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ABSTRACT

Ewing sarcoma is a devastating pediatric tumor that is particularly aggressive and
highly metastatic. The current treatment regimen for this malignancy is aggressive,
invasive and toxic, but with limited success. Treatment of metastatic or relapsed Ewing
sarcoma is even more dismal with a low 5-year patient survival. My research is focused
on identifying new mechanisms that could explain early and extensive metastasis in
Ewing sarcoma potentially enabling better disease outcome in the future.

In the majority of Ewing sarcoma cases, the causal oncoprotein EWS/FLI
develops from the reciprocal chromosomal translocation t(11;22)(q24;q12). For this
dissertation, I analyzed the effect of EWS/FLI oncoprotein on the cellular behavior of
multiple patient-derived Ewing sarcoma cell lines, and discovered that EWS/FLI
compromises the cytoskeletal framework of cells. As a result, Ewing sarcoma cells
display small round cell morphology and low cellular adhesion. I further show that these
EWS/FLI-dependent changes in cell behavior in vitro are pertinent to tumor cell behavior
in vivo and could provide relevant insight into the cell of origin for Ewing sarcoma.
Based on these observations, I suggest a new model where the inciting oncogenic event
could affect tumor cell adhesion to permit early dissemination of tumor cells or increased
colonization of tumor cells at a secondary site, to explain early metastasis of tumor cells.

In this dissertation the analysis of the EWS/FLI transcriptome, revealed that focal
adhesion proteins, extracellular matrix components, and actin cytoskeletal modulators

were most downregulated by EWS/FLI expression. Two focal adhesion proteins namely



zyxin and the fibronectin receptor a5 integrin were shown to play vital roles in
modulating Ewing sarcoma cell morphology, cytoskeletal structure, spreading and
adhesion.

To adequately study the tumor progression and metastasis of Ewing sarcoma, I
developed an intratibial orthotopic mouse model. The Ewing sarcoma tumors grew
aggressively in mice and spontaneously metastasized from the tibia to lungs and other
bones. This model system recapitulates key features pertinