
with CCls for two weeks. RNA was labeled and hybridized to Affymetrix
microarrays for analysis of gene expression. Expression levels of a panel of
genes associated with liver fibrosis are presented. B. Levels of mRNAs for
Zeb1, Zeb2, and Snail1 were measured in uninjured CKO livers and in CKO
livers treated with CCl, for two weeks.

Potential role for Snail1 in promoting hepatocyte EMT. Though the
expression of Snail1 is required for efficient hepatic fibrogenesis, the mechanism
by which Snail1 modulates fibrosis is unclear. To investigate hepatocyte EMT as
a potential mechanism, we utilized a validated lineage tracing methodology
whereby tissues are simultaneously immunostained with antibodies against a
markers specific for both differentiated epithelial cells and fibroblasts to identify
cells undergoing EMT, including those populations displaying an active ‘transition
state’ wherein both epithelial and fibroblast markers are co-expressed (4, 28).
Histologic sections of livers were double immunostained with antibodies specific
for albumin (a marker of differentiated hepatocytes) and FSP1 (a marker of
fibroblasts (16, 29)). Consistent with the observation that hepatocytes undergo
EMT during liver fibrosis (4), we identified FSP1/albumin double-positive cells in
CCl4-treated, but not uninjured, WT livers (Figure 2.7A,B). Strikingly, in CCls-
treated CKO livers, we observed significantly fewer FSP1/albumin double-

positive cells, suggesting that Snail1-deficient hepatocytes are resistant to
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fibrogenic EMT (Figure 2.7A,B). Furthermore, confirming our microarray data,
CKO livers exhibit an attenuated induction of mMRNAs encoding FSP1 in

response to CCl, compared to WT livers (Figure 2.7C).
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Figure 2.7. Potential role for Snail1 in mediating hepatocyte EMT during
liver fibrogenesis in vivo.

A. Liver tissue was isolated from uninjured mice (top panels), wild-type
mice treated with CCl,4 for two weeks (middle panels), or CKO mice treated
with CCl,; for two weeks (bottom panels). Frozen sections were co-
immunostained with antibodies against albumin (red) and FSP1 (also known
as S100A4; green), and nuclei were counterstained with TOTO-3.
Albumin/FSP1 double-positive cells are indicated by arrowheads. Albumin-
negative, FSP1-positive stellate cells are indicated by an arrowhead (blue;
scale = 50 ym). B. The number of albumin/FSP1 double-positive cells per
field was quantified (* P = 0.001). C. Fold-FSP1 mRNA induction in whole
liver tissue (versus uninjured tissue of the corresponding genotype) was
analyzed by gqRT-PCR (* P = 0.02).

To further verify this proposed role for Snail1 in hepatocyte EMT during in
vivo fibrogenesis, we isolated Snai1'™®"** hepatocytes and recombined the

SnailP allele in vitro by transduction with an adenovirus carrying a cassette for



expression of Cre recombinase (adeno-Cre). Snail1 inactivation in hepatocyte
cultures was verified by immunocytochemistry (Figure 2.8A). Whereas treatment
of control (B-galactosidase (B-gal)) adenovirus infected-hepatocytes with TGF31
results in a marked reduction of expression of the direct Snail1 target E-cadherin
at the mRNA and protein levels, adeno-Cre-infected cells were unable to
effectively silence E-cadherin expression with persistence of E-cadherin protein
and message following TGFB, treatment (Figure 2.8A,B), indicating that Snail1

plays a key role in mediating the proximal transcriptional changes that occur
during hepatocyte EMT.
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Figure 2.8. Snail1 regulates hepatocyte EMT.

A. Snail" hepatocytes were infected either with a control adenovirus (B-gal)
or a Cre adenovirus, and treated with or without 3 ng/ml TGFB1 for 4 days.
Snail1 (red, upper panels) and E-cadherin (green, lower panels) protein
expression was analyzed by immunofluorescent microscopy. Nuclei were
counterstained with TOTO-3 (blue; scale = 30 ym). B. E-cadherin mRNA
levels were analyzed by qRT-PCR (right panel) (* P < 0.0001; NS = not
significant compared to adeno-3-gal without TGF 31).
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Discussion.

Snail factors have been implicated as central regulators of the transcriptional
programs governing repression of the epithelial phenotype and engagement of
fibroblastic traits (1, 5). Although a required role for Snail1-mediated EMT has
been identified during development (7, 28, 30), studies focusing on diseases
wherein Snail1-mediated EMT is prevented by deletion at the Snail locus have
not been described, with efforts to date confined to a single transgenic model of
kidney-specific Snail1 overexpression (28). Recent work has identified EMT as a
regulator of fibroblast abundance during tissue fibrogenesis (3, 4), and,
consistent with this proposition, we observed a role for Snail1 in induction of
FSP1 in hepatocytes as well as the loss of the epithelial adherens junction
protein, E-cadherin. Though these results support the notion that hepatocyte
reactivation of Snail1 is a central mechanism underlying fibrosis progression, the
co-induction of the EMT-promoting factor, Zeb2, is also observed along with the
recruitment of Snail1 during fibrosis in vivo. Zeb2 is a required mediator of
neural crest EMT during development in humans and mice (31, 32), and its co-
induction during CCl4 treatment suggests a potential functional redundancy of
these two factors during liver fibrogenesis. Interestingly, following Snail1
deletion, the reduction in fibrosis occurs in tandem with a loss of CCls-induced
Zeb2 induction. As Snail1 has recently been characterized as a positive, post-
transcriptional regulator of mMRNA expression encoding Zeb2 (33), these data
suggest that Snail1 acts as a proximal transcriptional and post-transcriptional
regulator of Zeb2 activity during hepatocyte EMT.

Recent studies propose that approximately 30% of interstitial fibroblasts
appear as a result of hepatocyte EMT (4). However, in our study, Snail1 deletion
in hepatocytes attenuated fibrosis by 40-60%; a stronger effect than expected if
Snail1 acts exclusively as a regulator of hepatocyte phenotype. In addition to
hepatocyte EMT, other sources of overabundant myofibroblast-like cells in liver
fibrosis have been identified, including the bone marrow, vascular pericytes, and
activated hepatic stellate cells (23, 34, 35). Since the singular deletion of Snail1

in hepatocytes exerts wide-ranging effects on the pathobiology of hepatic
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fibrosis, it is intriguing to speculate that hepatocyte Snail1 provides additional
instructions during fibrogenesis, perhaps through control of paracrine signals that
regulate fibrogenesis in non-hepatocyte cell populations. Indeed, histologic
analyses, coupled with GO analysis of differentially expressed transcripts in
whole liver tissue, demonstrate an attenuated CCls-induced inflammatory
response in the absence of hepatocyte Snail1. As Snail1 acts as a regulator of
global genetic programs apart from those directly related to EMT (8), including
the immune response (36), we envision a model wherein Snail1-dependent EMT
engages genetic programs in nascent transitioning hepatocytes that collaborate
to promote further fibroblast accumulation and recruitment of inflammatory cells
through the release of soluble signals, including CTGF, PDGF, and TGFB1 family
members (11, 20, 23, 25). Further, the recent observation that selective
depletion of CD11b-positive macrophage populations in the liver confers a
resistance to CCls-induced fibrosis (37) suggests that Snail1’s pro-fibrogenic
effects is mediated in part through recruitment and activation of mononuclear
cells. Taken together, these results provide the first in vivo evidence of the
required role for Snail1 in the evolution of EMT-associated pathology, and
indicate that hepatocyte Snail1 acts as a proximal regulator of multiple phases of

liver fibrosis.
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Chapter 3: Role of Snail1 in Endothelial-Mesenchymal Transition

Introduction.

Angiogenesis, the process of capillary sprouting from the existing vasculature,
occurs when endothelial cells (ECs) lining mature blood vessels disrupt cell:cell
junctions, degrade the vascular BM, delaminate and invade the underlying 3-D
interstitial ECM (1-3). This morphogenetic event is accompanied by a shift in
phenotype from an EC existing atop a BM substratum in a 2-D environment to a
3-D mesenchymal-like cell encased within a 3-D ECM—an event that can be
termed the 2-D-to-3-D transition. This change in phenotype incorporates the
endothelial-to-mesenchymal transition (EndoMT)—a redefining of cell identity
wherein ECs integrate genetic programs characteristic of mesenchymal cells (4).
Mechanistically, ECs undergoing EndoMT lose endothelial markers, such as
CD31 (PECAM-1) and the adherens junction protein vascular endothelial (VE)
cadherin, and gain mesenchymal markers, such as a-smooth muscle actin
(aSMA) (4, 5).

EndoMT is a central process during cardiovascular development. In
addition to promoting the initial steps of angiogenic sprouting, EndoMT occurs
during formation of cardiac valves (6-9). When triggered with ligands of the Wnt,
TGFB, and Notch signaling pathways, ECs residing in the outflow tract of the
primitive heart invade the proteoglycan-rich cardiac jelly to form the differentiated
mesenchymal cells that populate mature valves (6-13). Furthermore, EndoMT
might play a role in differentiation of vascular smooth muscle cells and pericytes
from ECs (5, 14-17).
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As in the case of morphogenetic epithelial-mesenchymal transition (EMT)
programs, developmental EndoMT programs can be inappropriately activated to
contribute to the pathobiology of several diseases (4). During carcinogenesis,
stromal fibroblasts act as modulators of tumor progression (18, 19). It has been
suggested that a significant proportion of tumor-associated fibroblasts arise via
EndoMT within the tumor vasculature (20). Similarly, ECs might also provide a
source of fibroblasts that overpopulate the interstitial compartment during fibrosis
of the heart and kidney (21, 22). Furthermore, EndoMT events may produce
excessive mural mesenchymal cells during vascular remodeling events in chronic
pulmonary hypertension, atherosclerosis, and scarring (23-25).

As inducers of EMT, Snail family members have received considerable
attention as potential mediators of EndoMT (8, 12, 26). Snail2 (Slug) is an
effector of avian cardiac valve EndoMT, and has been suggested to serve a
similar function in mammalian heart development (12, 13, 27). Interestingly,
Snail1 acts as a direct repressor of VE-cadherin, and is highly expressed during
valvular EndoMT in mice (8). Furthermore, Snail1 seems to be required for
vascular development in early embryogenesis, and promotes EndoMT in
embryonic ECs (26, 28). In support of a role during angiogenesis, Snail1
expression is induced by pro-angiogenic stimuli — including vascular endothelial
growth factor (VEGF) and hepatocyte growth factor (HGF) - in epithelial cells (29,
30), suggesting that a similar mechanism might function in ECs. Additionally,
Snail1 may be recruited to promote pathologic angiogenesis in adults, as its
expression is enriched in the tumor-associated vasculature (31, 32).

Herein we have investigated the function of Snail1 in mediating EndoMT
as well as its role in formation of the embryonic vasculature in mammals. We
identify an essential role for Snail1 expression in the vasculature during
mammalian development. We also find a requirement for Snail1 for acquisition
of mesenchymal, smooth muscle-like characteristics in human ECs. Further, we
show that Snail1 is regulated by pro-angiogenic stimuli in ECs. These studies
have identified an intriguing role for Snail1 during EndoMT and vascular

morphogenesis.
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Materials and Methods.

Mice. Tie2-Cre transgenic mice on an inbred C57BL/6 background were
purchased from Jackson Laboratories (Bar Harbor, ME). Snail" targeted mice
were described previously and were maintained on a mixed 129/C57BL/6 genetic
background (33). All procedures were approved by the University of Michigan
Committee regulating the care and use of animals.

EC isolation and culture. Human umbilical vein ECs were isolated and cultured
in 20% human serum as described (34). ECs were treated with recombinant
human TGFB; (R and D Systems, Minneapolis, MN). ECs were transduced with
recombinant control retroviruses or retroviruses bearing the cDNA for full-length
human Snail1 in the presence of 6 ug/ml polybrene (Sigma, St. Louis, MO).

To silence Snail1 expression, ECs were transduced with recombinant
lentiviruses encoding shRNAs specific for human Snail1 (provided by E. Fearon,
University of Michigan). Lentiviruses were packaged in HEK293 cells transfected
with lentiviral packaging vectors using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions.

To induce a migratory phenotype in ECs, ECs were cultured to confluence
in the presence of a glass coverslip. Following removal of the coverslip, ECs
were allowed to migrate into the cell-free area for 12 hours, when they were fixed
for immunocytochemistry.

Immunofluorescence microscopy. ECs were stained with antibodies specific
for aSMA (Sigma, St. Louis, MO), Snail1 (35), or B-catenin (Cell Signaling
Technologies, Danvers, MA). Subcellular protein localization was monitored by
confocal laser microscopy using an Olympus FV500 microscope with a 60X
water immersion lens (Olympus, Center Velley, PA). Cells were counterstained

with DAPI (Invitrogen, Carlsbad, CA) to visualize nuclei.
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Results.

Snail1 expression in the endothelium is required during murine

development. Since Snail1 expression is associated with EC EndoMT (8, 26),

and is recruited by vasculogenic signals in epithelial cells (29, 30), this suggests

that Snail1 might function in vascular development by regulating EC function. To

test this idea, we employed a previously-characterized mouse model of

conditional Snail1 inactivation wherein the mouse Snail gene contains loxp sites

flanking the third exon such that messenger RNA expression is inactivated
following Cre-mediated recombination of genomic DNA (Snai1")(33). For EC-
specific Cre expression, we used the Tie2-Cre transgenic model (36) (Figure
3.1A).

A

Tiez-Cre#
\
|
snair- —JIHEE—)

1 2 3 4 5 6 7
—f

Figure 3.1. EC-specific deletion of Snai1

A. Tie2-Cre transgenic mice were crossed to mice bearing a conditional
allele of the Snail gene. EC-specific expression of Cre recombinase
results in deletion of the loxp-flanked third exon within the Snail gene.
Primer locations for genotyping the Snail locus are shown. B. Tie2-Cre;
Snail*™ mice were crossed to Snail™ mice. Progeny were genotyped
by tail biopsy for the Tie2-Cre transgene and the Snail" allele at
postnatal day 0. Lane 7: Tie2-Cre; Snail™ mouse deficient in EC Snail1
expression.
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Mice carrying the Snai1'® allele were crossed to Tie2-Cre mice to
generate Tie2-Cre; Snail*"® mice (Figure 3.1B). Tie2-Cre; Snail*"™® mice were
crossed to Snail'>®'®® mice, and progeny analyzed at postnatal day 0 to
determine genotype distributions (Table 3.1). We found that progeny with EC-
specific Snail1 deficiency were significantly under-represented at postnatal day 0
(chi-square = 14.2 for one degree of freedom; p = 0.0002) indicating a

requirement for Snail1 during embryonic vascular development for mouse

viability.
P, genotypes
Snaif"" Snaif+" Tie2-Cre; Snai1*" | Tie2-Cre; Snaif"
Obs 28 | 31 | 30 8
Exp 24 24 24 24

Table 3.1. Genotypes of offspring of Tie2-Cre; Snai1*" and
Snai1l™ mice.

Potential role for Snail1 in EndoMT. To investigate potential roles for Snail1
during vascular morphogenesis, models of in vitro EndoMT were employed.
TGFB family members are activators of developmental and pathologic EndoMTs
(7,9, 11, 21, 22). In order to determine if human ECs underwent EndoMT in
response to such signals, human umbilical vein ECs were treated with 2 ng/ml
TGFB, - a mediator of cardiac valve EndoMT (37) - and EndoMT was assessed
by morphology and assessment of activation of the mesenchymal marker a-
smooth muscle actin (aSMA). As shown in Figure 3.2A, 6 d TGF, treatment
induced morphologic changes consistent with EndoMT; ECs transitioned from a
tightly-packed, cobblestone morphology with clear cell:cell junctions to cells with
a fibroblast-like, multipolar morphology. Furthermore, TGFB,-treated ECs
exhibited a marked induction of aSMA expression at the protein and mRNA
levels (Figure 3.2B-C).
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Figure 3.2. EndoMT

A. ECs were treated with or without TGFB, for 6 d, and cell
morphology assessed by phase contrast microscopy.
B-C. ECs treated with or without TGFB, for 6 d and aSMA (red)
expression assessed either by confocal laser microscopy (B) or
quantitative reverse transcription PCR (qRT-PCR) (C).

In order to investigate a potential role for Snail1 in EndoMT in human
cells, human umbilical vein ECs were treated with TGFf,, and Snail1 induction
measured. Treatment of ECs with 2 ng/ml TGF[3, for 6 d induced Snail1
expression at both the mRNA and protein levels (Figure 3.3), indicating that
Snail1 is a direct or indirect target of TGFB, in ECs, and suggesting Snail1 might
be a candidate mediator of EndoMT in human cells.
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Figure 3.3. Snail1 is induced during EndoMT

A. ECs were treated with or without TGFB, for 6 d and Snail1 protein
(red) was measured by immunofluorescence and DAPI counterstaining
(blue) followed by confocal laser microscopy. B. Snaill mRNA was
measured by quantitative RT-PCR.

To test if Snail1 expression promotes EndoMT, human ECs were infected with
retroviruses bearing the full-length Snail1 cDNA (Figure 3.4A). Compared to ECs
infected with a control virus, Snail1-expressing ECs exhibit an increased
expression of aSMA (Figure 3.4B). These data suggest that activation of Snail1
expression in ECs might activate EndoMT programs.

To investigate if Snail1 plays a required role in TGFB,-mediated EndoMT,
Snail1 expression was silenced in human endothelial cells via transduction with
lentiviruses encoding small hairpin RNAs (shRNAs) directed against Snail1 as
well as green fluorescent protein (GFP) to identify transduced cells.
Transduction of ECs with two independent shRNA constructs resulted in an
approximately 70% reduction in Snail1 mRNA in untreated cells and in cells
treated with TGF, for 6 d using the Snail1-Sh4 construct (Figure 3.5A-B).

90



A Vector Snail1

B..

Figure 3.4. Snaill expression promotes the EndoMT phenotype

A-B. Human ECs were infected with either a control retrovirus or a
retrovirus bearing the cDNA for full-length human Snail1 and stained with
antibodies against either Snail1 (A) or aSMA (B).
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Figure 3.5. Silencing of Snail1 expression in human ECs by shRNA

A-B. Human ECs were infected with recombinant lentiviruses bearing
constructs to express shRNAs directed against human Snail1. Levels of
Snail1 transcripts were measured by qRT-PCR either at baseline (A) or
after 6 d treatment with 2 ng/ml TGF[3, (B).

To assess the role of Snail1 in EndoMT, aSMA induction by TGFf,

treatment was measured in shRNA-expressing cells by immunocytochemistry.
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We examined single cells due to the inability to transduce the complete EC
population with 100% efficiency. ECs expressing the empty shRNA vector
displayed a robust induction of aSMA in response to TGFf, treatment, with many
TGFB,-treated cells displaying double-positivity for GFP (identifying cells
efficiently transduced with lentivirus) and aSMA (Figure 3.6). However, GFP-
positive ECs expressing Snail1 shRNAs exhibited a weaker aSMA induction, with
a significant reduction in GFP/aSMA-positive cells, suggesting an attenuated
EndoMT response in the absence of wild-type levels of Snail1 expression (Figure
3.6).
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Figure 3.6. Snail1 is required for efficient TGFB2-mediated aSMA induction
in ECs

A. Human ECs were infected with lentiviruses to silence Snail1
expression. Following treatment with 2 ng/ml TGF[3, for 6 d, ECs were
stained with an antibody against aSMA. Colocalization of green
fluorescent protein (green, identifying transduced cells) and aSMA (red)
was measured by confocal laser microscopy (arrows indicate double-
positive cells. B. Per cent GFP/aSMA double positive cells were
quantified.

Snail1 is regulated by pro-angiogenic signals. Vascular development is
disrupted in mouse models of Snail1 deficiency (28), and data herein indicate
that Snail1 plays a required role in ECs during vascular development, suggesting

a role for Snail1 in angiogenic programs in ECs. Therefore, we next asked if
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Snail1 protein levels could be modulated by pro-angiogenic signals. ECs were
treated with the angiogenic factors VEGF and HGF and Snail1 protein levels
assessed by Western blot and immunocytochemistry. As shown in Figure 3.7A,
treatment of ECs with VEGF and HGF for 3 h was sufficient to induce transient
Snail1 protein. Immunocytochemistry revealed that Snail1 protein increased
within the nuclear compartment (Figure 3.7B). Hence, exposure of ECs to

soluble pro-angiogenic signals induces Snail1 activation in ECs.

A Snail1 DAPI

h VEGF/HGF 0 3
Snail1 . — E— -
f-actin g e o emm——e——

Baseline VEGF/HGF

Figure 3.7. Snail1 expression is induced by pro-angiogenic signals

A. ECs were treated with 100 ng/ml VEGF and 50 ng/ml HGF for the
indicated times and Snail1 protein levels measured by Western blot.

B. Human ECs were treated with or without VEGF and HGF for 6 h and
Snail1 protein (red) localization assessed by immunocytochemistry and
confocal laser microscopy following DAPI counterstaining.

At sites of tissue remodeling, ECs assume a migratory phenotype wherein
they invade the surrounding environment on the path to forming capillary
neovessels (1, 34). This scenario can be recapitulated in vitro through the use of
an in vitro wounding assay wherein an EC monolayer is disrupted by removal of
a glass coverslip, generating a cell-free area adjacent to the wound edge
previously occupied by the coverslip. ECs immediately adjacent to the wound
assume a migratory phenotype and begin to repopulate the cell-free area. We
used this model as a second EC activation stimulus to assess Snail1 expression.
Compared to an uninjured EC monolayer, ECs migrating into a wound relocalize
the adherens junction protein B-catenin from cell-cell junctions to the nuclear
compartment where it acts as a transcriptional regulator (Figure 3.8A), a pattern

consistent with induction of an EMT-like program (38-40).
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Figure 3.8. Snail1 expression is induced in migratory ECs

A-B. Human ECs were grown to confluence in the presence of a glass
coverslip. After removal of the coverslip, ECs were allowed to migrate
into the cell-free area for 12 h at which time localization of either [3-
catenin (A) or Snail1 (B) was examined by immunocytochemistry and
confocal laser microscopy. Left panels display confluent cell monolayer,
right panels display the edge of the cell-free area. Broken line
demarcates wound edge.

Since Snail1 is both activated by pathways both upstream and
downstream of B-catenin nuclear localization and transcriptional activity (41-43)
and has been proposed to be a positive regulator of 3-catenin signaling (44-47),
and can be found in neovessels in vivo (31, 32), we examined Snail1 levels in
ECs migrating in wounds. Compared to an uninjured EC monolayer - which
expresses very low levels of nuclear Snail1 — migratory ECs at the wound edge
display a strong induction of Snail1 protein within the nucleus (Figure 3.8B).
Hence, Snail1 nuclear protein accumulation can be triggered by soluble pro-
angiogenic signaling molecules as well as migratory cues from the tissue

microenvironment.
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Discussion.

Neovessel formation via the processes of angiogenesis and vasculogenesis
requires a shift in EC phenotype from a quiescent, polarized cell existing within a
2-D monolayer to a migratory cell possessing the capacity to negotiate 3-D ECM
barriers (1, 34, 48). Recently, considerable attention has focused on EndoMT as
a mechanism of endothelial plasticity analogous EMT programs activated in
epithelial cells (4, 49). Indeed, these two processes bear many similarities:
characteristics of 2-D cells — such as tight homotypic cell-cell adhesion and
apical/basolateral polarization — are lost, and traits of 3-D cells — including tissue-
invasive capability and neo-ECM deposition — are gained (4, 34, 49, 50). Like
EMT, EndoMT is triggered when activated ECs penetrate basement membrane
barriers (3, 4, 41, 42, 51), suggesting that similar proximal signaling pathways
and transcriptional regulators might be recruited to trigger both programs. Since
repression of the epithelial phenotype seems to be the initiating step during EMT,
attention has focused on the transcriptional repressors which act as master
switches of the genetic programs governing EMT as inducers of EndoMT (33, 41,
42,52, 53).

Accumulating data point to a central role for the Snail family of
transcription factors in mediating EndoMT at a molecular level. Both Snail1 and
Snail2 have been associated with endocardial EndoMT events that promote
cardiac valve formation in vertebrates (8, 12, 13, 27). Triggered by TGF[ family
members — which also act as initiators of EMTs - EndoMT-mediated
cellularization of the cardiac valves is a required event during development (6, 7,
9, 11, 13, 54). Furthermore, Snail1 expression correlates with the 2-D-to-3-D
transitions required for neovessel formation in vivo (31, 32). If Snail1 functions in
EndoMT and 2-D-to-3-D transitions in vivo, Snail1 expression within ECs would
be predicted to be required for cardiovascular development. Therefore, we used
an endothelial-specific Tie2-Cre transgenic mouse line to inactivate Snail mRNA
expression within the vasculature during embryogenesis (33, 36). We found that
endothelial Snail1 expression was required for mouse viability. Studies are

ongoing to determine the precise role of Snail1 during vascular development.
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In order to gain insight into in vivo functions of Snail1 in EC biology, we
next investigated Snail1 function in vitro. First, we assessed expression of Snail1
in human ECs in response to stimuli known to promote EC EndoMTs.
Accumulating evidence suggests that TGF[3 family members initiate
developmental and pathologic EndoMTs in vivo (11, 13). Therefore, we treated
ECs with TGFB, and found an induction of Snail1 mRNA and protein during the
induction of EndoMT, in accordance with the observation that Snail1 gene
expression is activated during EndoMTs in vivo (8, 12). Consistent with this idea,
expression of Snail1 in ECs resulted in the activation of the mesenchymal gene
aSMA. To determine the functional role of Snail1 during TGF,-triggered
EndoMT, we silenced Snail1 expression in ECs using lentiviral expression of
anti-Snail1 shRNAs. Snail1-silenced ECs exhibited defective activation of aSMA
compared to cells expressing a non-targeting shRNA, similar to results previously
reported with embryonic ECs (26). Taken together, these data suggest that
Snail1 might play a role during EndoMT events in vivo.

During angiogenic sprouting, ECs undergo an activation process wherein
they perforate BM barriers, undergo an EndoMT in order to transcriptionally
reprogram for function in 3-D, and invade 3-D ECM barriers— executing a 2-D-
to-3-D transition process (2, 3, 34, 48, 55). Stimuli known to activate ECs include
VEGF and HGF. To determine if Snail1 might function in VEGF/HGF-triggered
EC activation and angiogenesis, human ECs were treated with VEGF and HGF,
and Snail1 protein was found to accumulate. Consistent with this observation,
VEGF can activate Snail1 expression in carcinoma cells, suggesting that this
pattern of Snail1 regulation in ECs might be co-opted by carcinoma cells (30).
Since Snail1 is regulated both at the transcriptional and post-translational levels
(41-43), future study is required to determine the mechanism by which VEGF
modulates signaling pathways known to control Snail1 protein levels.
Furthermore, we found Snail1 protein accumulates in the nuclei of migratory ECs
compared to quiescent ECs existing within a monolayer. This activation of Snail1
expression correlates with a shift in the adherens junction protein B-catenin to the

nucleus, where it acts as a transcriptional regulator (56). Since endothelial 3-
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catenin is required for cardiovascular development (6, 10, 57), and Snail1 and -
catenin seem to exhibit reciprocal interactions (41, 42, 45, 58), this suggests an
intriguing model wherein Snail1 and B-catenin might co-regulate EC function or
exist within a linear pathway required for cardiovascular morphogenesis.

Taken together, these data demonstrate that Snail1 expression in ECs is
required for vascular morphogenesis in vivo, and suggest that Snail1 might play
an important role during EndoMTs and may also function in EC activation during
angiogenic sprouting. Recent investigation has demonstrated parallels between
EMT events that occur in epithelial cells and EndoMT in ECs (4). Indeed, both
processes seem have similar molecular underpinnings, and might share common
master transcriptional regulators including Snail family factors (4). Future study

will define the precise in vivo function of Snail1 during vascular morphogenesis.
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Chapter 4. Mesenchymal Cells Reactivate Snail1 Expression to Mediate Tissue
Invasion Programs

Introduction.

Snail1, a zinc-finger type transcriptional repressor, initiates an epithelial-
mesenchymal transition (EMT) that is critical for the morphogenetic events which
characterize developmental programs such as gastrulation (1-3). Snail1 triggers
this transdifferentiation program, in part, by repressing epithelial markers and
related cell-cell junction proteins while coordinately acting as a major cytoskeletal
regulator (4-7). The aberrant postnatal expression of Snail1 is sufficient to confer
a mesenchymal, fibroblast-like phenotype in differentiated epithelial cells during
pathologic states associated with cancer and fibrosis (6-12).

At sites of active tissue remodeling, changes in vascular permeability
disperse serum-derived soluble growth factors within the interstitial compartment
which serve to activate signal transduction cascades in resident fibroblasts (13-
17). Accordingly, these agonists trigger changes in gene expression programs
that shift fibroblast phenotype from a quiescent status to an “activated” state
characterized by increased proliferation, tissue-invasive activity, and the
induction of angiogenesis (13, 15, 17-19). Growth factors capable of promoting
the activated fibroblast phenotype, such as PDGF-BB, have been identified (14,
20), but key transcription factors that regulate downstream gene programs
remain largely uncharacterized. Herein, we identify Snail1 as a critical regulator
of fibroblast gene expression programs and function in vitro as well as in vivo.
The results demonstrate that Snail1, a key regulator of EMT, continues to
subserve vital cellular functions following mesenchymal cell terminal

differentiation.
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Materials and Methods.

Antibodies and reagents. The 173EC2, 173EC3, and Sn9H2 anti-Snail1, and
anti-MT1-MMP mAb1 antibodies were prepared and characterized as described
(21, 22). The anti-GSK3 phospho-serine 9 and anti-Akt phospho-serine 478
antibodies were obtained from Cell Signaling Technologies (Danvers, MA). The
anti-cortactin, anti-actin and anti-Ki67 antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA), Sigma (St. Louis, MO) and Abcam (Cambridge,
MA), respectively. Adeno-B-gal and Adeno-Cre (transgenes driven by a CMV
promoter) were obtained from the University of Michigan Vector Core. LY-
294002 and MG132 were from Calbiochem (Gibbstown, NJ) and Sigma (St.
Louis, MO), respectively. Apoptotic cell death was measured with the ApopTag
Red In Situ Apoptosis Detection Kit according to the manufacturer’s instructions
(Chemicon/Millipore, Billerica, MA).

Western blotting. For western blotting, the following primary antibody dilutions
were used: 173EC2 hybridoma supernatant 1:40; 173EC3 affinity-purified
antibody, 1:10,000; anti-GSK3p phospho-serine 9 and anti-Akt phospho-serine
478 antibodies 1:1000; anti-actin 1:4000.

Quantitative PCR. Quantitative PCR was performed using the SYBR GREEN
PCR master mix (Applied Biosystems, Foster City, CA) according to the
manufacturer’s instructions. Primers for mouse cortactin were F: 5’
gcagccatcccaggtgttttagtt 3’; R: 5’ ctttggtcccctttectectcttc 3'; mouse MT1-MMP
primers were F: 5’ tgattctgccgagccctggactgt 3'; R 5’ tgagggggcatctttgtgggtgac 3’;
mouse Snail primers were F: 5’ ctgcttcgagccatagaactaaag 3'; R &’
gaggggaactattgcatagtctgt 3’; GAPDH primers were F: 5’ ccaaggtcatccatgacaact
3’; R: &’ gtcataccaggaaatgagcttgaca 3'.

Immunofluorescence. For Snail1 immunocytochemistry, cells were fixed in 4%
paraformaldehyde, permeabilized with 1% sodium dodecyl sulfate, denatured
with 6M urea, 0.1% glycine, pH 3.5, blocked with 3% goat serum, incubated with
either 173EC2 (1:5) or 173EC3 (1:1000) overnight, followed by detection with
Alexa 488-labeled anti-mouse secondary antibody (Invitrogen, Carlsbad, CA).
The Alexa-532-labeled anti-MT1-MMP mAb1 was used at 5 yg/ml and the anti-
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cortactin antibody was used at a dilution of 1:40 following paraformaldehyde
fixation and permeabilization with Triton X-100. The anti-cortactin antibody was
detected with an Alexa-488-labeled, anti-rabbit secondary antibody (Invitrogen,
Carlsbad, CA). Cells were counterstained either with 4°,6-diamidino-2-
phenylindole or propidium iodide (Invitrogen, Carlsbad, CA). Confocal images of
cells were acquired on an Olympus FV500 confocal microscope using a 60X
water immersion lens with a 1.20 numerical aperture using Fluoview software
(Olympus, Center Valley, PA). All images comparing Snail1 wild-type and
deficient cells were acquired with equal photomultiplier tube intensity and gain
settings. Phase contrast images were acquired with a Leica DM-ILB inverted
microscope with a 20X objective and 0.40 numerical aperture, and CAM images
were acquired on a Leica DM-LB microscope with a 20X objective and 0.50
numerical aperture (Leica Microsystems GmbH, Wetzlar, Germany). Phase
contrast and CAM images were acquired and analyzed with SPOT cameras and
software (Diagnostic Instruments, Sterling Heights, MI).

Image analysis. To analyze MT1-MMP in invadopodia, confocal cross-sections
of invadopodia co-stained for MT1-MMP and cortactin were analyzed with
MetaMorph software (Molecular Devices, Downingtown, PA). Invadopodial
clusters were traced, and area containing MT1-MMP and cortactin co-localization
were quantified.

Cell culture and invasion assays. To analyze 3-D invasion, 50,000 fibroblasts
were embedded in 100 ul type | collagen gel (2.2 mg/ml) isolated from rat tail
(19). After gelling, the plug was embedded in a cell-free, 500 ul collagen gel (2.2
mg/ml) cultured within a 24 well plate. After allowing the surrounding collagen
matrix to gel (1 h at 37° C), fibroblast invasion was stimulated with serum and 10
ng/ml PDGF-BB (Millipore, Bellerica, MA). Invasion distance from the inner
collagen plug into the outer collagen gel was quantified. CAM invasion assays
were conducted using 11-d-old chick embryos where fibroblasts labeled with
fluoresbrite carboxylated nanospheres (Polysciences) were cultured atop the
CAM for 24 h. Invasion depth was defined as the leading front of at least three

invading cells in 10 fields in frozen sections (19). Invasion area was defined as
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area occupied by invading cells in at least ten fields (19) while angiogenesis was
quantified by type IV collagen staining (23). Snail1 conditional knock-out
transformed fibroblasts were generated by isolating E13.5 mouse embryonic
fibroblasts followed by serial retroviral introduction of the polyoma large T and
activated Ras oncogenes (24).

Transcriptional Profiling. Total RNA was isolated from fibroblast cultures in 3-
D collagen, labeled, and hybridized to Affymetrix Mouse 430 2.0 cDNA
microarrays. Three replicates each of Snail1 wild-type and deficient cultures
were analyzed by the University of Michigan Microarray Core. Differentially
expressed probesets were determined using a minimum fold change of 1.5 and
maximum p-value of 0.005. Gene ontology analysis was performed to identify
biologic processes transcriptionally regulated by Snail. Gene Ontology

coefficients were calculated as —log(p-value).
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Results.

Snail1 expression is induced by fibroblast activating growth factors.
Under serum-free conditions, fibroblasts do not express detectable levels of
Snail1 mRNA or protein (Figure 4.1A, B). By contrast, in the presence of 10%
serum or PDGF-BB, both Snail1 mRNA and intranuclear protein levels are
strongly induced in mouse as well as human fibroblasts (Figure 4.1A-C). In
epithelial cells, Snail1 protein half-life is controlled by GSK3B- dependent and
independent ubiquitination pathways that lead to proteasome-mediated Snail1
destruction (11, 12, 25, 26). As expected, blockade of fibroblast proteasome
activity with the inhibitor, MG132, results in a marked accumulation of the Snail1
protein (Figure 4.1B). In the GSK33-dependent pathway, Snail1 is marked for
ubiquitination following phosphorylation of its N-terminal domain (12, 25, 26). As
PDGF-BB signaling can inhibit GSK3[ activity via the phosphatidylinositol 3-
kinase (P13K)/Akt-dependent phosphorylation of GSK3p serine 9 (Ser’) (27), Akt
phosphorylation, Ser® phosphorylation and Snail1 protein levels were monitored
in fibroblasts in the absence or presence of the PI3K inhibitor, LY 294002. As
predicted, treatment of serum-starved fibroblasts with PDGF-BB induces an
increase in phospho-Akt and Ser® GSK3B levels in tandem with an increase in
Snail1 protein (Figure 4.1D, E). In the presence of LY 294002, however, both
Akt and Ser’- GSK3B phosphorylation are blocked and Snail1 levels fall to
undetectable levels (Figure 4.1D, E).
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Figure 4.1. Expression and regulation of Snail1 in activated fibroblasts

A. Mouse dermal fibroblasts were cultured in the presence or absence of
10% serum for 24 h and Snail1 mRNA assessed by RT-PCR. B. Mouse
dermal fibroblasts were cultured serum free, or in the presence of 10%
serum, serum plus 10 ng/ml PDGF-BB, or serum plus 10 uM MG132 for
24 h, and Snail1 protein monitored by Western blot. C. Mouse
fibroblasts (top panels) or human foreskin fibroblasts (bottom panels)
were cultured serum-free or in the presence of 10% serum for 24 h, and
Snaill protein localized by immunocytochemistry with the anti-Snail1
173EC2 monoclonal antibody (mouse fibroblasts) or the Sn9H2
monoclonal antibody (human fibroblasts). Nuclei were stained with DAPI
(blue). D. Mouse dermal fibroblasts were cultured serum-free for 48 h,
followed by stimulation with PDGF-BB (10 ng/ml) in the presence or
absence of LY294002 (10 pyM) for 10 min. Levels of phospho-Ser*’® Akt,
phosho-Ser® GSK3B, and B-actin were assessed by Western blot. E.
Mouse dermal fibroblasts were cultured serum-free for 24 h, followed by
stimulation with 10 ng/ml PDGF-BB for 12 h in the presence or absence
of LY294002 and Snail1 protein levels determined by Western blot.
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Generation and characterization of Snail1 deficient fibroblasts. Snail-
deficient mice die early in development prior to the differentiation of mesodermal
lineages (1, 7). Hence, we analyzed fibroblast function in a mouse model
wherein Snaill can be conditionally inactivated via Cre/loxp-mediated
recombination (Figure 4.2A-E). Fibroblasts isolated from a Snail*" mouse were
treated with an adenoviral Cre recombinase construct (adeno-Cre) or a control
adenovirus [B-galactosidase (B-gal)], and recombination at the Snail locus
verified by PCR. As shown in Figure 4.2A, while adeno-Bgal-infected fibroblasts
yield P1/P2 amplicons corresponding to both the wild-type and loxp alleles of
Snail, adeno-Cre-infected fibroblasts yielded a single amplicon corresponding to
the wild-type Snail allele with P1 and P2, as well as a P3/P4 amplicon

1" mice and

representing the Snail allele. Fibroblasts isolated from Snai
infected with adeno-Cre display a 95% reduction in Snaill mRNA while Snail1
protein expression is undetectable by Western blot or immunocytochemistry

(Figure 4.2B-D).
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Figure 4.2. A model of Snail1 deficiency in mouse fibroblasts

A. Snai1l""" dermal fibroblasts were infected either with a control adenovirus
(B-gal) or adeno-Cre, and recombination of the Snai1" allele assessed by the
loss of the 420 base-pair amplicon when genomic DNA was amplified with P1
and P2 (top panel) and the appearance of a single amplicon with P3 and P4
(bottom panel). B-D. Snai1™ dermal fibroblasts were infected with either a
control adenovirus or a Cre adenovirus and Snai1 recombination assessed by
quantitative PCR (B), Western blot (C) or immunocytochemistry for Snail1 with
mAb 173EC2 (red) with propidium iodide (PI) counterstaining (blue) (D). Scale
=30 um.
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In addition to its well-defined role in promoting EMT, Snail1 has been suggested
to regulate cell cycle progression and sensitivity to pro-apoptotic stresses (28-
30). Snail1-deficient fibroblasts proliferate, however, at normal rates with no
observed changes in apoptosis under serum-free conditions (Figure 4.3A-B).
Furthermore, though Snail1 can promote a motile phenotype in epithelial cells (7,
30), Snail1-deleted fibroblasts migrate at rates comparable to wild-type
fibroblasts in a 2-dimensional wound assay (Figure 4.4A). Likewise, whereas
increased fibronectin synthesis and matrix assembly are characteristic features
of EMT programs (7, 30), Snail1-deficient fibroblasts deposit a fibronectin matrix
at rates comparable to control fibroblasts (Figure 4.4B). Consequently, insights
into Snail1 function were alternatively sought by interrogating the gene

expression patterns of Snail1-deleted fibroblasts.
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Figure 4.3. Snail1 does not regulate fibroblast 2-D proliferation or survival

A. Snail1 wild-type or deficient fibroblasts were cultured under traditional 2-D
conditions. Cell number was counted at 3 d and 6 d incubation. B.
Apoptosis of fibroblasts was measured by TUNEL stain following serum
deprivation.

111



GO0 —

400 =

200 =

Distance Migrated (pm)

Phase  Feactin DAPI —
Snaiffifl Spajr--

c Snai

Fibronectin

Figure 4.4. Snail1 does not regulate fibroblast 2-D motility or fibronectin
deposition

A-B. Snail1 wild-type or deficient fibroblasts were cultured in the presence
of a glass coverslip. After 24 h, the coverslip was removed, and migration
into the cell-free area monitored. Scale = 100 um. C. Fibroblasts were
cultured in the presence of Alexa-594-labeled fibronectin, and fibril
formation monitored by fluorescence microscopy.

Recent studies have demonstrated that cell behavior in vitro more closely
recapitulates that observed in vivo when cells are cultured within a three-
dimensional (3-D) extracellular matrix (ECM) (31-33). Hence, Snail1 wild-type
and deficient cells were suspended in type | collagen matrices, the dominant
matrix component of interstitial tissues (19, 34), and subjected to transcriptional
profiling. Using cutoffs of p < 0.005 and a minimum fold-change of 1.5, Snail1
deficiency in fibroblasts exerts a global effect on transcription with over 1000
significant changes in gene expression detected (Figure 4.5A). Gene Ontology
(GO) analysis further demonstrates that Snail1 governs multiple processes
critical to fibroblast motile behavior, including adhesion, migration, and
proteolysis (Figure 4.5B). Furthermore, Snail1 deficiency resulted in 32

microRNAs altered at least three-fold. Snail1 deletion did not trigger a
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mesenchymal-to-epithelial transdifferentiation process as assessed by
transcriptional analysis, suggesting that Snail1 is required for the induction, but

not maintenance, of the mesenchymal phenotype during development.
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Figure 4.5. Snail1 is a master regulator of fibroblast gene expression
programs

A. Heatmap of microarray data for three biologic replicates of Snail1™ and

Snail1™ fibroblasts. The 20 most highly up-regulated and down-regulated
transcripts in Snail1™fibroblasts are presented. B. Gene ontology terms
identifying biologic processes differentially expressed in Snail™ and
deficient fibroblasts.
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Snail1 regulates tissue invasive programs in mesenchymal cells. To assess
the consequences of Snail1 loss on 3-D ECM invasion, a critical component of
fibroblast wound and tumor responses (15-17, 19, 34), cells were embedded
within a 3-D bed of type | collagen. Snail1-deleted, but not Snail1-rescued,
fibroblasts displayed a significant defect in their ability to negotiate the type |
collagen barrier (Figure 4.6A-B).
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Figure 4.6. Snail1 regulates the 3-D invasive activities of fibroblasts

A. Snail™ or Snail” fibroblasts were embedded in a 100 ul plug of
cross-linked, fibrillar type | collagen (2.2 mg/ml) which was embedded
within a larger, cell-free collagen matrix in the presence of 10 ng/ml
PDGF-BB and 10% serum. Migration was monitored over a 6 d culture
period by phase contrast microscopy with arrowheads marking the
advance of the invading front and the dotted line indicating the
boundary between the inner and outer collagen gels (scale = 200 pm;
upper row of panels in A) or following phalloidin staining in the lower
panels (red; scale = 100 um). B. 3-D invasion depth and the number of
invading cells were measured after a 6 d culture period (n = 3; mean %
SEM). *p < 0.01.

Focusing on candidate genes implicated previously in 3-D cell motility and
invasion (35-37), probesets corresponding to transcripts for cortactin (Cttn),
enabled homolog (Enah), ezrin, moesin, rhoA, ROCK1, myosin light chain
kinase, tropomyosin and MT1-MMP (Mmp14) are significantly altered in Snail1-
deficient fibroblasts (Table 4.1).
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Gene Symbol Gene Name p-value Fold-change

Citn cortactin 0.003 -1.74
Enah enabled homolog 0 227
Ezr ezrin 0 26
Msn moesin 0.001 -2
Rhoa Ras homolog gene family, member A 0 -1.99
Rock1 Rho-associated coiled-coil containing protein kinase 1 0.004 -1.71
Ntk myosin, light polypeptide kinase 0 2.3
Tom1 tropomyosin 1, alpha 0 -2.08
Mmp14 matrix metallopeptidase 14 {membrane-inserted) 0.003 -1.88

Table 4.1. Motility-associated genes deregulated in Snail1-deficient
fibroblasts in 3-D.

Consistent with the altered patterns of gene expression revealed by the
microarray data and confirmed by quantitative PCR (Figure 4.7), Snail1-deficient
fibroblasts exhibit a significant reduction in the cortactin-rich membrane
protrusions that mark invadopodia — actin-rich, cellular processes that focus
proteolytic activity at sites of cel:ECM contact (i.e., 83.3 £ 8.3% cortactin-positive
processes in wild-type fibroblasts vs 31.2 £+ 13.2% in Snail1-deleted fibroblasts, p
< 0.01; Figure 4.8A) (38).
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Figure 4.7. Snail1 controls mRNA expression of 3-D invasion-associated
genes

Messenger RNA levels of the transcripts for cortactin (Cttn) or MT1-MMP
(Mmp14) were measured in Snail1™ or Snail1” fibroblasts by quantitative
PCR.
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Figure 4.8. Snail1 regulates fibroblast cortactin localization and collagen
degradation

A. Snail1™ or Snail1™ fibroblasts were cultured in 3-D collagen for 48 h and
stained for cortactin (green), F-actin (red) and nuclei (DAPI, blue) and
images captured by confocal laser microscopy. Scale = 10 ym. Cortactin-
rich cellular processes are marked by arrowheads. B-C. Fibroblasts were
cultured atop a 3-D bed of Alexa-594-labeled type | collagen (grey, left
panels; blue, right panels) for 5 d and collagen degradation monitored by
confocal laser microscopy in sections co-stained for cortactin (green) and F-
actin (red, middle and right panels) (B) and quantified using Imagequant
software in the photomicrographs (C). Degraded areas in left panels are
demarcated by broken lines in the middle and right panels. Scale = 10 um.
(C) Degraded area and relative cortactin signal are presented as
representative results of three experiments with the mean + SEM (* p <
0.05).

As cortactin-rich invadopodia play a critical role in recruiting MT1-MMP, a
membrane-anchored collagenase critical for cell invasion, to zones of pericellular
proteolysis (39-41), wild-type and Snail1-deficient fibroblasts were cultured with
Alexa-594-labeled type | collagen, and collagenolysis monitored (19). Whereas
wild-type fibroblasts generate collagenolytic zones that are associated with
adhesive sites enriched for actin spikes and cortactin, Snail1-deficient fibroblasts
exhibit a significantly diminished ability to degrade collagen or mobilize
invadopodia (Figure 4.8B). In accordance with these collagenolytic defects,
invadopodial clusters of MT1-MMP and cortactin localized at the fibroblast-

collagen interface are reduced by ~80% in Snail1-deficient cells (Figure 4.9).
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Figure 4.9. Snail1 regulates cortactin and MT1-MMP localization at
invadopodia

A. Snaill" or Snail1™ fibroblasts were cultured on a bed of type | collagen
and co-stained for MT1-MMP (red) and either cortactin (green, upper
panels) or F-actin (green, lower panels; 60X magnification, scale = 5 pym).
B. MT1-MMP signal co-localizing with cortactin and actin within
invadopodia clusters was quantified using Metamorph software.

Reconstitution of Snail1-deficient fibroblasts with full-length human Snail1
normalizes expression of cortactin and MT1-MMP and rescues the collagen-
invasive phenotype (Figure 4.10). Further, consistent with a GO enrichment
scores that did not detect changes in cell cycle or apoptosis regulation, wild-type
or Snail1-deleted fibroblasts embedded within 3-D collagen gels proliferate at
indistinguishable rates (7.8% + 3.2% Ki67-positive for Snail1 wild-type cells
versus 8.1 + 1.4% Ki67-positive for Snail1-null cells, n = 3) and display similar
low levels of apoptosis (Snail1 wild-type: 1.6 + 0.8%; Snail1-null: 1.4 + 1.4%,
assessed by TUNEL; n = 3).
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Figure 4.10. Rescue of cortactin and MT1-MMP expression and 3-D invasion
by reconstitution with Snail1

A-B. Snail1-deficient fibroblasts were engineered to express full-length,
wild-type Snail1 and 3-D type | collagen invasion monitored. Scale = 200
pm. C. Snail1-deficient fibroblasts were engineered to express full-length,
wild-type Snail1, and levels of Cttn and Mmpl4 were measured by
quantitative PCR.

Snail1 regulates invasion of ECM barriers in vivo. Though Snail1-deficient
cells display defects in the pericellular proteolysis and invasion of homogeneous
collagenous barriers in vitro, connective tissue barriers in vivo are complex, multi-
molecular composites of ECM macromolecules (31-34). As such, wild-type and
Snail1-deleted fibroblasts were cultured atop the chorioallantoic membrane
(CAM) of live chick embryos (19), a tissue characterized by a type IV collagen-
rich basement membrane and an underlying interstitium containing both type |
and type lll collagens (the stroma also contains blood vessels circumscribed by

type IV collagen-positive basement membranes) (Figure 4.11).
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Figure 4.11. Components of the CAM ECM barrier

CAM sections were stained with (left to right) hematoxylin and eosin, or
antibodies against type IV, |, and lll collagens and photographed using
light or fluorescence microscopy. Scale = 100 pym.

While wild-type fibroblasts efficiently breach the CAM basement membrane and
invade into the underlying stroma, Snail1-deficient fibroblasts exhibit a complete
defect in invasion and fail to penetrate the CAM surface (Figure 4.12A-B) — a
phenotype identical to that reported previously for MT1-MMP-null fibroblasts (19).
In vivo, fibroblasts can initiate neovascularization during wound healing in vivo
(15), but Snail1-deficient fibroblasts also demonstrate a significantly attenuated
ability to induce neovessel formation (Figure 4.12A, C). Neither proliferative nor
apoptotic indices of the fibroblasts are affected in the CAM model (Figure 4.13).
Taken together, the data identify Snail1 as a master regulator of activated
fibroblast function in vivo by controlling tissue-invasive as well as pro-angiogenic

functions.
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Figure 4.12. Snail1 and the fibroblast wound response in vivo

A. Snail™ or Snail” fibroblasts were labeled with green fluorescent
nanobeads, and cultured atop the live CAM. After 24 h, CAMs were
sectioned and assessed for invasion by fluorescence microscopy for labeled
cells (green), type IV collagen (red), cell nuclei (blue, left panels) or H/E
staining (right panels). The broken line marks the upper surface of the CAM.
Scale bar = 100 ym. B. CAM invasion was quantified by measuring invasive
area demarcated by distribution of fluorescent beads in the CAM stroma or
depth of the invasive front (n = 5; mean + SEM). *p = 0.02 for invasion area
and *p = 0.01 for invasion depth. C. Utilizing type IV collagen signal in the
CAM interstitium as an index of neovessel formation, CAM stromal
angiogenesis was quantified (n = 11 for wild-type, n = 9 for null; mean %
SEM, *p < 0.01).
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Figure 4.13. Fibroblast proliferation and survival on the CAM are
independent of Snail1 function

A. CAM sections were stained for the apoptosis marker, TUNEL (red)
and counterstained with DAPI (blue), and % TUNEL-positive cells were
quantified (n = 3; mean + SEM). B. CAM sections were stained for the
proliferation marker Ki67 (red), nuclei counterstained with DAPI (blue)
and % Ki67-positive nuclei quantified (n = 3; mean £ SEM). Scale bar =
50 um for A,B.
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Discussion.

Snail1 exerts global effects on epithelial cell gene expression by binding
consensus sequences within the promoter regions of target genes while
recruiting histone deactylases, arginine methyltransferase, and DNA
methyltransferases to chromatin remodeling complexes (7, 42, 43). Despite the
remarkable range of Snail1’s impact on epithelial cell fate determination, a
functional role for Snail1 in terminally differentiated mesenchymal cells has not
been explored previously. Unexpectedly, under 3-D culture conditions, GO
analyses revealed that major shifts had occurred in fibroblast behavior in the
absence of Snail1 expression with changes concentrated in functional programs
tightly linked to cell adhesion, migration, proteolysis and morphogenesis. Among
Snail1-regulated targets, cortactin has been reported to regulate MT1-MMP-
dependent proteolysis, an activity critical for mesenchymal cell trafficking through
ECM barriers (19, 39, 40, 44-46). As such, the defects in cortactin and MT1-
MMP expression and function observed in Snail1-deficient fibroblasts, in tandem
with predicted changes in accessory molecules such as rhoA, ROCK, myosin
light chain kinase and tropomyosin, correlated with a marked loss in
collagenolytic potential as well tissue-invasive activity in vitro and in vivo. Snail1-
deleted fibroblasts were also unable to initiate an angiogenic response, a result
likely consistent with the ability of MT1-MMP to induce angiogenesis by
generating bioactive collagen fragments, regulating VEGF expression or
mediating semiphorin 4D shedding (47-49).

To date, analyses of Snail1 function in mammalian cells have focused on
the ability of the transcription factor to initiate the transdifferentiation of normal or
neoplastic epithelial cells. The findings presented herein, coupled with the fact
that Snail1 protein is expressed in fibroblasts localized at damaged or
carcinomatous tissues in vivo (21, 22), demonstrate that Snail1 activity is not
confined to epithelial cells alone. While our studies have focused on the role of
Snail1 in regulating fibroblast function, it is intriguing to note that Snail1 may also
be expressed in the neoplastic mesenchyme (22), suggesting a potential role in

mesenchymal tumors. Hence, in addition to its essential roles in EMT, we
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propose that Snail1 now be considered as a transcription factor capable of
exerting key regulatory effects in the mesenchyme during development as well

as disease.
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Chapter 5: Fibronectin Fibrillogenesis Regulates 3-D Neovessel Formation

Introduction.
Under quiescent conditions, the endothelium of the patent vasculature exists as a
2-dimensional (2-D) monolayer that rests atop a self-organized basement
membrane which serves to separate the cells from the underlying interstitial
matrix (1, 2). During angiogenesis and vasculogenesis, this structural
arrangement is disrupted as endothelial cells embed themselves within a 3-
dimensional (3-D) ECM dominated by either crosslinked networks of the clotting
protein, fibrin, or the triple-helical matrix molecule, type | collagen (1, 2). Within
this extrinsic matrix, endothelial cells are exposed to angiogenic growth factors
that initiate the migratory, proliferative and tubulogenic responses required for the
development of the neovasculature (1, 2). Growth factors acting alone, however,
are unable to trigger angiogenesis (3-6). Endothelial cells must concurrently
establish productive integrin-mediated adhesive interactions with matrix-bound
ligands and undergo shape changes critical to the activation of actomyosin-
dependent contractile responses which serve to trigger the motogenic,
proliferative and morphogenic programs that underlie neovascularization (3-8).
Using traditional, 2-D culture systems, the responsiveness of adherent cell
populations to soluble growth factors is modulated by the composition, density
and topology of adhesive ligands as well as the mechanical properties of the
supporting matrix itself (7-10). However, an increasing body of evidence
indicates that standard 2-D culture systems do not recapitulate accurately cell
behavior displayed in the 3-D in vivo setting (11-15). Indeed, when cells are
cultured within the confines of 3-D extracellular matrices in vitro, cell-matrix
adhesive interactions are established that more closely approximate those

observed in vivo, and in coincident fashion, the cell cytoskeleton reorganizes into
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patterns that mimic those exhibited by intact tissues (11-14, 16-18). Despite the
described contrasts between 2-D and 3-D cell behavior, the mechanisms by
which pro-angiogenic endothelial cells remodel the surrounding 3-D ECM to
generate an adhesive platform that allows them to interpret the biochemical and
mechanical inputs critical to neovessel formation remain undefined. Herein, we
demonstrate that the endothelial cell-dependent unfolding and pericellular
polymerization of the soluble glycoprotein, fibronectin (Fn), plays a required - and
3-D-specific - role in triggering neovascularization. By constructing a pericellular
scaffold of polymerized Fn fibrils, endothelial cells are able to assemble a
functional cytoskeletal-actomyosin complex and modulate their intracellular
viscoelastic properties to engage the mechanotransduction-sensitive programs

that drive 3-D neovessel formation.
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Materials and Methods.

Endothelial Cell Isolation and 2-D/3-D Culture. Endothelial cells were isolated
from human umbilical cord veins by collagenase digestion and cultured in
Medium 199 (Gibco) containing 20% human serum, 50 pg/ml endothelial cell
growth supplement (BD Biosciences), 100 U/ml penicillin, and 100 pug/ml
streptomycin (Hiraoka et al., 1998). For 2-D/3-D culture, endothelial cell
monolayers (no later than third passage) were suspended by mild trypsinization
and dispersed within or plated atop fibrin (3 mg/ml) or collagen (2.2 mg/ml) gels
(prepared as described; Hiraoka et al., 1998; Hotary et al., 2003), and stimulated
with a cocktail of growth factors including 100 ng/ml human vascular endothelial
growth factor (Genentech), 50 ng/ml human hepatocyte growth factor
(Genentech), 10 ng/ml human TGFa (Biosource), 0.5 ng/ml TGFB1 (R and D
Systems), and 100 ug/ml heparin (Sigma). In selected experiments, endothelial
cell spheroids were prepared and suspended in 3-D fibrin gels.

To monitor Fn matrix assembly or to assess the impact of inhibiting Fn
matrix assembly on endothelial cell function, human serum was depleted of Fn
by gelatin-sepharose affinity chromatography (Amersham) and supplemented
with either 20 ug/ml of human plasma Fn (Sigma) or FITC-labeled Fn. Where
indicated, endothelial cells were incubated with mouse IgG (Pierce), monoclonal
antibody L8, monoclonal antibody 9D2 (final concentration of 100 ug/ml), the 70
kD Fn fragment (Sigma; 75 ug/ml), the FUD peptide (250 nM), + Blebbistatin
(Calbiochem; 50 uM), or cytochalasin D (Sigma; 10 uM) during 3-D culture. Cell
number in 3-D cultures was determined by hemacytometry after dissolving gels
with 2 mg/ml bacterial collagenase (Worthington) while the number of patent
tubules was determined in randomly selected cross-sections.

To monitor endothelial cell contractility, 2-D or 3-D cultures cast in 24 well
plates at 2 d incubation (prior to commencement of 3-D proliferation) were
detached from the tissue culture plate and cells were allowed to contract the
matrices for 10 h, at which time gel diameter was measured. To assess
migration in 2-D, endothelial cells were plated atop a fibrin substratum in the

presence of a glass coverslip. After attachment, the coverslip was removed and
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migration into the cell-free area monitored over 2 d. To monitor 3-D migration,
endothelial cells were suspended in 3-D fibrin gels in 96-well tissue culture
plates. After formation of the fibrin gel, the gels were removed and embedded
within fibrin gels in 24-well plates. Migration from the inner into the outer gel was
monitored over 6 d.

Antibody Purification and Fluorescent Fibronectin Labeling. 9D2
monoclonal antibody was purified from the 9D2 hybridoma cell line (Sottile et al.,
1998) by Staph protein A/G affinity chromatography following the manufacturer’s
protocol (Pierce). The L8 monoclonal was purified as described previously
(Chernousov et al., 1991). Human plasma Fn (Sigma) was labeled with
fluorescein isothiocyanate (FITC) as described (McKeown-Longo and Mosher,
1985).

Western Blot and Immunofluorescence. For western blotting, the following
antibodies were used: ERK1/2 (Santa Cruz), phospho-p42/44 MAP kinase (Thr
202/Tyr 204), phospho-p38 MAP kinase (Thr180/Tyr182), B-actin, a-actinin (Cell
Signaling Technologies), NMMIIA, and NMMIIB (Covance). Phosphorylated JNK
was detected following pull-down with c-Jun fusion protein beads (Cell Signaling
Technologies) and probed with phospho-SAPK/JNK1/2 (Thr183/Tyr185)
polyclonal antibody (Cell Signaling Technologies).

For active B4 integrin immunofluorescence, 3-D cultures were fixed in 4%
formaldehyde, permeabilized with 0.25% Triton X-100, and incubated overnight
with an anti-active 31 monoclonal antibody (Chemicon) followed by an Alexa 488-
conjugated secondary antibody (Molecular Probes). For visualization of the F-
actin cytoskeleton, cultures were stained with Alexa 594- or Alexa 488-
conjugated phalloidin (Molecular Probes) following permeabilization. To examine
the 3-D Fn matrix, fibrin gels supplemented with 20 ug/ml FITC-labeled Fn were
fixed with 4% formaldehyde. All 3-D gels were analyzed by confocal microscopy.
Histology and Transmission Electron Microscopy (TEM). 3-D cultures were
fixed in 4% formaldehyde, processed for paraffin-embedded sectioning and
standard haematoxylin and eosin (H&E) staining. TEM was carried out as

described previously (Hiraoka et al., 1998; Hotary et al., 2003).
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Plasmid Constructs and Transfection. The pRK/EGFP-vinculin vector was
introduced into endothelial cells by lipofectamine-mediated transfection
(Invitrogen). Cells were used for 3-D culture 24 hours following transfection.
Chorioallantoic Membrane Angiogenesis Assay. 3-D matrices of type |
collagen or a type | collagen/fibrin composite matrix were cast in transwell tissue
culture inserts (24 well size) perforated with a 25 gauge needle. A 30 pl Matrigel
(BD Biosciences) reservoir was placed atop the matrix containing 200 ng VEGF,
100 ng HGF, and either the del29 or FUD peptides. The entire apparatus was
placed atop the dropped CAM of 10-11 d old fertile chicken eggs. Following
incubation in a humidified incubator at 37° for 3 d, the matrices were harvested
and processed for sectioning and H&E staining.

3-D Intracellular Microrheology. The micromechanical properties of the
cytoplasm of endothelial cells embedded in the 3-D were measured using the
method of ballistic intracellular nanorheology (19, 20). To our knowledge, this is
the only method capable of probing the intracellular micro-mechanics of single
cells embedded inside a 3-D matrix. Briefly, 100-nm diameter polystyrene
fluorescent beads were ballistically injected in the cytoplasm of cells using
biolistic particle delivery system (Bio-Rad, Hercules, CA) (21). The cells were
then incorporated in the 3-D fibrin matrix. After 72 h incubation, the beads
(between 5 and 10 per cell) had dispersed uniformly in the cytoplasm and their
centroids were tracked for 20 seconds with high spatial (~5 nm) and temporal (33
ms) resolutions using a Cascade 1k CCD camera (Roper Scientific, Tucson AZ)
mounted on a Nikon Eclipse TE2000-E epifluorescence microscope and
controlled by the software Metaview (Universal Imaging). The mean-squared
displacement (MSDs) of individual beads were computed from the time-
dependent (x,y) coordinates of the beads’ centroid displacements. The MSDs
were verified to have a slope lower than 1, i.e. no directed motion of the beads
was ever observed. A simple mathematical manipulation detailed in (22) was
used to transform MSDs into elastic modulus (reported here) and viscous
modulus of the cytoplasm. The number of individual cells and total number of

beads tracked for each type of cell is indicated in the caption of Fig. 6. Mean
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values, standard error of measurement (SEM), and statistical analysis of bead
displacements were calculated and plotted using Graphpad Prism (Graphpad
Software, San Diego, CA). Two-tailed unpaired t tests were conducted to
determine significance, which was indicated using the standard Michelin Guide

scale.
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Results.

Endothelial Cell Tubulogenesis in 3-D. When embedded in a 3-D gel of cross-
linked fibrin and stimulated with a cocktail of pro-angiogenic factors in serum-
containing media, human endothelial cells assume a spheroid configuration
during the first 8-12 h of culture (Fig. 5.1A). Consistent with reports that
endothelial cell rounding is incompatible with proliferative activity (3, 6, 23), no
increase in cell number is detected until after a 48 h culture period whereupon
the embedded cells display a stretched phenotype (Figure 5.1A,B). Endothelial
cell number subsequently increases after the 2 d lag period, and a tubulogenic
program is engaged which leads to the formation of an anastomosing network of
patent neovessels by day 6 (Figure 5.1B and C). Neovessel formation in vitro
recapitulates the in vivo program which is dependent upon both asB+, a Fn-
specific integrin, as well as the Fn RGD domain contained within its primary cell-
adhesion module (Figure 5.2) (24-27). Furthermore, as observed in vivo (28-30),
endothelial cell morphogenesis occurs in tandem with the assembly of a network
of Fn fibrils that not only enmesh the stretched endothelial cells observed at 48 h,
but also ensheath the tubules formed at the end of the 6 d culture period (Figure
5.1D).

The 3-D-Specific Regulation of Endothelial Cell Function by Fn
Fibrillogenesis. Under 2-D culture conditions, cell shape changes critical to
signal transduction, migration and proliferation are dictated by the composition,
organization, and rigidity of the surrounding ECM (3, 7, 8, 31, 32). As changes in
the morphology of 3-D embedded endothelial cells correlate with Fn matrix
assembly, we first sought to characterize the functional role that the fibrillogenic

process plays in the tubulogenic program.
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Figure 5.1. Endothelial cell tubulogenesis and Fn matrix assembly

A. Endothelial cells (1.5 x 10°) were embedded in a 3-D fibrin gel in the
presence of 20% human serum and a cocktail of VEGF, HGF, TGFa,
TGFB+1, and heparin. Phase contrast micrographs are shown following 0,
2, 4 and 6 d in culture. B. Endothelial cell growth in the presence or
absence of the pro-vasculogenic cocktail was assessed by protease
digestion of the 3-D fibrin matrix followed by counting of cells. C.
Following 6 d in culture, patent endothelial cell tubules are formed as
assessed in H&E stained cross-sections or transmission electron
micrographs. D. Confocal laser micrographs of pericellular assembly of
FITC-labeled Fn matrix following 8 h, 2 d and 6 d of culture. Scale bar,
30 um.
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Figure 5.2. Interactions the RGD motif of Fn with a5B1 integrin are required
for 3-D EC survivial

ECs were cultured in 3-D fibrin under control conditions (left panel) or with
an antibody against the RGD domain of Fn (middle panel) or an antibody
against as integrin, and tubulogenesis assessed after 6 d culture (scale =
100 pm).

To block Fn matrix assembly without affecting the initial binding of soluble Fn
binding to asB+, endothelial cells were incubated with i) monoclonal antibodies
directed against Fn domains embedded within, or near, the Fn Il 2 modules that
are critical for regulating Fn-Fn interactions (i.e., monoclonal antibody L8 or 9D2),
ii) a 70 kDa aminoterminal Fn fragment that interferes with the polymerization of
intact Fn dimers by competing for matrix assembly sites on the endothelial cell
surface or iii) a 49mer peptide (termed the functional upstream domain or FUD)
derived from the Streptococcus pyogenes adhesion F1 protein which binds
directly to the N-terminal matrix assembly domain of Fn (33-36). As exemplified
by the addition of FUD (but not the control peptide, Del29, wherein FUD residue
29 is deleted), the ability of fibrin-embedded endothelial cells to assemble a Fn
matrix is blocked completely in the presence of inhibitors of Fn fibrillogenesis
(Figure 5.3A). In the absence of Fn fibrillogenesis — and despite the presence of
a surrounding 3-D fibrin matrix, serum and exogenously provided pro-angiogenic
growth factors — the endothelial cells are unable to undergo the expected shape

change and retain a spherical morphology (Figure 5.3A).
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Figure 5.3. Fn matrix assembly regulates endothelial cell 3-D
morphogenesis

A. Endothelial cells were suspended in 3-D fibrin gels with FITC-labeled Fn
in the absence or presence of the FUD peptide (250 nM) with matrix
assembly and cell morphology monitored by confocal laser microscopy.
Scale bar 20 ym. B. Endothelial cells were cultured within 3-D fibrin
matrices for six days in the presence or absence of Fn matrix inhibitors.
Cell number was quantified following gel digestion with collagenase. C.
Endothelial cells were cultured in 3-D fibrin gels under control conditions or
in the presence of various Fn matrix assembly inhibitors for 6 d and
tubulogenesis was assessed by sectioning and H&E staining of the matrices
followed by lumen quantification.

Del29 FUD

Figure 5.4. Fn matrix assembly is required for 3-D endothelial cell migration

Endothelial cells were cultured in 3-D within a 100 ul fibrin gel embedded
within a larger cell free fibrin gel. Migration from the inner to the outer gel
was induced by treatment with VEGF and HGF in the presence of the Del29
or FUD peptides (scale = 100 um).
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Coincident with the block in Fn matrix deposition, the 3-D migratory and
proliferative responses of the embedded endothelial cells are blunted significantly
and tubulogenesis is effectively terminated (Figure 5.3B and C; Figure 5.4).
Under these conditions where Fn/asf+ interactions are left intact, no increase in
apoptosis (as assessed by TUNEL staining) is detected in the absence of Fn
fibrillogenesis (data not shown). Further, the ability of Fn matrix inhibitors to
block neovessel formation is not restricted to the specific use of fibrin gel
suspension system. Similar, if not identical, results are obtained when neovessel
formation is initiated with spheroids of endothelial cells embedded in 3-D fibrin
gels (37) or alternatively, when type | collagen, the major ECM macromolecule
found in mammalian tissues (12, 14, 38), is used as the supporting matrix (Figure
5.5A-B). Though Fn matrix assembly can regulate type | collagen deposition (39)
neovessel formation is unaffected in the presence of the collagen synthesis
inhibitor, cis-hydroxyproline (data not shown).

While the findings presented thus far support a required role for Fn
fibrillogenesis in regulating endothelial cell behavior within the confines of a 3-D
ECM, endothelial cells are likewise able to assemble Fn matrices when cultured
atop physiologic substrata (40, 41)(Figure 5.5). Consistent, however, with the
fact that cell behavior can be affected differentially under 2-D versus 3-D culture
conditions (11-14, 18, 42), the inhibition of Fn matrix assembly during endothelial
cell culture atop fibrin gels did not affect cell shape, migration or proliferation
(Figure 5.5C-E).
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Figure 5.5. Fn fibrillogenesis and 3-D specific regulation of endothelial cell

function

A. Endothelial cells spheroids were embedded in gels of 3-D fibrin and
cultured for 6 d in the absence or presence of mAb L8 (100 pg/ul) and
tubulogenesis assessed by phase contrast microscopy (left panels in the
upper and lower series) or light microscopy (H&E-stained cross sections in
the middle column). The assembly of a FITC-labeled Fn matrix was
monitored by confocal laser microscopy (right panels). Scale bar, 50 ym.
B. Endothelial cells were cultured within a matrix of type | collagen in the
presence or absence of mAb L8 and tubulogenesis assessed at 6 d by
phase contrast microscopy. Scale bar, 50 um. C. Endothelial cells were
cultured atop 3-D fibrin gels for 6 d in the presence of L8 or control 1gG.
Assembly of FITC-Fn into a fibrillar matrix was monitored by fluorescence
microscopy and cell morphology was assessed by phase contrast
microscopy (inset). D. Endothelial cell 2-D migration (middle panels) was
assessed atop a fibrin-coated substratum in the presence of IgG or L8
(arrowhead marks the edge of the monolayer at the start of the 2 d culture
period). E. Endothelial cell growth was monitored during a 6 d culture
period in the presence of mAb L8, mAb 9D2, or the 70 kD Fn fragment
relative to an IgG control. Scale bar 100 pm.

Given the demonstrated requirement for Fn matrix assembly in 3-D

neovessel formation in vitro, a functional role for fibrillogenesis in tissue sites
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undergoing active angiogenesis in vivo was assessed. To this end, 3-D
composite gels of fibrin and type | collagen were placed atop the chorioallantoic
membrane of live chicks and angiogenesis initiated by the application of a
cocktail of growth factors in the presence of FUD or the Del29 peptide control.
Under control conditions, angiogenic vessels infiltrated the ECM construct in
tandem with the deposition of a dense network of Fn fibrils (Figure 5.6). In the
presence of FUD, however, Fn matrix assembly is almost completely inhibited

and neovessel formation is ablated (Figure 5.6).
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Figure 5.6. Fn matrix assembly is required for angiogenesis in vivo

A. Type | collagen/Fn composite gels polymerized in perforated Transwell
chambers were prepared. A Matrigel reservoir containing 200 ng VEGF and
100 ng HGF with either the Del29 control peptide or the FUD peptide was
placed atop the matrix. The apparatus was placed atop the dropped CAM,
and angiogenesis was allowed to proceed. After 3 d, the gels were
harvested and vascular ingrowth was monitored by light microscopy
following H&E staining (top panels, scale bar 40 ym). In some experiments,
FITC-Fn was supplemented in the matrices during the culture period, and
Fn fibrillogenesis within the gels was monitored by confocal laser
microscopy (lower panels, scale bar 50 um). B. After sectioning, lumina
per 40X field were counted.

As monoclonal antibody L8 only recognizes unfolded Fn epitopes that are

exposed during Fn fibrillogenesis (33, 43), Fn matrix assembly in the context of
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human tumor angiogenesis was also assessed. Immunostaining of a series of
renal cell carcinomas (stages GlI-lll; n=18) and invasive ductal breast carcinomas
(n=8) demonstrates that vascular wall L8 immunoreactivity is dramatically
increased in tissues undergoing active vasculo/angiogenesis (Figure 5.7). In both
renal cell carcinoma and invasive ductal breast carcinoma specimens, all blood
vessels and vascular channels are strongly L8-reactive with additional stromal
staining seen in some cases of breast cancer (Figure 5.7). In normal tissues,
immunoreactivity for the L8 Fn epitope is observed infrequently as small streaks

in fewer than 10% of the vessels (Figure 5.7).

Breast Cancer Normal Breast
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Figure 5.7. Fn matrix assembly is restricted to human neovessels in vivo

A. Renal cell carcinoma (left panels) or normal kidney (right panels; n=8)
were stained for UEA-1 (top panels, red) or with mAb L8 (bottom panels,
green). B. Breast carcinoma (left panels) was stained for UEA-1 (top left
panel, red), or with mAb L8 (bottom left panel, green). Normal breast (n=8)
was stained for FVIIIRAg (top right panel, red), or with mAb L8 (bottom right
panel, green).

Endothelia
Endothelia

Fn Fibrillogenesis and Endothelial Cell Cytoskeletal Organization. Changes
in cell geometry impact on the signaling cascades that control cell migration,
proliferation and morphogenesis (3, 6, 9, 44). In vivo, integrins and growth
factors collaborate in the activation of MAPK pathways which regulate the
angiogenic response (5, 6, 45, 46). To determine the degree to which
endothelial cell responses to growth factor and integrin-ligand signals are linked
to Fn matrix assembly, the phosphorylation of the MAP kinases, ERK1 and 2,
JNK and p38 were monitored in the absence or presence of fibrillogenesis

inhibitors during the 48 h period that precedes proliferative responses. In control
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cultures, sustained MAP kinase activation is maintained throughout the 48 h
incubation period in a fashion that recapitulates the in vivo setting (45, 47)(Figure
5.8A). However, independent of the marked changes in endothelial cell
morphology and cytoskeletal organization associated with the inhibition of Fn
fibrillogenesis, phosphorylation patterns of ERK1/2, JNK and p38 are largely
unaffected (Figure 5.8A).

Despite the comparable initiation of signal transduction cascades in
endothelial cells competent or incompetent for Fn matrix assembly, cell
responses to integrin and growth factor-mediated signals are also dictated by the
organization of actin cytoskeletal architecture (3, 4, 6, 32). In tandem with the
ability of growth factor-stimulated endothelial cells to adopt an elongated
phenotype in 3-D culture, a reticulated pattern of well-organized stress fibers is
resolved by F-actin phalloidin staining when cells are cultured in the presence of
the Del29 control peptide (Figure 5.8B). In 3-D culture, stress fibers terminate at
specialized (31 integrin- and vinculin-rich sites of cell-matrix interactions termed 3-
D adhesions (5, 42). As such, endothelial cells transduced with a GFP-tagged
vinculin expression vector or alternatively immunostained with an activated [3
integrin-specific monoclonal antibody, target both vinculin as well as activated {31
integrins into stitch-like structures at the endothelial cell periphery (Figure 5.8C).
In the absence of Fn fibrillogenesis, however, stress fiber formation is
suppressed completely and actin staining is confined to the cortical envelope in a
punctate network (Figure 5.8B). Further, specific interactions between either
activated B4 integrins or vinculin and F-actin networks can no longer be discerned
(Figure 5.8C). Endothelial cells alternatively cultured atop fibrin matrices in a 2-D
configuration assemble a well-organized stress fiber-focal adhesion network

whose organization is unaffected by inhibitors of Fn fibrillogenesis (Figure 5.8D).
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Figure 5.8. The 3-D Fn matrix is required for endothelial cell cytoskeletal
organization and adhesion

A. Levels of phosphorylated ERK1/2, JNK and p38 were determined by
immunoblot analysis in lysates of endothelial cells embedded in fibrin gels
in the presence of either control IgG or mAb L8 for 0 h, 2 h, 1 d or 2 d.
Total ERK1/2 serves as the loading control. B. Endothelial cells were
cultured within 3-D fibrin gels in the presence of the FUD or control
peptides for 2 d. F-actin cytoskeletal organization was monitored following
staining with Alexa 488-conjugated phalloidin and confocal laser
microscopy. Scale bar, 20 um. C. Endothelial cells in 3-D fibrin matrices
in the presence or absence of FUD were either stained with an antibody
against activated B4 integrin (green, left panels) or transfected with a GFP-
tagged vinculin expression vector (pRK-vinculin-EGFP, green, right
panels). Following counterstaining with Alexa 594-labeled phalloidin (red),
fluorescence was monitored by confocal laser microscopy. Scale bar, 10
um. D. Endothelial cells were cultured atop a 2-D fibrin gel for 2 d in the
presence of either Del29 or FUD peptides. In tandem with staining with
Alexa 594-labeled phalloidin to monitor cytoskeletal organization, actve B4
integrin and vinculin distribution were monitored by staining with an
antibody against active (1 integrin (left panels) or assessing GFP-vinculin
localization (right panels), respectively, by confocal microscopy. Scale bar,
20 pm.
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Fn Matrix Assembly Induces Myosin-Dependent Tractional Forces.
Adhesive interactions between cells and their surrounding matrix allow for the
generation of tractional forces that regulate cell fate and function (7-10, 13, 42).
Given a 3-D-specific requirement for Fn matrix deposition in the assembly of
organized cell-matrix adhesive sites, the ability of embedded endothelial cells to
generate tractional forces on the fibrin matrix was determined in the presence or
absence of Fn fibrillogenesis inhibitors. In stressed ECM gels wherein cells are
permitted to exert isometric tension, the degree of force exerted by cells on the
surrounding fibrillar network can be assessed by monitoring gel contraction after
the matrix is released from the surrounding culture dish (48, 49). As shown in
Figure 5.9A, growth factor-stimulated endothelial cells cultured in control gels for
48 h were able to actively contract the released fibrin gel. By contrast, each of
the Fn fibrillogenesis inhibitors markedly attenuated the ability of the embedded
endothelial cells to generate tractional forces under 3-D (Figure 5.9A), but not 2-
D (data not shown), culture conditions

Tractional forces exerted at cell-matrix adhesion sites require the
activation of an actinomyosin motor complex whose assembly is tightly linked to
actin cytoskeleton organization, non-muscle myosin Il isoform expression and the
rigidity of the surrounding substratum (10, 17, 49, 50). Given that Fn matrix
rigidity or adhesivity can affect the expression of gene products critical to the
generation of tractional forces (10, 51, 52), we monitored B-actin, a-actinin,
myosin light chain-2 (MLC2) as well as non-muscle myosin IIA and IIB isoforms
(NMMIIA and NMMIIB, respectively) protein levels in 3-D embedded endothelial
cells (Figure 5.9B). Significantly, whereas each cytoskeletal component is
expressed in growth factor-stimulated endothelial cells actively assembling a Fn
matrix, endothelial cells cultured in the presence of FUD or L8 express markedly
reduced levels of $-actin, a-actinin and MLC2 (Figure 5.9B)(10, 49, 53).
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Figure 5.9. Fn Matrix Assembly Regulates the Generation of 3-D Tension

A. 3-D fibrin gels were cast in individual wells of 24-well plates and cultured
alone or in the presence of embedded endothelial cells for 2 d in the
presence of control IgG, mAb L8, mAb 9D2, the 70 kD Fn fragment, or the
FUD peptide. Gels were detached from the edges of the culture wells and
contraction monitored after an additional incubation period of 10 h at 37° C.
The percent inhibition of gel contraction (measured as the change in gel
diameter) relative to and IgG control is presented. Inset shows photographs
(from left to right) of a cell-free fibrin gel, a gel contracted by embedded
endothelial cells, and gels contracted by endothelial cells cultured in the
presence of either mAb L8 or the 70 kD Fn fragment. B. Endothelial cells
were cultured in 3-D fibrin gels for 2 d with either the FUD peptide or the
control Del29 peptide. Levels of B-actin, a-actinin, NMMIIA, NMMIIB, and
MLC2 were measured by Western blot, with ERK1/2 serving as the loading
control. As assessed by semi-quantitative densitometry, the levels of p-actin,
actinin and MLC2 were 58+7% (n=5; meant1 SD), 62% (n=2), and 60+12%
(n=3; meanz1 SD) of control.

Sensing Extracellular Stiffness Through Fn Fibrillogenesis. Endothelial cells
cultured atop highly malleable surfaces retain a spheroid configuration, fail to
organize stress fibers and are unable to exert tractional forces (3, 10, 23, 54) - a
phenotype identical to that observed in 3-D-embedded, Fn matrix assembly-
incompetent endothelial cells. As the cell’s internal stiffness, a viscoelastic
property governed by cytoskeletal assembly, actin crosslinking and the
production of actomyosin-dependent stress, changes as a function of the
perceived stiffness of the surrounding substratum (55), intracellular nanorheology
was used to monitor the micromechanical properties of 3-D-embedded
endothelial cells. 100-nm diameter fluorescent polystyrene beads were
ballistically injected into the endothelial cell cytoplasm before the cells were

cultured within the 3-D fibrin matrix to circumvent the endocytic pathway and
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subsequent directed motion of the beads (22). After 72 h, beads dispersed
uniformly in the cytoplasm (e.g., Figure 5.10A) and their (random) displacements
within the cytoplasm (Figure 5.10B) were analyzed with the appropriate software
(see details in Materials and Methods). As shown in Figure 5.10C, relative to
control endothelial cells, the mean square displacement (MSD) of the beads is
significantly increased in cells treated with the FUD peptide, indicating a
significant relative cytoplasmic softening compared to that of cells where Fn
matrix assembly is intact. Elastic moduli (G', expressed in dyn/cm?), which
quantify the local resistance of the cytoplasm against small random forces acting
on the surface of the beads, were derived from MSD curves to quantify cellular
mechanical properties. The elastic modulus of the cytoplasm of FUD-treated
cells is significantly lower than that of control cells (P<0.001), indicating a
pronounced defect in internal stiffness and the cell’s ability to sense a sufficiently
rigid substratum (Figure 5.10D).

In the absence of Fn fibrillogenesis, an impaired ability of embedded
endothelial cells to generate myosin-dependent forces and increase cytoplasmic
stiffness would be predicted to affect both Fn unfolding (43, 50, 56, 57) as well as
the ability of the cells to properly register the mechanical properties of the
surrounding substratum (8, 10). As such, the rheological and functional
characteristics of endothelial cells were assessed in the presence of the specific
myosin ATPase inhibitor, blebbistatin (10, 53). Blebbistatin-treated endothelial
cells phenocopy Fn matrix assembly-incompetent cells and fail to increase
cytoplasmic stiffness, undergo cell shape change, assemble a pericellular Fn
matrix or reorganize cytoskeletal architecture (Figure 5.10E-F; Figure 5.11A).
Consequently, endothelial cell tubulogenesis is blocked completely (Figure
5.11B). Hence, myosin ATPase activity and Fn matrix assembly each play
required roles in regulating the endothelial cell’s ability to match internal stiffness
with that of the surrounding substratum so as to propagate the

mechanotransduction-initiated signals critical to neovessel formation.
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Figure 5.10. The 3-D Fn matrix regulates intracellular nanorheolog

A. Prior to embedding in the 3-D fibrin matrix, endothelial cells were
ballistically microinjected with 100 nm polystyrene beads. After 3 d
incubation, the beads dispersed in the cytoplasm and their centroids
were tracked with high spatial and temporal resolution using
fluorescence microscopy. Scale bar, 10 um. B. Typical trajectories of
beads in the cytoplasm of 3-D embedded cells, under control conditions
(black, left panel) and in the presence of FUD (green, right panel). Time
of movie capture, 20 s. Scale bar, 50 nm. C. Ensemble-averaged mean
squared displacements (MSDs) of beads in the cytoplasm of 3-D
embedded endothelial cells under control conditions (black curve), in the
presence of FUD (green curve) or blebbistatin (blue curve). MSDs were
computed from displacements of the beads such as shown in panel A.
At least 110 beads in at least 10 cells were tracked for each condition.
D. Averaged elastic modulus of cells under control conditions or in the
presence FUD or blebbistatin. ***: P < 0.001.
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Figure 5.11. Regulation of 3-D endothelial cell function by myosin-
dependent forces

Lumina Per Field

A. Endothelial cells were cultured in 3-D fibrin gels for 2 d in the
presence or absence of 50 uM = blebbistatin and F-actin organization
and Fn matrix assembly was monitored by confocal laser microscopy.
F-actin organization was monitored by staining with Alexa 488-
conjugated phalloidin (top panels). Fn matrix assembly was assessed
by culture in the presence of FITC-conjugated Fn (bottom panels).
Scale bar, 20 um. B. Endothelial cells were cultured in 3-D fibrin gels
for 6 d under pro-vasculogenic conditions in the presence of 50 yM %
blebbistatin or vehicle (DMSO). Tubulogenesis was monitored
following sectioning, H&E staining, and lumen quantification.
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Discussion.

By modulating the responsiveness of endothelial cells to soluble agonists, the
biomechanical properties of the ECM play critical roles in regulating
vasculogenesis and angiogenesis (3, 4, 6, 8, 54). Herein, we have demonstrated
that endothelial cell function within the specific confines of the 3-D ECM is
unexpectedly regulated by Fn fibrillogenesis. Fn, a disulfide-linked dimer of
subunits composed of 3 types of repeating modules (i.e., type I, Il and llI
repeats), binds to the endothelial cell surface by displaying a dominant cell-
adhesive domain (module lllg 10), a carboxyterminal heparin-binding domain
(module lll12-14) and a 70 kDa aminoterminal domain that are recognized,
respectively, by integrins, syndecans and Fn matrix assembly sites (34, 35).
Once the soluble Fn dimer engages adhesion molecules on the endothelial cell
surface, signaling cascades are triggered that initiate the unfolding of the globular
glycoprotein and the consequent exposure of cryptic domains which then serve
to support Fn polymerization and matrix assembly (5, 34, 35). As observed
during both vasculogenesis and angiogenesis in vivo (24-26, 28-30), endothelial
cells embedded in 3-D fibrin or collagen-rich gels rapidly assemble a pericellular
Fn matrix following stimulation with pro-angiogenic growth factors. While asB4-Fn
interactions have been established previously to regulate vascular development
in vivo by heretofore undefined mechanisms, Fn monomers are known to initiate
asB1-dependent signaling cascades that operate independently of the
polymerization process per se (5, 42). As such, a specific role for Fn
fibrillogenesis in 3-D neovessel formation has not been considered previously.
Though earlier reports concluded that endothelial cell signaling in 2-D culture is
dependent upon Fn matrix assembly (41), these studies employed a Fn-derived
peptide as an inhibitory fragment that has since been shown to modulate cell
function independently of effects on Fn fibrillogenesis (58). Indeed, our findings,
as well as those of others (36, 59), demonstrate that under 2-D conditions, cell
adhesion, migration and proliferation proceed independently of Fn matrix

assembly.
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Optimal cell-matrix adhesive interactions induce the assembly of a
cytoskeletal network that is required for the support of cell shape changes which,
in turn, activate mechanotransduction-sensitive signaling cascades (7, 8, 60-62).
If, however, endothelial cell shape changes are prevented under planar
conditions (e.g., by altering ligand topology or decreasing matrix rigidity), the
adherent cells are unable to rearrange their cytoskeletal architecture to exert
tractional forces on the underlying substratum, and either senesce or undergo
apoptosis (3, 4, 23, 54). In 3-D culture, endothelial cell responses to pro-
angiogenic agonists are similarly disengaged when pericellular Fn matrix
assembly is blocked and the cells are unable to use the multiple ligands
presented by dense matrices of fibrin or type | collagen as structural platforms in
either the in vitro or in vivo settings. Recent studies demonstrate that cells
“sense” the mechanical properties of the surrounding matrix via a myosin |I-
dependent pathway (8, 55). Consequently, the adherent cells alter their
intracellular stiffness to match that of the supporting ECM in order to initiate the
appropriate acytomyosin-dependent responses (8, 10, 55). Given that i) the 3-D
behavior of Fn fibrillogenesis-incompetent endothelial cells phenocopies that of
cells cultured atop suboptimal substrata and ii) internal cellular stiffness is
modulated as a function of the perceived stiffness of the extracellular substratum
(10, 55), we reasoned that 3-D analyses of microrheological responsiveness
might uncover a required role for Fn matrix assembly in allowing endothelial cells
to discern the biomechanical characteristics of the pericellular environment.
Embedded in a 3-D matrix, cells are inaccessible to conventional physical
probes, including atomic force microscopy, glass microneedles, membrane-
bound magnetic beads or micropipette suction (22). Using intracellular
nanorheology, however, the random movements of submicron particles
microinjected into the cytoplasm can be monitored as a means to determine local
viscoelasticity (19, 22). Based on such analyses, we demonstrate that 3-D-
embedded endothelial cells sense and respond to a sufficiently rigid scaffolding
only when a network of Fn polymers is interposed between the cell and

surrounding matrix of fibrin and/or type | collagen.
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The ability of Fn matrix assembly to regulate endothelial cell
mechanotransduction signaling is likely ascribed to either of two, though not
necessarily mutually exclusive, processes. First, as Fn fibrils are crosslinked into
insoluble mats by both covalent and non-covalent interactions (34), the
assembled matrix may increase local mechanical rigidity to a degree necessary
to support the tractional forces and intracellular stiffening generated during cell
spreading (63). Indeed, in preliminary studies designed to directly monitor
changes in the rigidity of the pericellular matrix, we have found that endothelial
cells modulate the local mechanical rigidity of the ECM by a process dependent
on fibronectin fibrillogenesis (unpublished observation). Second, Fn matrix
assembly allows for an increase in the local concentration and order of potential
asB31 integrin-binding sites that would serve as a structural platform for cell
spreading (5, 34). Unfolded Fn molecules could further alter cell function by
displaying matricryptic heparin-binding sites (64). As neither mechanically soft
matrices displaying high adhesivity nor rigid matrices decorated with suboptimal
levels of pro-adhesive binding sites will induce changes in cytoskeletal
architecture and intracellular stiffness (8, 55), endothelial cells apparently use Fn
matrix assembly to purposefully deposit an elastic layer of pro-adhesive binding
sites whose concentration and topology support neovessel formation.

In vivo, Fn is expressed transiently around the developing vasculature during
both vasculogenesis and angiogenesis (28-30). As the vasculature matures, Fn
expression wanes, and the maturing blood vessels are invested with a type IV
collagen/laminin-rich basement membrane (1, 29). Fn is, however, re-expressed
in the neovasculature surrounding wound sites or tumors (30). Significantly,
large deposits of unfolded Fn could be detected in association with neovessels
infiltrating cancerous tissues. While Fn fibrils are also found, as expected, in
association with fibroblasts, it is important to stress that we were unable to
identify a similarly critical role for Fn matrix assembly in fibroblast function -
under either 2-D or 3-D culture conditions (Figure 5.12). These findings reinforce
earlier reports where inhibitors of Fn fibrillogenesis did not affect fibroblast

behavior in 3-D collagen gels (65). Similar analyses of Fn matrix assembly in
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wild-type and Fn knockout embryos indicate that distinct differences exist
between embryonic fibroblast and endothelial cell behavior in vivo and in vitro
(25, 51, 66-69). Cell type-specific responses to Fn fibrillogenesis are likewise
consistent with more recent findings that mesenchymal cell populations display
singular mechanical requirements for optimizing their responses to matrix-
derived signals (9, 10, 54). Interestingly, a unique role for Fn in the specific
regulation of endothelial cell behavior is supported by the fact that unlike most
ECM molecules, Fn expression is limited to vertebrates and its appearance in
evolution coincides with the appearance of the vasculature (70).

With increasing frequency, the morphology, adhesive interactions and
behavior of cells are recognized as being uniquely affected by the dimensionality
of their surrounding matrix environment (12-15, 18). Under 3-D conditions, we
posit that the random intertwining of the surrounding fibrin or collagen fibrils
precludes the high density, planar display of adhesive ligands on a rigid template
that can support integrin clustering and/or cellular traction. These data are
consistent with a model wherein the endothelial cell has elected to assemble its
own pericellular matrix of polymerized Fn to meet the spatial and structural
constraints placed on transmitting extracellular signals to intracellular
compartments and effectors. By regulating cell shape, stiffness sensing and
mechanotransduction, Fn matrix assembly is shown to serve as a multifaceted,
and 3-D-specific, regulator of neovessel formation that may prove useful as a

target for therapeutic intervention in pathologic states.
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Figure 5.12. Fn fibrillogenesis does not regulate 3-D fibroblast function

A. Human fibroblasts were cultured in 3-D fibrin gels in the presence of the
Del29 or FUD peptides for 6 d, and cell shape monitored by phase contrast
microscopy (scale = 100 ym). B. Human fibroblasts were cultured in 3-D
fibrin in the presence of Del29 or FUD and cytoskeletal organization
examined following staining with Alexa-594-labeled phalloidin and confocal
laser microscopy (scale = 20 ym). C. Human fibroblasts were cultured in 3-
D fibrin in the presence of Del29 or FUD as well as FITC-Fn, and Fn
fibrillogenesis assessed by confocal laser microscopy (scale = 30 um).
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Chapter 6: Dynamic remodeling of the nucleus during 3-D vasculogenesis

Introduction.

In response to wounding, inflammation or tumor growth, quiescent endothelial
cells assume an activated state characterized by the induction of migratory,
proliferative and tubulogenic phenotypes (1, 2). In order to effectively interpret
exogenous signals, endothelial cells interface with a 3-dimensional (3-D)
extracellular matrix (ECM) that supports capillary morphogenesis (3-6). While
the structure, topology, and biomechanical properties of the ECM act as key
regulators of developmental programs such as those activated during
neovascularization (7-15), the ECM is not a static scaffold and undergoes active
remodeling by both endothelial cell-dependent pericellular proteolysis and
neomatrix deposition (3-6).

Current evidence suggests that cells engaged in morphogenetic programs
‘sense’ the shifting biophysical properties of the pericellular ECM during
remodeling by transmitting mechanical cues from the matrix into their interior via
transmembrane receptors that are linked to the actomyosin-cytoskeletal
contractile network (11, 13-17). However, the means by which 3-D ECM
remodeling relays messages to functionally important downstream targets
remains the subject of speculation (2, 3, 11, 13, 17, 18).

Herein, we demonstrate that endothelial cell-dependent remodeling of the
pericellular ECM plays a central role in capillary morphogenesis by controlling
nuclear compartment organization and architecture in a 3-D-specific fashion.
Growth factor-triggered changes in endothelial cell shape are transmitted to the
nuclear envelope via a pathway dependent on F-actin, intermediate filaments,
microtubules, actomyosin-generated force and the linker of nucleus and

cytoskeleton (LINC) complex embedded within the nuclear membrane (19-22).
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As the LINC complex is tethered to the nuclear lamina, a meshwork of
interconnecting filaments underlying the inner nuclear envelope that bind directly
to chromatin (19, 21, 22), we further demonstrate that changes in 3-D cell
geometry mediated by pericellular proteolysis and fibronectin matrix assembly
co-regulate nuclear organization as well as chromatin structure and function.
These results define a new paradigm in which endothelial cells respond to pro-
angiogenic signals by remodeling the pericellular 3-D environment to directly
transmit permissive environmental cues to the nuclear compartment and its

transcriptional machinery.
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Methods

Antibodies. Antibodies to the following were used: acetyl histone H3 (Lys 9),
acetyl histone H4 (Lys 8), total histone H3, emerin, B-tubulin (Cell Signaling
Technologies, Danvers, MA), fibrillarin (Cytoskeleton, Denver, CO), vimentin
(Abcam, Cambridge, MA) and SC-35 (Sigma, St. Louis, MO). Nesprin-1 and
Nesprin-2 antibodies were generously provided by Dr. Angelika A. Noegel
(University of Cologne, Germany). To generate the nesprin-3 antibody, full-
length human nesprin-3 from FLJ16564 cDNA was cloned into pGEX-2T and
expressed in E.coli strain BL21 codon-plus and purified according to the
manufacturer’s protocol. Rabbits were injected with the nesprin-3:GST purified
fusion proteins at the laboratory of Comparative Pathology at the School of
Veterinary Medicine at UC Davis.

Cell culture. Human umbilical vein endothelial cells were isolated from umbilical
cords by perfusion of the umbilical vein with type 3 collagenase (Worthington,
Lakewood, NJ) and cultured in Medium-199 (Invitrogen, Carlsbad, CA) with 20%
human serum and 50 ug/ml endothelial cell growth supplement (ECGS; BD
Biosciences, Franklin Lakes, NJ). For 3-D culture, endothelial cells were
suspended in a solution of thrombin and aprotinin (Sigma, St. Louis, MO) and
mixed with a solution of 6 mg/ml fibrinogen (Calbiochem, Gibbstown, NJ).
Vasculogenesis was triggered by treatment with 100 ng/ml VEGF, 50 ng/ml HGF
(Genentech, San Francisco, CA). Fibronectin fibrillogenesis was inhibited by
treatment with FUD peptide (3) and MMPs were inhibited with GM6001
(Calbiochem). Fibronectin fibrillogenesis was tracked in 3-D by co-culture with
human fibronectin (Sigma) labeled with Alexa-594 (Invitrogen). Actomyosin
contractility and microtubule assembly were inhibited with blebbistatin and
nocodazole, respectively (Calbiochem).

Immunofluorescene, confocal microscopy, and image analysis. For
immunofluorescent labeling of protein in endothelial cells in 3-D fibrin, gels were
fixed with 4% paraformaldehyde, and endothelial cells were permeabilized with
0.125% Triton X-100. 3-D gels were blocked with 3% normal goat serum,

following incubation with primary antibodies for 12 h. After washing with PBS,
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gels were incubated with secondary antibodies (Alexa- 488 or 594 -labeled goat
anti-mouse or anti-rabbit antibodies; Invitrogen) with Alexa- 488 or 594 -labeled
phalloidin, propidium iodide, or DAPI counterstains (Invitrogen). After a final
wash, cells in 3-D were visualized using an Olympus FV500 confocal microscope
with Fluoview software, using a 60X water immersion objective (1.2 numerical
aperture; Olympus, Center Valley, PA). Analysis of chromatin distribution within
2-D and 3-D nuclei was performed using Metamorph software (Molecular
Devices, Downingtown, PA).

Transgene expression in primary endothelial cells. For expression of GFP-
histone H2B or DsRed-Histone H2B, cells were transfected via Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. To
express GFP-KASH (provided by B. Burke, University of Florida) or GFP-lamin
(provided by T. Glover, University of Michigan) at high efficiency, endothelial cells
were transduced with amphotropic retroviruses in the presence of 50 ng/ml
VEGF and 6 pg/ml polybrene (Sigma, St. Louis, MO).

Atomic force microscopy micro-indentation. Fibrin gels were washed briefly
with PBS after removing culture medium. Samples were mechanically
characterized using an Asylum MFP-3D atomic force microscope (Asylum
Research, Santa Barbara, CA) by performing micro-indentation using a sphere-
tipped probe (Novascan, Ames, IA) with a sphere diameter of 5 ym and a
nominal spring constant of ~60 pN/nm. The cantilever spring constant was
confirmed by thermal fluctuation method (23). The AFM system was calibrated by
following the manufacturer's recommended standard procedure before each
indentation measurement. AFM micro-indentation was performed in PBS solution
at room temperature. Individual force-indentation profile was acquired at an
indentation rate of 2 um/s using deflection trigger mode with a trigger value of
200 nm. The AFM tip was positioned either adjacent to or away from a cell.
Shear modulus at each position was calculated from fitting force-indentation data
using a Hertz sphere model (24).

Cell encapsulation in PEG hydrogels. MMP-resistant or MMP-degradable
PEG hydrogels were formed by FXllla catalized reaction as described (25).
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Briefly, 8-arm PEG-GIn and PEG-Lys were blended to generate stoichiometrically
balanced ([GIn]/[Lys]) PEG precursor solutions. The PEG-Lys component was
either chosen to contain a linker peptide that is susceptible (GPQG/IWGQ, with /
indicating the cleavage site) or resistant (GDQGIAGF) to MMP-mediated
degradation. The PEG precursor solutions (1.5, 2.0 and 2% w/v) were cross-
linked upon addition of 10 U/mL FXllla in presence of 50mM TrisHCI pH 7.6,
50mM CaCl,, 50uM Lys-RGD (Ac-FKGGRGDSPG-NH,, NeoMPS Strasbourg,
France) and cells suspended in medium 12% (v/v) of the total volume. To form
hydrogel discs, 20uL drops of the still liquid reaction mixture were sandwiched
between sterile, hydrophobic glass microscopy slides that were separated by 1
mm spacers and clamped with binder clips. Polymerization was then allowed to
take place for 30min. at 37°C in a humidified incubator. To visualize the matrix,
25uM Lys-FITC (Ac-FKGGGK-FITC-NH,, NeoMPS Strasbourg, France) was
added prior to reaction, leading to a homogenous covalent tethering of FITC to
the matrix.

Cell culture of micropatterned substrata. Microcontact printing techniques
were used to fabricate substrates patterned with regions that were coated with
fibronectin and regions that resisted such adsorption, as previously described
(26). 1225 um? islands (35um x 35um) were used to constrain cell spreading,
while continuous surfaces of fibronectin allowed for full spreading. Briefly, PDMS
stamps bearing the relevant pattern of islands were washed with ethanol, dried,
immersed for 1 hr in an aqueous solution of 25 mg/ml fibronectin, rinsed
thoroughly in water, dried, and placed in conformal contact against the culture
substrate, blocked with 0.2% Pluronic F127 (BASF), and used under standard

culture conditions.
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Results.

Dynamic regulation of nuclear architecture characterizes endothelial cell
morphogenetic responses. At sites of tissue damage, inflammation or
neoplasia, fibrinogen is converted into a 3-D meshwork of fibrin fibrils that serve
as a structural support for endothelial cells undergoing neovascularization (3-5,
27). When endothelial cells are embedded within a 3-D fibrin gel, the cells adopt
a spherical shape and assume a dormant phenotype characterized by the
absence of either proliferative or apoptotic responses (Figure 6.1)(3). By
contrast, in the presence of a pro-angiogenic cocktail comprised of VEGF and
HGF, the endothelial cells undergo marked shape changes over the first 48 hrs
of the culture period, and subsequently initiate proliferative and tubulogenic
programs that result in the formation of an anastomosing network of neovessels
over a 6 d culture period (Figure 6.1) (3, 5, 6).

As recent studies have identified a series of direct interactions linking the
cell surface to the nuclear envelope (19, 22, 28), a 3-D-specific requirement for
VEGF/HGF-dependent induction of endothelial cell morphogenesis is consistent
with a hypothetical model wherein cell shape directly or indirectly impacts nuclear
architecture. To monitor nuclear morphology in 3-D culture, endothelial cells
were either transfected with a GFP-tagged form of the nuclear matrix filament,
lamin A, or immunostained for the integral nuclear membrane protein, emerin
(19, 22, 28, 29). Unexpectedly, endothelial cells cultured within fibrin gels under
basal conditions (i.e., in serum-containing media, but without VEGF/HGF) display
an unusual nuclear morphology with numerous lamin A matrix and emerin
infoldings and surface irregularities (Figure 6.2). In tandem, the distribution of
nuclear pore complexes that regulate the trafficking of proteins and RNA across
the nuclear envelope (30-32) is perturbed with aggregates appearing at nuclear
membrane invaginations (Figure 6.2). Upon addition of VEGF/HGF, however,
the nuclei of fibrin-embedded endothelial cells undergo a dramatic - and 3-D-
specific - remodeling in shape to assume a more classic, ovoid morphology
complemented by the uniform distribution of nuclear pore complexes (Figure

6.2). Three-dimensional reconstructions of DAPI-stained nuclei confirm that
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nuclear architecture transitions between multi-lobed and smooth elliptical shapes

in the absence or presence, respectively, of VEGF/HGF (Figure 6.2).

2 days

1 6 days
Fibrin F-actin I 1
DAPI F-actin DAPI

Basal

VEGF/HGF

3.D
Figure 6.1. Growth factor-dependent 3-D vasculogenesis

Endothelial cells in 3-D fibrin were treated with serum alone (top panels),
or with serum plus 100 ng/ml VEGF and 50 ng/ml HGF (bottom panels) for
6 d. Phase contrast images were taken at O d (First set of panels on left),
2 d (second panels) and 6 d (fourth set of panels) incubation (scale bar,
100 um). (Third set of panels) Endothelial cells were embedded in Alexa-
594-labeled 3-D fibrin (red) and cell morphology assessed after 48 h
treatment with or without VEGF and HGF. Endothelial cells were stained
with Alexa-488-labeled phalloidin (green) and 4,6-diamidino-2-phenylindole
(DAPI; blue; scale bar, 20 ym). (Fifth set of panels) Endothelial cells
were embedded in 3-D fibrin for 6 d with or without VEGF and HGF and
stained with Alexa-594-labeled phalloidin and DAPI to visualize tubes
(scale bar, 50 uym). (Right panels) Representative 2-D morphology of
endothelial cells cultured atop 2-D fibrin substrata are presented (scale
bar, 200 ym).
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Figure 6.2. Regulation of nuclear architecture during 3-D vasculogenesis

Endothelial cells were cultured atop (2-D, right panels) or within 3-D fibrin
without growth factors (baseline) or with VEGF and HGF for 2 d. 3-D nuclear
architecture (second column; scale bar, 10 um) was assessed by tracking
GFP-lamin A distribution (green) and staining F-actin with Alexa-594-labeled
phalloidin (red) and DAPI (left panels, blue; scale bar, 10 um). 3-D nuclear
structure was further examined by immunostaining for the nuclear matrix
protein emerin (second column of panels), 3-D reconstruction of DAPI-
stained nuclei (third column of panels; one unit, 5 pm?) or immunostaining
for NUP153 (green, fourth set of panels; scale bar, 2 ym). Nuclear
membrane invaginations and NUP153 aggregates are demarcated by
arrowheads. 2-D nuclear structure was examined by assessing GFP-lamin
A distribution in endothelial cells cultured atop fibrin gels (far right panels;
scale bar, 10 ym).

Given that changes in nuclear shape can potentially alter chromatin
packaging (19, 22, 28), chromatin organization was assessed in basal versus
stimulated endothelial cells in 3-D culture by monitoring the localization of GFP-
tagged histone H2B or pericentromeric constitutive heterochromatin [visualized
by immunostaining for trimethylated lysine 9 of histone H3 (H3K9me3)](33, 34).
In unstimulated endothelial cells embedded within 3-D fibrin gels, GFP-H2B as
well as H3K9me3 localization reveals chromatin condensation at discrete
peripheral locations in the nucleus (Figure 6.3). By contrast, following a 48 h
culture period with VEGF/HGF, chromatin is dramatically reorganized in
elongating endothelial cells, assuming a diffuse distribution with a relative

collapse of the interchromatin space (Figure 6.3). Importantly, endothelial cells
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cultured atop — rather than embedded within — fibrin gels (i.e., 2-D culture)
display distinct growth requirements from those observed in 3-D culture and
generate confluent monolayers in the absence or presence of VEGF/HGF
(Figure 6.1). Likewise, under 2-D culture conditions, neither changes in nuclear
shape nor nuclear pore complex distribution are dependent on VEGF/HGF
(Figure 6.2).

DAPI

Basal

VEGF/HGF

3-D 2-D

Figure 6.3. Chromatin dynamics during 3-D vasculogenesis

Chromatin distribution in nuclei of endothelial cells in 3-D fibrin under
baseline conditions (top panels) or with VEGF and HGF (lower panels) was
assessed by tracking GFP-tagged histone H2B (green, left panels) or
H3K9me3 [green, middle panels with DAPI counterstaining (blue), scale
bar, 5 pum]. Peripheral chromatin condensation is marked with
arrowheads. Chromatin was also monitored in endothelial cells cultured
atop at 2-D fibrin substratum by tracking GFP-H2B distribution (right
panels).

3-D ECM remodeling controls nuclear organization and function. Within the
confines of the 3-D ECM, changes in cell shape necessitate pericellular
remodeling of the surrounding fibrin network (35, 36). Indeed, in the presence of
VEGF/HGF, endothelial cells mobilize the membrane-anchored matrix
metalloproteinases (MT-MMPs), MT1-MMP, MT2-MMP and MT3-MMP, to
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mediate fibrinolysis via a process that is abrogated by the pan-specific MMP
inhibitor, GM6001 (Figure 6.4)(5, 37). In tandem fashion, VEGF/HGF-stimulated
endothelial cells enmesh themselves in an interwoven network of fibronectin
fibrils whose assembly can be inhibited specifically by the fibronectin-binding
bacterial peptide, FUD (Figure 6.4)(3).

Fibrin

Fibronectin

Figure 6.4. Endothelial cells remodel the pericellular ECM during
vasculogenesis

Endothelial cells were cultured in the presence of Alexa-594-labeled fibrin
(red) under baseline conditions, with VEGF and HGF, or with VEGF and
HGF and 5 yM GM6001 for 6 d, and degraded areas (arrowheads) were
examined by confocal laser microscopy (top panels). Scale bar, 50 ym.
(Bottom panels) Endothelial cells in 3-D fibrin were cultured under baseline
conditions, with VEGF and HGF, or with VEGF, HGF, plus 250 nM of the
FUD peptide in the presence of 20 ug/ml Alexa-594-labeled fibronectin
(red) for 2 d, at which time pericellular fibronectin fibrillogenesis was
examined by confocal laser microscopy. Scale bar, 50 um.

Consistent with a required, and 3-D-specific, role for MT-MMP-dependent
fibrinolysis and fibronectin matrix assembly during neovessel formation, the
addition of either GM6001 or FUD completely blocks VEGF/HGF-induced
changes in cell shape, proliferation or tubulogenesis, but not 2-D cell spreading
or proliferation (Figure 6.5). Furthermore, when ECM remodeling is inhibited,
VEGF/HGF stimulation is unable to trigger the metamorphosis of nuclear shape

or chromatin structure that is normally observed during 3-D tubulogenesis (Figure
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6.6). The ability of GM6001 or FUD to block the VEGF/HGF-induced
reorganization of nuclear architecture in 3-D culture is not associated with
changes in apoptosis (Figure 6.7), and neither inhibitor affects nuclear
architecture or chromatin organization under 2-D culture conditions (Figure 6.6).

D 2 6 days F-actin DAPI

VEGF/HGF
Lumina Per Field

FUD GM6001
VEGF/HGF

Cell Number (x 10°)

GM6001

SerumI FUD GM6001|
+ VEGF/HGF

Figure 6.5. Pericellular ECM remodeling is required for 3-D vasculogenesis

(Top panels) Endothelial cells were cultured in 3-D fibrin in the presence of
VEGF and HGF with either GM6001 or FUD and 3-D morphology monitored
by phase contrast microscopy at 0, 2, or 6 days (scale bar, 100 um), or by
staining with Alexa-594-labeled phalloidin (red) and DAPI (blue, right panels;
scale bar, 50 uym). (Right) 3-D fibrin gels were sectioned and lumen
formation assessed following hematoxylin and eosin staining. (Bottom
panels) Endothelial cells were cultured atop fibrin gels and morphology
assessed by phase contrast microscopy (scale, 200 um). Cell growth was
monitored by plating 50,000 cells atop a fibrin gel under the indicated
conditions, and cell number counted at 72 h incubation.
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Figure 6.6. Pericellular 3-D ECM remodeling governs nuclear architecture

A. Endothelial cells were cultured in 3-D fibrin with VEGF and HGF with
either GM6001 or FUD for 2 days, and nuclear morphology assessed by
GFP-lamin staining (left panels; scale bar, 10 ym), immunostaining for
emerin (second set of panels; scale bar, 5 um), 3-D reconstruction of
DAPI-stained nuclei (third set of panels; one unit, 5 pmz) and
immunostaining for NUP153 (fourth set of panels; scale bar, 2 um).
(Right panels) Endothelial cells were cultured atop fibrin gels and nuclear
morphology assessed by GFP-lamin tracking (scale bar, 10 um).
Frequency of multi-lobed nuclei for each condition was quantified by
tracking GFP-lamin A (n = 3, * P < 0.005 compared to VEGF/HGF,
student’s t-test used throughout). B. Endothelial cell chromatin
architecture in 3-D was analyzed by tracking GFP-H2B distribution (left
panels) and H3K9me3 (middle panels). (Right panels) Chromatin was
localized in cells cultured atop fibrin gels by visualizing GFP-H2B
distribution (scale bar, 5 ym). Chromatin free-area was analyzed by
morphometric analysis (n = 5, * P < 0.01; ** P < 0.001 compared to
VEGF/HGF).
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Figure 6.7. ECM remodeling does not affect 3-D apoptosis

Endothelial cells were cultured within 3-D fibrin gels with no growth factors
(baseline), VEGF and HGF, VEGF, HGF, and FUD, or VEGF, HGF and
GM6001 for 2 d, at which time apoptosis was assessed by TUNEL stain (n
= 06).

As histone acetylation plays a critical role in blood vessel formation, and
can be regulated by chromatin positioning within the nucleus (38-40), the
acetylation status of histones H3 and H4 were assessed as functional markers of
changes in chromatin organization. Stimulation of endothelial cells with
VEGF/HGF in 3-D, but not 2-D, culture triggers a marked increase in acetylated
histone H3 and H4, changes which are attenuated significantly by blocking MT-
MMP activity or fibronectin fibrillogenesis (Figure 6.8).
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Figure 6.8. VEGF/HGF- and ECM-dependent histone acetylation

Endothelial cells were cultured within 3-D fibrin for 48 h under the indicated
conditions. Levels of acetylated histones H3 (Ac-H3) and H4 (Ac-H4) in
endothelial cells in 3-D cultures were measured by immunoblotting and
levels were normalized to total histone H3 (T-H3; n = 3, * p < 0.01
compared to VEGF/HGF).
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To correlate global changes in the patterns of histone acetylation with of
gene expression, total RNA was isolated from endothelial cells that were
embedded in 3-D fibrin gels either without or with VEGF/HGF, and in the
absence or presence of either GM6001 or FUD. Following analysis on Affymetrix
microarrays, principal component analysis (PCA) mapping demonstrates that
VEGF/HGF-stimulated cells display a transcript profile distinct from resting cells
(Figure 6.9A). By contrast, growth factor-stimulated cells cultured in the
presence of GM6001 or FUD co-align in a distinct cluster, consistent with the
inability of 3-D-embedded endothelial cells to respond fully to pro-angiogenic
signals in the absence of ECM remodeling (Figure 6.9A). Surprisingly, however,
while VEGF/HGF-dependent stimulation alters the expression of more than 500
distinct transcripts, blocking MT-MMP-dependent fibrinolysis or fibronectin matrix
assembly significantly affects expression of fewer than 50 of the VEGF/HGF-
regulated transcripts with only 12 genes similarly altered by GM6001 and FUD
(Figure 6.9B and Table 6.1).
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Figure 6.9. Analysis of the VEGF/HGF- and ECM-regulated transcriptomes

A. Endothelial cell transcripts were analyzed by Affymetrix cDNA
microarrays. Principal component analysis (PCA) was used to compare
global gene expression profiles. B. Number of significantly altered genes
regulated by VEGF and HGF, FUD, and GM6001 are presented.
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Table 6.1. VEGF/HGF-stimulated gene expression changes
dependent on pericellular ECM remodeling.

While more dramatic shifts in gene expression might have been predicted
on the basis of the striking changes observed in the morphogenetic programs of
GM6001- or FUD- treated endothelial cells, these results are consistent with an
alternate model whereby cell shape-dependent inhibition of transcriptional
machinery prevents new RNA synthesis while pre-existing transcripts are
stabilized (41, 42). Indeed, VEGF/HGF treatment results in a marked induction
of RNA transcription, a process attenuated significantly when ECM remodeling
events are blocked by either FUD or GM6001 in 3-D, but not 2-D, culture (Figure
6.10). In data not shown, mRNA as well as rRNA synthesis are each inhibited by
~50% in the presence of FUD or GM6001 in 3-D culture.
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Figure 6.10. ECM remodeling is required for engagement of VEGF/HGF-
stimulated RNA synthesis

Cells were either cultured atop (2-D) or within (3-D) fibrin gels, and
transcriptional activity was monitored by pulse labeling cells for 2 h with 30
uCi/ml [PHl-uridine.

To directly assess the functional status of ribosomal RNA and pre-mRNA
processing sites during dynamic ECM remodeling in 3-D culture, endothelial cells
were immunostained for fibrillarin (a pre-rRNA processing protein) or SC-35 (a
pre-mRNA splicing protein (33, 43)). Stimulating endothelial cells with
VEGF/HGF in 3-D culture results in the expected reorganization of fibrillarin from
a single, centrally-located cluster of nucleoli within the interchromatin space to
multiple foci distributed throughout the nucleus (Figure 6.11)(33, 43). Likewise,
treatment with VEGF/HGF induces the reorganization of nuclear speckle
morphology from a basal to activated state wherein a small number of large
aggregates are dispersed as small foci throughout the nuclear compartment
(Figure 6.11)(33, 43). In both cases, the activated patterns of fibrillarin and SC-
35 distribution observed in VEGF/HGF-stimulated endothelial cells in 3-D culture
could be reversed to that resembling unstimulated endothelial cells by blocking
MMP activity or fibronectin matrix assembly (Figure 6.11). As expected, neither
VEGF/HGF, FUD nor GM6001 affect fibrillarin or SC-35 distribution under 2-D

culture conditions (Figure 6.12).
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Figure 6.11. VEGF/HGF and ECM-dependent fibrillarin and SC-35

localization

Cells were cultured in 3-D fibrin under various conditions and stained for
fibrillarin (red, upper panels) or SC-35 (green, lower panels) with
counterstaining with DAPI (blue; scale = 5 ym). Average number of nucleoli
and SC-35 foci per cell are presented.

VEGF/HGF
Basal GM6001

Fibrillarin

2-D

Figure 6.12. Fibrillin and SC-35 distribution are modulated independently of
ECM remodeling in 2-D

Endothelial cells were cultured under the indicated conditions and stained for
fibrillarin (red, upper panels) or SC-35 (green, lower panels), scale bar, 20 um.

The cytoskeleton as a transducer of ECM structural dynamics to the
nuclear envelope. Cytoskeletal architecture and tension are closely coupled to
cell geometry (10, 12, 13, 44, 45), and can influence nuclear envelope shape
under 2-D culture conditions (18, 46). Treatment of 3-D-embedded endothelial

cells with VEGF/HGF induces marked cytoskeletal reorganization, with F-actin,
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B-tubulin and vimentin redistributing from a diffuse, cortical pattern to a
longitudinal fibrous network in tandem with an increase in isometric tension
(Figure 6.13). In contrast, VEGF/HGF-triggered cytoskeletal remodeling and
force induction in 3-D culture are inhibited completely by abrogating MT-MMP
activity or fibronectin fibrillogenesis coincident with a loss of pericellular rigidity as
assessed by atomic force microscopy micro-indentation (Figure 6.14), effects

that are not observed under 2-D culture conditions (data not shown).

Baseline VEGF/HGF VEGFHGF/IFUD VEGF/HGF/GMG001

B-tubulin

Vimentin

Figure 6.13. Regulation of cytoskeletal structure by 3-D ECM remodeling

Endothelial cells were cultured in 3-D fibrin without growth factors
(baseline), with VEGF and HGF, or with VEGF, HGF, and GM6001 or FUD
for 2 d, when cell shape and cytoskeletal architecture was examined by
confocal laser microscopy following staining for F-actin with Alexa-488-
labeled phalloidin (green), and immunocytochemical staining for B-tubulin
(red) or vimentin (violet) . Scale =20 ym.
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Figure 6.14. Regulation of cytoskeletal function by 3-D ECM remodelin

A. Cells were cultured in 3-D fibrin gels under various conditions for 48 h,
at which time the gel was released from the edges of the culture well and
allowed to contract for 24 h, when diameter of the contracted gel was
measured. B. Pericellular ECM rigidity was measured by AFM. Phase
contrast image shows probe location relative to 3-D cells (scale = 20 ym).

As cytoskeletal reorganization and contractile tension could serve as the
biomechanical effectors that transmit structural and mechanical cues from the
pericellular ECM to the nuclear envelope in 3-D culture, VEGF/HGF-stimulated
endothelial cells were treated with either blebbistatin to inhibit myosin ATPase
function or nocodazole to prevent microtubule assembly (3, 47). Both agents
abrogate significantly the contractile force exerted on the 3-D ECM to a similar
degree as that observed following treatment with FUD or GM6001 while
completely inhibiting endothelial cell 3-D tubulogenesis (Figure 6.15 and data not
shown). Further, compared with the ellipsoid nuclear shapes adopted by
VEGF/HGF-stimulated endothelial cells in 3-D culture, endothelial cells cultured
in the presence of blebbistatin or nocodazole display i) multi-lobed nuclei with
perturbations in nuclear pore distribution, ii) chromatin condensations at the
nuclear periphery with increased interchromatin space and iii) decreased levels
of acetylated histones H3 and H4 (Figures 6.15 and 6.16). In toto, these results
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demonstrate that the ECM-dependent regulation of cytoskeletal organization is a

critical determinant of nuclear as well as chromatin architecture.
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Figure 6.15. Cytoskeletal dynamics regulate nuclear organization

A. Cells were cultured in 3-D fibrin with VEGF and HGF and treated with
DMSO vehicle or 50 yM * blebbistatin or 5 uM nocodazole. Nuclear
morphology was assessed by examining GFP-lamin A distribution (green;
scale bar, 5 um). 3-D nuclear structure was assessed by reconstruction of
DAPI-stained nuclei (1 unit, 4.2 ym). Nuclear pore complex was examined
by staining for NUP153 (green; scale bar, 1 um). B. Endothelial cells
were cultured in 3-D fibrin for 48 h with VEGF and HGF alone or with
VEGF and HGF in the presence of either nocodazole or blebbistatin. %
multi-lobed nuclei were quantified (n = 3; * P < 0.05 compared to control).
Gel contraction was assessed following release of the 3-D matrix from the
edges of the tissue culture well (* P < 0.005 compared to control).
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Figure 6.16. Cytoskeletal dynamics regulate chromatin structure

A-B. Cells were engineered to express GFP-H2B. Chromatin distribution
was tracked by confocal laser microscopy, and chromatin free area
(relative to DMSO vehicle) was measured (scale bar, 5 pym; n = 3; * P <
0.01). C-D. Cells in 3-D were lysed, and levels of acetylated histones H3
and H4 were assessed by Western blot.

Nesprins regulate 3-D organization of the nuclear compartment. Physical
interactions between cytoskeletal networks and the nucleus can be mediated by
a family of Klarsicht, ANC-1, Syne homology (KASH) domain-containing proteins
whose C-terminal domains are embedded within the outer nuclear membrane
where they interact with the inner nuclear membrane via members of the SUN
protein family (19-22, 48). In turn, SUN proteins span the inner nuclear
membrane to establish binding interactions with a scaffolding of lamin family
members and nuclear pore complexes (19, 21, 22). Endothelial cells express the
KASH domain-containing proteins, nesprins-1 and 2 (also termed Syne-1 and 2),

which bind F-actin as well as nesprin-3, which indirectly interacts with
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intermediate filaments via binding to plectin (Figure 6.17)(19, 22, 49). While
VEGF/HGF-treated endothelial cells embedded in 3-D fibrin gels display uniform
nesprin distribution within the nuclear envelope, unstimulated endothelial cells,
as well as VEGF/HGF-stimulated endothelial cells treated with GM6001 or FUD,
exhibit irregular nesprin distributions, with nesprin aggregates accumulating at

nuclear membrane invaginations (Figure 6.18).
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TOTO-3

Nesprin-3

GAPDH

Figure 6.17. Endothelial cells express nesprins 1-3

Expression of nesprins-1,2, and 3 in endothelial cells were assessed by
RT-PCR (left) or immunocytochemistry (right). Scale bar, 5 um.
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Figure 6.18. 3-D ECM remodeling controls nesprin distribution

Cells in 3-D fibrin were stained with antibodies against nesprins-1,2, or 3
and counterstained with TOTO3. Nesprin localization was assessed by
confocal laser microscopy. Arrowheads indicate nesprin accumulation at
membrane infoldings (scale bar, 10 um).

Because endothelial cells remodel their surrounding ECM as a means to
organize cytoskeletal structure (3), physical interactions between the
cytoskeleton, nesprins, SUN proteins and lamins likely dictate nuclear structure.
Hence, the cytoskeleton/nesprin continuum was perturbed by expression of the
dominant-negative GFP-KASH, which acts as a truncated nesprin protein that
binds to SUN proteins without interacting with cytoskeletal elements (20, 49, 50).
Compared to VEGF/HGF-stimulated endothelial cells cultured in 3-D, endothelial
cells expressing GFP-KASH fail to trigger nuclear remodeling and adopt the
multi-lobed nuclear shape characteristic of unstimulated endothelial cells (Figure
6.19). Further, GFP-KASH expression induces peripheral chromatin
condensation and perturbs the distribution of nucleoli and nuclear speckles while
inducing marked reductions in acetylated histone H3 or H4 levels (Figure 6.19).

Consistent with a proposed role for nuclear organization in regulating endothelial
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cell function, KASH-expressing cells are unable to participate in a normal
tubulogenic response (i.e., with a 50% transduction efficiency, tubulogenesis is
decreased by ~80% of maximal in the targeted endothelial cell population, i.e.,
from 9.8 + 2.3 lumina/field to 6.0 £ 2.0 lumina/field; n=3).
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Figure 6.19. LINC complex interactions regulate nuclear organization

A. Cells engineered to express GFP-KASH or the control vector backbone
were cultured in 3-D fibrin with VEGF and HGF for 48 h. Nuclear
morphology was assessed by examining GFP-KASH distribution (left
panels; green; scale bar, 10 um). 3-D nuclear structure was assessed by
reconstruction of DAPI-stained nuclei (second set of panels; 1 unit, 4.2
pMm). Nuclear pore complex was examined by staining for NUP153 (third
set of panels; green; scale bar, 1 ym). Vector cells contained 31 £ 4 %
multi-lobed nuclei, while GFP-KASH cells contained 90 + 2% (n = 3). Cells
were engineered to express DsRed-H2B in addition to control vector or
GFP-KASH. Chromatin distribution was tracked by confocal laser
microscopy (fourth set of panels). Scale bar, 5 ym. GFP-KASH cells
exhibited a 7 + 1.3-fold increase in interchromatin space (n = 5). Cells
were stained with antibodies against either fibrillarin (fifth set of panels;
red; scale bar, 5 ym) or SC-35 (sixth set of panels). B-C. Cells in 3-D
were lysed, and levels of acetylated histones H3 and H4 were assessed by
Western blot.
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Coupling of cell geometry with nuclear structure and function. If ECM-
dependent changes in 3-D cell geometry regulate nuclear architecture, then
direct modulation of endothelial cell shape - independent of targeting ECM
remodeling proteases, neomatrix assembly or cytoskeletal-nuclear membrane
interactions - would be predicted to similarly impact nuclear organization and
chromatin structure. Consequently, endothelial cells were cultured within 3-D,
biomimetic poly(ethylene glycol) (PEG) hydrogels containing RGD peptides
incorporated pendantly within a transglutaminase-crosslinked structure that is
engineered to be either susceptible, or resistant, to MMP-mediated hydrolysis
(Figure 6.20)(25, 51). In this manner, endothelial cell spreading is controlled

specifically as a function of the susceptibility of the 3-D hydrogel to proteolytic

remodeling.
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Figure 6.20. Factor Xllla-catalyzed PEG hydrogel formation

The transglutaminase enzyme factor Xllla was used to crosslink two multi-
arm PEG-peptide conjugates bearing complementary transglutaminase
peptide substrates (NQEQVSPL) derived from the N-terminus of ap-
plasmin inhibitor and the synthetic lysine donor peptide Ac-FKGG. Adding
FXllla to an aqueous precursor solution containing these PEG-peptide
conjugates (2.0%) led to gelation within a few minutes at 37°C. To render
the gels susceptible to degradation by MMPs, the lysine donor peptide was
designed to contain the MMP substrate GPQG,IWGQ, derived from the
native sequence GPQG,IAGQ found in a1(l) collagen chain (; indicates the
cleavage site). The sequence GDQGIAGF was chosen as MMP-insensitive
control linker. To provide cell adhesion sites to the otherwise inert gels, the
integrin-binding peptide H-NQEQVSPL-RGDSPG-NH, was grafted to both
gel types at constant concentration.
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Within MMP-sensitive gels, endothelial cells are capable of spreading in
response to VEGF/HGF while in MMP-resistant gels, endothelial cells remain
locked in a spherical shape (Figure 6.21). As predicted, elongated endothelial
cells embedded within MMP-sensitive scaffolds display oval nuclei as revealed
by GFP-lamin tracking, while spherical cells embedded in MMP-resistant
scaffolds exhibit multi-lobed nuclei (Figure 6.21). Furthermore, genome
packaging is regulated as a function of cell shape in 3-D culture with chromatin
condensations directed to the nuclear periphery in MMP-resistant hydrogels
(Figure 6.21).

F-actin
Figure 6.21. 3-D cell shape is the critical regulator of nuclear architecture

A. Endothelial cells were embedded in 3-D PEG hydrogels with MMP-
sensitive (top panels) or resistant (bottom panels) linkers. 3-D gels were
labeled with FITC (green) and cell shape was monitored following staining
with Alexa-594-labeled phalloidin (red). Scale bar, 20 um. B. (Top panels)
Cells were embedded in 3-D PEG hydrogels and nuclear architecture was
tracked by assessing distribution of GFP-lamin (green). Cells were
counterstained with Alexa-594-labeled phalloidin (red, F-actin) and DAPI
(blue). Scale bar, 10 ym. (Bottom panels) Cells were embedded in 3-D
PEG hydrogels and chromatin architecture was tracked by examining
distribution of GFP-histone H2B by confocal microscopy (green). Scale =
10 ym.
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Alternatively, endothelial shape was modulated independently of
proteolysis by culturing cells atop micropatterned fibronectin islands printed onto
polydimethylsiloxane substrates to generate ECM-adhesive patches surrounded
by regions blocked with non-adhesive, Pluronic F127 (10, 13). When endothelial

cells are cultured atop surfaces homogeneously coated with monomeric
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fibronectin that fully support adhesion and spreading, actin stress fibers are
formed and the nucleus assumes a spheroid shape with an ordered distribution
of nuclear pore complexes (Figure 6.22). By contrast, when endothelial cells are
plated atop microprinted 35 x 35 pm fibronectin islands permissive for cell
adhesion, but not spreading (10, 13), a cell shape-dependent perturbed
regulation of nuclear and chromatin structure is observed (Figure 6.22). Hence,
ECM-directed control of cell geometry directly determines nuclear shape and

architecture as well as chromatin structure.
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Figure 6.22. 2-D cell shape controls nuclear organization

A. Cells were cultured on either continuously coated fibronectin substrata
(top panels) or 35 x 35 pm fibronectin islands (bottom panels) for 12 h.
Cytoskeletal and nuclear architecture was analyzed by staining cells with
Alexa-594-labeled phalloidin (red, F-actin) and DAPI (blue) and
visualization by confocal laser microscopy (left panels; scale bar, 20 um).
Nuclear pore complex distribution was analyzed by staining for NUP153
(red) and visualization by confocal laser microscopy (second set of panels;
scale bar, 2 ym). Nuclear membrane infoldings and NUP153 aggregation
are marked by arrowheads. Endothelial cells were stained for either
acetylated histone H3 (third set of panels, red) or H4 (right panels; red;
scale bar, 10 ym). B. Relative numbers of multi-lobed nuclei were
quantified (n = 3; * P < 0.001 compared to cells on unpatterned surface).
Relative red fluorescent signal was quantified as an index of histone
acetylation (n = 12, * P < 0.005 compared to cells on unpatterned surface).
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Discussion.

In 2-D culture, cells respond to changes in substrate rigidity and topology by
translating mechanical cues from their surrounding environment into
transcriptional and morphogenetic responses by largely undefined mechanisms
(11, 13, 28). Far less is known, however, regarding the mechanotransduction-
dependent pathways engaged by cells embedded within physiologically relevant,
3-D ECM environments. Using vasculogenesis as a model, 3-D morphogenetic
program, we unexpectedly find that ECM-embedded endothelial cells adopt a
dormant phenotype that is accompanied by a series of distinctive changes in
nuclear shape, nuclear pore complex distribution, chromatin organization and
RNA biosynthesis. This quiescent state ends abruptly upon the addition of pro-
angiogenic growth factors, but only if endothelial cells remodel their pericellular
ECM by mobilizing MMPs and assembling a provisional fibronectin matrix. In this
fashion, endothelial cells generate their own mechanical cues in order to activate
the actomyosin-dependent tractional forces necessary for transmitting
information to the nuclear compartment via a relay system of cytoskeletal
filaments, KASH-domain containing proteins and SUN family members that
bridge the nuclear envelope to bind to the nuclear lamins. In turn, the laminar
network of type A and type B lamins directly or indirectly binds chromatin and
DNA as well as a variety of inner nuclear membrane proteins and transcription
factors that together act as a functional scaffold for chromatin organization, gene
regulation, differentiation and DNA replication (21, 22, 49). Interestingly,
mutations in the genes encoding lamins or emerin result in a pleiotrophic series
of genetic disorders, termed the laminopathies, which are characterized by
muscular dystrophies, lipodystrophy and progeria/premature ageing (21, 22, 49).
Mutant cells display multi-lobed nuclei and anomalies in nuclear pore complex
distribution along with associated alterations in chromatin organization, histone
modification and transcriptional activity (21, 22, 49). While these changes in
nuclear architecture have been classified as pathognomonic of nuclear
membrane or nuclear scaffolding gene mutations, our findings suggest that

normal cells purposefully alter nuclear shape and function in a closely related
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fashion to regulate growth factor-initiated commands for replication and
transcription. From this perspective, we posit that laminopathy-afflicted cells may
be “locked” into a nuclear shape more characteristic of dormant cells and as
such, are unable to appropriately reshape nuclear architecture in response to
soluble or mechanical cues.

Taken together, we propose a new model for the regulation of 3-D cell
behavior wherein pericellular remodeling of the ECM represents a required step
in allowing cells to initiate the nuclear shape changes that engage the
transcriptional machinery responsible for controlling growth and differentiation.
While our studies have focused on endothelial cell behavior, these findings likely
apply to all cell populations that reside within a 3-D ECM. Indeed, we find that
adipocytes as well as human stem cell populations similarly depend on 3-D ECM
remodeling to regulate nuclear organization and differentiation (unpublished
observation). By linking ECM remodeling to the ordered transmission of
mechanical signals to the nuclear envelope, subtle changes in pericellular
proteolytic activity would be predicted to profoundly impact phenotype. In this
regard, we note that the phenotype of MT1-MMP-null mice — characterized by a
markedly shortened lifespan with a profound reduction in growth that is
associated with the onset of severe bone, muscle, vascular and adipose tissue-
related defects shortly after birth - bear considerable similarity to mouse
laminopathy models (4, 35, 52-56). The overlapping phenotypes raise the
possibility that nuclei are “hard-wired” to respond to mechanical cues in a
precisely orchestrated fashion. As such, modulating nuclear shape by altering
ECM remodeling may impact cell function to a degree similar to that observed by
directly targeting nuclear envelope-chromatin interactions. We conclude that the
complex changes in gene expression and cell function known to accompany 3-D
ECM remodeling are interconnected with matrix-derived cues transmitted to the
nuclear envelope, chromatin and transcriptional machinery by a continuum of
protein:protein interactions that span from the ECM-cell interface to the nuclear

interior.
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Chapter 7: Generation and Characterization of Mmp14 and Mmp15 Conditional
Knock-Out Mouse Strains

Introduction.

Epithelial-mesenchymal transition (EMT) is a process by which epithelial cells
lose polarity and dedifferentiate to take on a highly-motile, fibroblast-like
phenotype (1, 2). Mechanistic dissection of EMT in tissue culture has revealed
that epithelial cells repress expression of cell:cell adhesion molecules — including
E-cadherin and claudins — as well as cytokeratins, and mucins, reorganize their
cytoskeleton to take on a non-polar shape, and activate mesenchymal markers
including vimentin and fibronectin (1-5). However, in vivo, EMT occurs within the
context of highly complex extracellular matrices (ECMs) that vary in structure,
composition and biophysical properties and which regulate cell function (6-10).
The mechanisms by which EMT is regulated by the ECM niche are only
beginning to be elucidated (6-9, 11); however, it is known that EMT involves the
activation of transcriptional programs that confer the ability to invade ECM
barriers (6, 8, 9, 12). EMT-associated ECM invasion is an integral part of
metastatic dissemination during cancer progression as well as population of the
interstitial space with epithelium-derived fibroblasts during fibrosis (7-9, 13-20);
thus understanding cell-ECM crosstalk during EMT and tissue invasion is a key
prerequisite for fully understanding the pathogenesis of these diseases.

Prior to the initiation of EMT in vivo, polarized epithelial cells exist atop a
basement membrane (BM), a two-dimensional (2-D) sheet of ECM composed
primarily of a meshwork of cross-linked type 1V collagen with a pore size of
approximately 50 nm (6, 18, 21-23) which is subject to remodeling in normal
tissue (24, 25) and serves as a structural scaffold for tissue organization (26, 27).
During EMT, disruption of the BM barrier promotes the acquisition of
mesenchymal characteristics required for growth, migration and survival within

the 3-D environment of the underlying interstitial compartment (11, 28). BM
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effacement occurs when epithelial cells inactivate BM synthesis and deposition
pathways and proteolyze BM barrier components — including the dense
meshwork of the collagen IV network - promoting EMT-associated BM
transmigration (6, 7, 12, 29-32). Recent evidence suggests that a family of
membrane-anchored matrix metalloproteinases (MMPs) — termed the
membrane-type MMPs (MT-MMPs) - are essential mediators of proteolytic BM
penetration (6, 12). Specifically, MTs1-, 2-, and 3-MMP (encoded by the Mmp14,
Mmp15, and Mmpl6 genes, respectively in mouse) are effectors of BM
transmigration during EMT (6, 12).

Beneath the BM, cells encounter the interstitial ECM- a 3-D meshwork
dominated largely by type | collagen (33-36). Cells existing previously in 2-D
must adapt for growth, survival, and migration within this 3-D environment (34,
37-39). In addition to serving as proteolytic effectors during BM transmigration,
MT-MMPs also serve to remodel pericellular type | collagen barriers to promote
cell growth, migration, and differentiation (34, 35, 37, 40). Both MT1-MMP and
MT2-MMP express type | collagenolytic activity (33, 35, 41). Hence, cells
executing EMT and entering the interstitial compartment must redirect MT-MMP
function from degrading the 2-D BM to effectively function in this 3-D
environment.

Though previous in vitro work suggests a role for these enzymes during
pericellular ECM remodeling, it remains unclear whether or not these findings
can be extended to the in vivo setting. Hence, ablating the function of these
enzymes in vivo is an essential step to assess their roles in pathologic and
homeostatic EMT events. However, mouse models of MT —-MMP deficiency are
limited. MT1-MMP deficient mice are viable, but die within the first two months of
life with defects in multiple mesenchymal tissues, including bone, fat, and muscle
(37, 42-44), precluding their use in models of pathologic EMT. MT3-MMP
deficient mice are viable and fertile without obvious developmental defects,
suggesting that MT3-MMP deficiency is likely compensated by other MT-MMPs
(45). The gene for MT2-MMP has yet to be targeted. Herein, we describe the

generation and characterization of conditional knock-out alleles of the genes for
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MT1-MMP and MT2-MMP in mice. These models will allow for the future study
of the roles of MT-MMPs as proteolytic effectors of EMT in vivo, and will perhaps

verify MT-MMPs as potential therapeutic targets in disease where EMT is an

aspect of pathophysiology.
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Materials and Methods.

Targeting the mouse Mmp14 locus by homologous recombination in
embryonic stem (ES) cells. A targeting vector was constructed containing
exons 2-4 of the mouse Mmp14 gene as well as an FRT-flanked
Phosphoglycerate kinase (PGK-neo) cassette (Figure 7.1). These sequences
were flanked by loxp recognition sites for Cre recombinase. To promote
homologous recombination in ES cells, 4.9 kb and 3 kb of genomic sequence
were inserted 5" and 3’ of the loxp-flanked sequences, respectively. The
linearized targeting vector was electroporated into W4 (129 strain-derived)
mouse ES cells (46), and G418-resistant clones isolated. Targeting of the
Mmp14 locus in ES cells was verified by Southern blot. Targeted ES clones
were injected into C57BL/6J donor blastocyts and implanted into adult female
mice. Male offspring with > 90% chimerism were crossed to wild-type C57BL/6J
females. Progeny with agouti coat color, indicative of conception from a targeted
ES cell-derived gamete, were genotyped at the Mmp14 locus for germline
transmission of the Mmp14™° allele. Mmp14 genotyping primers were 5'-
gttgaggcaggaggattgtgagtt-3’ (P1; see Figure 6.1) and 5’cctggaaaagtgggcgagaag-
3’ (P2) used with an annealing temperature of 55.5°. Germline transmission of
the Mmp14™®° allele was obtained in two independent ES lines. Agouti mice of
the genotype Mmp14™°* were crossed to C57BL/6J B-actin FLPe transgenic
mice (Jackson Immunoresearch Laboratories stock No. 003800) for excision of
the FRT-flanked PGK-neo cassette. Since FLPe-mediated excision does not
occur in every germ cell, Mmp14”e°/+; FLPe-positive mice are presumably mosaic
for the Mmp14™° and Mmp14™ alleles in the germline, and were thus
backcrossed to wild-type C57BL/6J mice and progeny screened for the absence
of the PGK-neo cassette to indicate the presence of the Mmp14'™® allele.
Excision of the PGK-neo cassette was verified with the neo-specific primers 5’-
aggatctcctgtcatctcaccttgetectg-3’ and 5’-aagaactcgtcaagaaggcgatagaaggceg-3’
with an annealing temperature of 72° to identify Mmp14*'°® mice.
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Targeting the mouse Mmp15 locus. A targeting vector was constructed
containing exons 4 and 5 of the mouse Mmp15 gene flanked by loxp sites.
Immediately 3’ of these sequences, an FRT-flanked PGK-neo cassette was
inserted. To promote homologous recombination, 3 kb of adjacent genomic
sequence was inserted 5’ and 3’ to the loxp-flanked exons and PGK-neo
cassette. The linearized targeting vector was electroporated into W4 ES cells.
To generate the Mmp15"°° allele, three independently-targeted 129 strain-
derived ES clones were injected into C57BL/6 donor blastocysts and implanted
into adult female mice. Chimeric males produced from injected blastocysts were
crossed to wild-type C57BL/6 females. Progeny with agouti coat color were
genotyped at the Mmp15 locus for germline transmission of the Mmp15"™°° allele
using primers 5’-aaagccacccacgccatcaaac-3’ (P1; see Figure 7.7) and 5’-
ccgccaccaagcctcactgtct-3' (P2). Mmp15™° mice were crossed to FLPe
transgenic mice for excision of the FRT-flanked PGK neo cassette, and
Mmp15*"° mice were isolated. Cre-mediated excision of the loxp-flanked
Mmp15 allele was verified with null allele-specific primers 5’-
ccagctggccttgaactttgagat-3’ (P3) and 5’-agagctggccttggggagat-3’ (P4) with an
annealing temperature of 58°.

3-D invasion assay. To measure 3-D invasion, dermal fibroblasts were
embedded in a 100 pl type | collagen gel (35). This gel was embedded within an
outer cell free gel. Invasion from the outer to the inner gel was stimulated with
10% serum and 10 ng/ml PDGF-BB.
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Results.

Conditional inactivation of the Mmp14 gene. To inactivate the gene encoding
MT1-MMP with restricted tissue specificity, a targeting vector was constructed to
insert loxp sites flanking exons 2-4 of the mouse Mmp14 gene (Figure 7.1). Cre-
mediated recombination of the targeted allele would be predicted to delete exons
2-4 of the Mmp14 gene encoding the catalytic domain such that any truncated
protein product would be predicted to be catalytically inactive, similar to one of
the targeting schemes previously employed to generate a Mmp14 constitutively
deleted allele (42).
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Figure 7.1. Strategy for derivation of the Mmp14"°° allele by homologous
recombination in ES cells

A targeting vector was constructed to insert loxp sites flanking exons 3-5 of
the Mmpl4 gene. After homologous recombination (HR) in ES cells,
digestion of genomic DNA with Bgl Il and hybridization with the 5’ probe
would be expected to yield bands of 11.3 kb and 5.9 kb upon Southern
blotting, while hybridization with the 3’ probe should yield fragments of 11.3
and 7.0 kb. FLPe-mediated recombination should excise the PGK-neo
selection cassette, allowing expression of the Mmp14'®® allele at wild-type
levels. Locations of genotyping primers P1 and P2 are shown.

A transcript produced by splicing exon 1 to exon 5 is predicted to contain a
premature termination codon. The linearized targeting vector was electroporated
into 129 strain-derived embryonic stem cells, and stably-transfected clones were
isolated by selection with G418. Targeting of the Mmp14 locus was screened by

Southern blotting following digestion with Bgl Il and hybridization with either the
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5’ probe or 3’ probe (Figure 7.2A). Three clones were identified with accurate
targeting at both the 5’ and 3’ ends of the construct, and targeting was confirmed
using PCR (Figure 7.2B).
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Figure 7.2. Targeting the Mmp14 locus in mouse ES cells

A. DNA from G418-resistant ES cell clones stably transfected with the
linearized targeting vector was digested with Bgl Il and hybridized either
with the 5’ probe (left panel; see Figure 6.1) or the 3’ probe (right panel).
Fragment sizes were analyzed by Southern hybridization followed by
autoradiography. B. DNA from G418-resistant ES clones was PCR
amplified with primers P1 and P2 to verify the presence of targeting vector-
derived sequences within the ES cell genomes. Pure targeting vector was
used as a positive control (TV) and DNA from non-transgenic mice as
negative controls (-).

The three targeted clones were injected into C57BL/6 donor blastocysts,
which were subsequently implanted into adult female mice. These blastocysts
yielded 58 chimeras with a chimerism rate of 20-95% as assessed by coat color.
Male chimeras with >90% chimerism were crossed to C57BL/6 females, and
germline transmission of the Mmp14™° allele was observed in offspring from
chimeras derived from two independent ES cell lines (Figure 7.3A). To generate
the Mmp14'>® allele, Mmp14*™° mice were crossed to B-actin-FLPe transgenic
mice for Flp recombinase-mediated excision of the PGK-neo cassette (Figure
7.3B). Mmp14*°* mice were intercrossed, and Mmp'®®*'®® mice were born in
the expected Mendelian ratios with no discernable defects suggestive of MT1-
MMP deficiency (42, 43)(Figure 7.4).
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Figure 7.3. Germline transmission of the Mmp14™° allele and FLPe-
mediated PGK-neo cassette excision

A. Male chimeras were crossed to wild-type C57BL/6 female mice, and
progeny genotyped with primers P1 and P2 to screen for germline
transmission of the Mmp14™° allele. B. Mmp14*™° mice were mated with
B-actin-FLPe transgenic mice. FLPe-positive; Mmp14*™° offspring were
mated with wild-type mice, and progeny screened for the Mmp14'® allele
with P1 and P2 (top panel) and for the absence of an amplification product
with primers specific for the PGK-neo cassette (bottom panel).

P1/P2

Figure 7.4. Representative genotyping of Mmp14'°** mice

Genomic DNA was PCR amplified with primers P1 and P2 and the
presence of the Mmp14* and Mmp14'® alleles assessed by agarose gel
electrophoresis.

Characterization of the Mmp14'®*® allele. To determine susceptibility of the
Mmp14'°® allele to Cre-mediated recombination, we used dermal fibroblasts

isolated from Mmp14'>®"°® adult mice. Mmp14'™*"*® fiproblasts were infected
either with an adenovirus carrying the cDNA for Cre recombinase to effect

recombination at the Mmp14'® allele or a control adenovirus (B-galactosidase).

Compared to control-infected fibroblasts, Cre-infected fibroblasts exhibit a > 95%

reduction in Mmp14 mRNA (Figure 7.5), indicating effective recombination at
both Mmp14'°*® |oci.
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Figure 7.5. Cre-mediated excision of the Mmp14'°*® allele in dermal
fibroblasts

Mmp14'©®"°% dermal fibroblasts were isolated and infected either with a
control adenovirus (B-galactosidase) or an adenovirus bearing a cDNA
encoding Cre recombinase (generating Mmp14™ fibroblasts). Following
transduction, mRNA levels of Mmpl4 were measured by quantitative
PCR.
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Figure 7.6. Mmp14” dermal fibroblasts display defective 3-D tissue
invasion

A. Mmp14°®"P and Mmp14™ fibroblasts were cultured within a 100 pl
gel of type | collagen, which was embedded within a larger, cell-free type
| collagen gel. Fibroblast invasion from the inner into the outer gel was
stimulated with 10% serum supplemented with 10 ng/ml PDGF-BB, and
invasion monitored by phase contrast microscopy for 7 d. Scale = 100
um. B. Invasion distance was measured (* p < 0.0001).

MT1-MMP activity is an essential requirement for dermal fibroblast

infiltration of type | collagen-rich barriers (35). Hence, the functionality of the
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Mmp14” allele was assessed by challenging Mmp14™ and Mmp14™ with a 3-D
barrier of crosslinked type | collagen. Compared to MT1-MMP expressing
fibroblasts, MT1-MMP deficient cells exhibit a nearly complete defect in invasion
of type | collagen barriers (Figure 7.6), a defect observed in fibroblasts with a
constitutive Mmp14 null allele (35). Hence, recombination at the Mmp14'™® locus
results in defective Mmp14 mRNA production and loss of MT1-MMP functionality
required for negotiation of 3-D barriers of type | collagen.

Conditional inactivation of the Mmp15 gene. To conditionally inactivate the
Mmp15 gene, a targeting vector was constructed containing exons 4 and 5 of the
mouse Mmp15 gene flanked by loxp sites, an FRT-flanked PGK-neo cassette,
and two homology arms situated 5’ and 3’ of these sequences to promote
homologous recombination (Figure 7.7). The linearized targeting vector was
electroporated into 129 strain-derived ES cells, and stably-transfected clones
isolated by antibiotic selection with G418. DNA was isolated from stable clones
and screened for Mmp15 targeting by Southern hybridization.

To verify recombination at the 5’ end of the targeting vector, DNA was
digested with Spe | and hybridized with the 5’ probe; to verify the 3’ end, EcoR |
was used to digest DNA for hybridization with the 3’ probe (Figure 7.8A). Three
clones with accurate targeting were identified, and the presence of targeting
vector sequences in genomic DNA was verified by PCR using primers P1 and P2
(Figure 7.8B).
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Figure 7.7. Targeting the mouse Mmp15 locus in ES cells

A targeting vector was constructed to insert loxp sites flanking exons 4
and 5 of the mouse Mmp1l5 gene. After homologous recombination
(HR), digestion of genomic DNA with Spe | and Southern hybridization
with the 5’ probe would be predicted to generate fragments of 17.5 kb
for the wild-type allele and 10.8 kb for the Mmp15™° allele. Digestion
of genomic DNA with EcoR | and Southern hybridization with the 3’
probe would be predicted to generate fragments of 18.2 kb for the wild-
type allele, and 7.1 kb for the targeted allele. PCR genotyping with P1
and P2 will generate a 400 bp product corresponding to the wild-type
allele, and a 500 bp product for the targeted allele. Primers P3 and P4
would generate a 600 bp product for the Cre-excised Mmp15™ allele.
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Figure 7.8. Screening ES clones for targeting of Mmp15

A. DNA was isolated from stably-transfected ES cell clones and
digested either with Spe | for Southern hybridization with the 5’ probe
(left panel; see Figure 6.7) or EcoR | for hybridization with the 3’ probe
(right panel). Hybridization to digested DNA from targeted clones
generates bands of 17.5 and 10.8 kb with the 5’ probe, and 18.2 and
7.1 kb with the 3’ probe. B. DNA from targeted clones identified by
Southern blotting was used for PCR using primers P1 and P2 to verify
the presence of the Mmp15™° allele.

Clones with targeting verified by Southern hybridization and PCR were
microinjected into C57BL/6J donor blastocysts which generated chimeras with a
chimerism rate ranging from 10-90%. Male chimeras were backcrossed to
C57BL/6J females, and germline transmission of the Mmp15"*° allele confirmed

in chimeras derived from two independent ES cell clones (Figure 7.9).
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Figure 7.9. Germline transmission of the Mmp15"° allele

Chimeric males were mated with C57BL/6 females, and offspring
genotyped with P1/P2 to detect the presence of the Mmp15™° allele.
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To derive the Mmp15'°® allele, Mmp15*™° mice were bred to FLPe
transgenic mice for excision of the FRT-flanked PGK-neo cassette. Progeny
were isolated that displayed loss of the neo gene. Mmp15*"°*® mice were
intercrossed, and Mmp15™°""*** mice were isolated (Figure 7.10). To test Cre-
mediated excision of the Mmp15'>* allele, mice were crossed to the Ella-Cre
strain, where Cre recombinase is driven by the adenoviral Ella promoter and
activated during pre-implantation development (47). Mmp15+" mice were
isolated displaying excision of exons 4 and 5 at the PCR level (Figure 7.10).
Mmp15*" mice were intercrossed to isolate Mmp15' offspring; preliminary data

suggests that MT2-MMP deficiency may be lethal in the perinatal stage.
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Figure 7.10. Cre-mediated recombination of the Mmp15'® allele

Mmp15"°* mice were mated to Ella-Cre transgenic mice. Ella-Cre-
positive, Mmp15"°® offspring were mated with wild-type mice, and
offspring of this cross screened for Cre-mediated excision of the
Mmp15°* allele with P1 and P2 as well as P3 and P4, which amplify the
Mmpl5" allele.
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Discussion.

MT-MMPs are proposed to be critical effectors for proteolysis-associated cell
migration through ECM barriers, including the BM and the interstitial ECM during
EMT and 2-D-to-3-D transition events (6, 12, 30, 35). However, animal models
of MT-MMP deficiency in which the functions of these enzymes can be tested
during EMT in vivo are currently lacking. MT1-MMP deficient mice exhibit
multiple developmental defects in mesoderm-derived tissues - underscoring the
importance of MT1-MMP in mesenchymal cell populations and precluding study
of this enzyme in models of pathologic EMT in vivo (37, 42-44). MT3-MMP-
deficient mice do not display developmental defects, suggesting functional
redundancy for this enzyme (45). MT2-MMP deficient mice have yet to be
characterized. However, given the observation that MT2-MMP might be the
predominant MT-MMP expressed in epithelial cells (48), it seems reasonable to
predict a potential role for this enzyme in ECM remodeling events during 2-D-to3-
D transitions of epithelial cells.

Herein we describe models of conditional inactivation of the genes
encoding MT1-MMP and MT2-MMP. Mmp14 and Mmp15 were targeted in ES
cells by homologous recombination where critical exons encoding the catalytic
domains for the enzyme protein products were flanked by loxp sites, and mice
bearing targeted alleles susceptible to Cre-mediated recombination were
produced. Tissue-specific transgenic expression of Cre recombinase in vivo
induces deletion of Mmp14 or Mmp15 only in selected cell populations where Cre
is expressed. Loss of protein function as a result of Cre-mediated recombination
of the Mmp14'°® allele was verified by culturing dermal fibroblasts within 3-D
cross-linked ECMs of type | collagen, where MT1-MMP function is an absolute
requirement for 3-D migration (35). Similar in vitro loss-of-function studies are
not at this time possible for analysis of the Mmp15'°* allele, as a measurable cell
function dependent exclusively on MT2-MMP activity in primary cells without
redundant roles for other MT-MMPs has yet to be identified. Hence, future study
is required for detailed analysis of the functionality of the proteins produced from

the Mmp15°® and Mmp15" alleles following Cre-mediated recombination.
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In response to EMT-inducing signals, epithelial cells transmigrate the BM
and invade the underlying interstitial compartment where they assume a
mesenchymal-like phenotype (6, 7, 11, 12). Since MT1-MMP does not seem to
be required for developmental EMT-associated BM transmigration events -
including gastrulation, neural crest migration, and angiogenesis (42, 43) -
functional redundancy of MT-MMPs might require targeting of multiple enzymes
to assess the role of this MMP family during EMT-associated BM penetration.
Indeed, expression of MT1-MMP, MT2-MMP, or MT3-MMP is sufficient to drive
BM-invasive events (12), further suggesting functional compensation in vivo.
Therefore, conditional alleles of the genes encoding these enzymes might be
essential for tissue-restricted deficiency of multiple proteases to rigorously
interrogate MMP function during EMT in vivo.

EMT events contribute to the pathophysiology of multiple diseases
including cancer, fibrosis, and atherosclerosis (8, 9, 13, 14, 18, 19, 49, 50). The
mouse models of MT-MMP conditional deficiency generated herein will provide
valuable tools to assess the potential roles of these effector proteases during

EMT within the complex in vivo environment.
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Chapter 8: Conclusions

Cell dimensionality is an emerging concept in the study of tissue architecture.
Cells are capable of assuming two possible dimensional identities: two-
dimensional (2-D) and three-dimensional (3-D). 2-D cells line lumina of tubular
and glandular organs; and these cells exhibit apicobasolateral polarity, cell:cell
adhesion, and interface with a basement membrane (BM) on their basolateral
aspect. 3-D cells are found within soft tissues and the interstitial compartment,
are encased on all sides by a surrounding fibrillar extracellular matrix (ECM), and
possess a multipolar shape. Conversion of 2-D cells into a 3-D phenotype is
thought to underlie essential developmental events — including gastrulation and
neural crest delamination - as well as the pathogenesis of several diseases —
such as tissue fibrosis and cancer. Therefore, recent studies have focused on
identifying molecular mechanisms regulating this process (1-4) which as a whole
can be termed the 2-D-to-3-D transition. After cells enter the 3-D environment,
distinct pathways governing cell growth and differentiation are recruited whereby
the structural and mechanical characteristics of the surrounding ECM regulate
cell function (5-7). Indeed, pericellular remodeling of the 3-D ECM is required for
effective interpretation of soluble signals into high-order biologic outputs (5-8).
Herein, we have provided the first in vivo evidence that Snail1 - a
transcription factor singularly capable of engaging 2-D-to-3-D transitions - plays a
required role in the progression of tissue fibrosis. Furthermore, we have
extended this observation by demonstrating that Snail1 is highly expressed in
differentiated 3-D mesenchymal cells, and governs the transcriptional programs
that regulate fibroblast infiltration of tissue barriers in vitro and in vivo. In 3-D
cells, we have identified a previously unexpected function for endothelial cell
deposition of a pericellular ECM of the glycoprotein fibronectin as a required

event during 3-D vasculogenesis. In addition to pericellular membrane-type
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matrix metalloprotease (MT-MMP)-mediated ECM proteolysis, fibronectin
fibrillogenesis is essential for reorganization of the nuclear compartment and
chromatin structure for effective engagement of tubulogenic programs. These
results provide novel insight into molecular mechanisms of 2-D-to-3-D transitions
and regulation of 3-D cell function.

Regulation of Intrinsic Dimensionality by Snail1. It has been proposed that 2-
D-to-3-D transitions require the loss of an epithelial phenotype and the
concurrent gain of characteristics typical of mesenchymal cells - a transcriptional
reprogramming event known as the epithelial-mesenchymal transition (EMT)(1-
4). Genetic ablation studies in mice have identified essential roles for a small
family of EMT-triggering transcription factors during tissue morphogenesis (9-12);
however, whether these factors serve required functions in pathologic EMTs
remains unknown. Based on overexpression and RNA interference studies
performed in tissue culture and in vivo, Snail1 has been postulated to be a key
mediator of EMT in disease states (4, 13-16). Consistent with this notion, in vivo
studies have determined that ectopic overexpression of Snail1 in epithelial cells
in vivo induces EMT and subsequent fibrosis (17), and Snail1 protein can be
found in fibrotic epithelium in a variety of tissues (18, 19). Taken together, these
data strongly suggest the Snail1 acts as a positive regulator of epithelial EMT
during tissue fibrogenesis. We have tested this hypothesis by utilizing a model of
conditional Snail1 inactivation wherein Snail1 expression can be ablated in a
tissue-specific manner via expression of Cre recombinase (1). We chose a
validated model of liver fibrogenesis where mice are chronically treated with the
hepatotoxin CCls. Mice with hepatocyte-specific Snail1 deficiency displayed a
resistance to CCls-induced fibrosis coincident with an abrogation of hepatocyte
EMT. These data identify the first requirement for Snail1 during progression of a
disease characterized by pathologic EMT in vivo. Furthermore, these results
provide the first proof that an EMT-triggering transcription factor plays a required
role during disease evolution induced in response to a pathophysiologically-

relevant stimulus in vivo, potentially as a direct positive regulator of EMT.
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Snail1 is essential for execution of the EMTs required for mesodermal
differentiation during development (9). Surprisingly, it has recently been
demonstrated that the capacity to express Snail1 is retained in differentiated
mesenchymal cells in vivo at sites of tissue remodeling (1, 20). Hence, we
hypothesized that Snail1 might continue to exert functionally important effects in
terminally-differentiated mesenchymal cells following completion of EMT. We
analyzed Snail1 expression and function in fibroblasts, and demonstrated that
Snail1 expression can be induced by stimuli that induce an ‘activated’ phenotype
in fibroblasts characterized by increased proliferation, neomatrix synthesis, and
migration. Indeed, we observed that Snail1 governs the transcriptional programs
that oversee mobilization of the essential proteolytic machinery (i.e. MT1-MMP)
that promotes fibroblast invasion of ECM constructs in vitro and complex tissue
barriers in vivo (21). Thus, we have defined a novel paradigm whereby EMT-
inducing factors seem to additionally act as master transcriptional regulators of
mesenchymal cell traffic during tissue remodeling.

EndoMT is a central mechanism by which endothelial cells reprogram
intrinsic dimensionality during vascular morphogenesis, pericyte differentiation,
and development of the cardiac valves (22-25). Snail1 has been put forth as a
central mediator of EndoMT in ECs in vitro (25-27), and is highly expressed both
in neovessels as well as within endothelial cells undergoing EndoMT in vivo (25,
28, 29). However, investigation into whether Snail1 serves a required role in
EndoMT in vivo has been hampered by a lack of mouse models of tissue-specific
Snail1 ablation. We have again employed our model of Snail1 deficiency to
identify a required role for endothelial Snail1 during embryonic development, and
as a potential mediator of EndoMT in human endothelial cells. These data
indicate that Snail1 plays a broad role in regulating intrinsic dimensionality in
previously unexpected cell populations.

Control of 3-D Cell Function by Pericellular ECM Remodeling. The 3-D
microenvironment governs cell growth, differentiation, migration, and tissue
morphogenesis via pathways distinct from the 2-D state (5, 7, 8). In 3-D, the

structural and biophysical properties of the ECM are central determinants of cell
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function and fate (7, 30, 31). Hence, investigating modes of cell:ECM crosstalk
in 3-D is essential for understanding mechanisms regulating key functions of 3-D
cells. Using our model of 3-D vasculogenesis, we have identified pericellular
fibronectin matrix deposition as essential event required for the proliferative and
migratory processes underlying 3-D neovessel formation. Indeed, polymeric
matrices of unfolded, fibrillar fibronectin are observed at sites of neovessel
growth in tumors in vivo. Fibronectin fibrillogenesis controls 3-D endothelial cell
tubulogenesis by modulating the assembly and function of the cytoskeleton and
consequently the stiffness of the intracellular compartment.

With this observation in mind, we sought to investigate the molecular
means by which changes in the biophysical properties of the pericellular
environment are interpreted into modulation of morphogenetic responses to
growth factors using our system of 3-D vasculogenesis as a model. We have
demonstrated that — in response to soluble, pro-angiogenic signals — pericellular
ECM remodeling is required for the cell shape changes that promote
reorganization of nuclear structure and decondensation and activation of
chromatin for effective interpretation of growth factor signals. This process is
mediated by a novel axis wherein a network of protein:protein interactions
physically bridges the ECM, cell surface, cytoskeleton, and nuclear envelope.
These results define a novel paradigm wherein remodeling of the 3-D
environment dictates cell responses to growth factors by controlling the
architecture of the nucleus as well as the packaging and functionality of

chromatin.
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Figure 8.1. Novel insight into the 2-D-to-3-D transition and 3-D cell function

We have identified a novel requirement for Snail1 in mediating the EMTs that
occur during tissue fibrogenesis and the EndoMTs that are required for
development and remodeling of the vasculature. Snail1 plays an unexpected
role in promoting infiltration of tissue barriers following mesenchymal cell
differentiation. In 3-D cells, both pericellular MT-MMP-mediated proteolysis
and fibronectin (Fn) deposition govern cell proliferation and morphogenesis by
controlling the structure and organization of the nuclear and chromatin
compoartments.
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Future Directions.

We have established a novel tool to ablate Snail1 function in vivo with spatial and
temporal specificity. Hence, we are in an ideal position for further investigation
into Snail1 functionality in specific tissues during developmental events as well
as in disease models wherein EMT has been implicated in disease pathobiology.
Indeed, our studies are the first to ablate an EMT-inducing transcription factor in
a disease model in vivo and validate hypotheses suggesting such proteins serve
required functions during disease genesis and progression. Therefore, we
propose further application of this allele to relevant models of human disease in
mice. Studies are underway to generate mice bearing breast carcinomas
wherein Snail1 can be inactivated by expression Cre recombinase in isolated cell
lines in vitro as well as by mammary epithelial-specific Cre expression in vivo.
Since EMT and 2-D-to-3-D transitions have been implicated as key steps in the
progression of this disease (32, 33), these studies will begin to investigate Snail1
as a mediator of carcinoma progression.

Snail1 expression is sufficient to repress the epithelial phenotype and
confer a phenotype typical of mesenchymal cells. The majority of studies
investigating functions of Snail1 have focused on dissecting its ability to mediate
EMT; however, recent data suggest that Snail1 expression can be re-activated in
differentiated mesenchymal cells at sites of tissue remodeling. Indeed, we have
demonstrated that Snail1 is required for mobilization of the transcriptional
programs responsible for fibroblast tissue invasion. Since Snail1 protein function
is controlled by several layers of regulation - including transcriptional and post-
translational mechanisms (4, 16, 34, 35) - current studies are focused on the
means by which Snail1 activity is modulated in fibroblasts. Further, we are using
our novel Snail allele in mouse models of wound healing to investigate Snail1
function in stromal cell populations in vivo.

We have identified a requirement for Snail1 expression within the
endothelium for mouse viability during embryonic development. However,

studies aimed at identifying the specific process(es) regulated by Snail1 during

220



cardiovascular development were hampered by experimental variability when
embryos were isolated from timed pregnancies. Hence, the conditional Snail1
allele was inbred to a pure genetic background within which vascular
development studies are typically pursued. Ongoing studies will aim to identify
cardiovascular defects present in Snail1-deficient endothelial cells in vivo.

Following BM perforation, EMT, BM transmigration, and infiltration of
underlying tissue, cells find themselves embedded within the 3-D ECM wherein
pathways modulating growth, survival, and differentiation are distinct from the 2-
D condition (5, 7, 8). We have identified a novel ECM deposition pathway
essential for 3-D vasculogenesis whereby endothelial cells deposit a pericellular
scaffold of fibrillar fibronectin to adjust intracellular stiffness to a degree
permissive for the proliferative and migratory responses required for neovessel
formation. Since this pathway seems to be recruited only by the actively forming
vasculature, this presents a potential therapeutic opportunity. Studies are
ongoing to investigate the practicality of targeting fibronectin fibrillogenesis as an
anti-angiogenic therapy.

During angiogenesis, pericellular 3-D ECM remodeling events govern
structure and function of the nucleus and chromatin. Though the idea that cues
from the pericellular niche might communicate with the nuclear compartment has
been posited previously (36, 37), we provide the first experimental demonstration
of this idea, and extend this notion to demonstrate that cells actively fine tune
their microenvironment for effective interpretation of soluble signals. Further
study will identify the applicability of this axis to other cell types and differentiation
processes, potentially including stem cell function. Indeed, cell shape and
biophysical properties of the pericellular environment modulate mesenchymal
stem cell lineage commitment (30, 31). Accordingly, our preliminary data
suggest that pericellular proteolysis of the 3-D ECM regulates mesenchymal
stem cell differentiation. Hence, determining the relative role of ECM-dependent
regulation of nuclear architecture during 3-D mesenchymal stem cell lineage
selection will serve to bolster understanding of ECM-dependent differentiation.

Additionally, analysis of ECM-regulated changes in nuclear structure that occur
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during the 2-D-to-3-D transition might provide deeper comprehension of the
phenotypic shift that occurs during this process. Since this novel axis seems to
govern several aspects of 3-D cell function in endothelial cells, further
understanding of the regulation of the nuclear compartment by the pericellular
ECM in additional systems will provide insight developmental events and disease
states that involve 2-D-to-3-D transitions.

We have generated novel mouse strains wherein expression of MT1-MMP
or MT2-MMP can be ablated in a tissue-specific fashion. These systems will
allow in vivo verification of models of MT-MMP function derived from in vitro and
ex vivo tissue culture constructs. MT-MMP family members are effectors of the
pericellular proteolytic events required for BM transmigration and 3-D cell
functions including proliferation, differentiation, survival, and tissue
morphogenesis (2, 5, 8, 21, 38-42). These ideas seem to be validated by the
phenotype of mice deficient for MT1-MMP, which exhibit defects in a variety of
tissues populated by 3-D cells, including bone, adipose tissue, and skeletal
muscle (8, 43-45). However, the widespread severity of the MT1-MMP-deficient
phenotype suggests that many of these observed tissue-specific defects might
not be cell- or tissue-autonomous, perhaps evolving secondary to a state of
chronic stress and morbidity. Hence, tissue-specific ablation of MT1-MMP will
serve to further elucidate MT1-MMP’s in vivo roles during development.

MT2-MMP expression is sufficient to promote BM transmigration as well
as infiltration of 3-D ECM barriers (2, 40, 41, 46). However, no in vivo model of
MT2-MMP deficiency has yet been derived. We have generated MT2-MMP-
constitutive null mice and are currently assessing the consequences of MT2-
MMP deficiency during development. In preliminary studies, we have yet to
isolate MT2-MMP-deficienct mice at the age of weaning, suggesting potential
lethality early in life or during embryogenesis.

Expression of MT1-MMP, MT2-MMP, or MT3-MMP is sufficient to drive
proteolytic BM transmigration in epithelial cells (2, 41). The phenotype of the
deficient mouse strain demonstrates that MT1-MMP is dispensable for the

essential BM transmigration events that occur during development — such as
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during gastrulation - suggesting possible functional redundancy of MT-MMPs
during these events. Hence, deletion of these MT-MMPs in combination might
be necessary to unequivocally identify the proteolytic effector(s) of
developmental BM transmigration in vivo. Indeed, as an example of MT-MMP
redundancy in vivo, deletion of MT3-MMP in a background of MT1-MMP ablation
enhances the MT1-MMP-deficient phenotype (47). These studies will serve to
identify further developmental events wherein MT-MMPs play redundant roles.

MT-MMP proteolysis of BMs and constraining ECM barriers promotes
local carcinoma invasion and subsequent expansive growth in 3-D tissues (2, 5,
21, 41). Thus, application of these tissue-specific alleles of MT1-MMP and MT2-
MMP to mouse models of carcinogenesis will serve to validate the hypothesized
pro-tumorigenic and pro-metastatic roles of these enzymes in tumor progression.
Using validated model systems that recapitulate the pathologic features of
human skin and breast carcinogenesis in mice, studies have been initiated to
investigate functions for MT-MMPs at various stages of tumor evolution in vivo,
including BM penetration, primary tumor growth, and distant metastasis. These
studies will be the first to either prove or disprove proposed functions of MT-
MMPs during neoplastic disease in vivo.

Ingrowth of neovasculature supplies tumors with oxygen and nutrients,
and is a required event for growth of primary and secondary tumors (48, 49).
Using in vitro and ex vivo culture systems, it has been demonstrated that MT-
MMP activity governs endothelial cell navigation of tissue barriers during
postnatal angiogenesis (38, 39). However, due to the limited lifespan of MT1-
MMP-deficienct mice, and the lack of MT2-MMP-deficient mice, in vivo
investigation of MT-MMP proteolysis-driven neovessel formation has yet to be
undertaken (43, 45). We are currently deriving mice with deficient MT1-MMP
and/or MT2-MMP expression ablated specifically in endothelial cells for
assessment of vascular structure and function as a function of the activity of
these enzymes.

Our data suggest that Snail1-mediated EMT might contribute significantly

to the accumulation of 3-D myofibroblast-like cells in fibrosis. However, for
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effective 2-D-to-3-D transition, this intrinsic reprogramming must be accompanied
by proteolytic removal of ECMs comprising tissue barriers, in this case the
hepatocyte BM (2). Hence, we hypothesize that MT-MMPs might serve as the
essential proteolytic effectors of this process. Thus, we have initiated studies to
test this idea using our model of CCls-induced fibrosis. We are generating mice
with hepatocyte-specific deficiency of MT1-MMP in order to investigate its role in

mediating the 2-D-to-3-D transitions underlying liver fibrogenesis.
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Summary.

The conversion of a 2-D cell to the phenotype of a 3-D cell is a recurring theme in
development and disease. During the 2-D-to-3-D transition, acquisition of a 3-D
phenotype requires recruitment of distinct mechanisms of regulating growth,
migration, survival, and differentiation that depend on remodeling of the
pericellular niche. We have identified Snail1 as playing a central role in
promoting 2-D cell acquisition of a 3-D phenotype during development and
disease. Additionally, Snail1 exerts control over pathways regulating infiltration
of 3-D ECM barriers. Further, we have discovered a novel ECM deposition
pathway essential for 3-D capillary tubulogenesis. Finally, we have uncovered a
new paradigm wherein ECM remodeling-dependent changes in cell shape dictate
structure and function of the nucleus and chromatin as a component of the
cellular response to morphogenetic growth factors. These data begin to
elucidate the molecular mechanisms underlying 2-D-to-3-D transitions as well as
key pathways governing cell function in 3-D. These findings will be extended and
reinforced by use of our novel models of tissue-specific MT1-MMP and MT2-
MMP ablation.
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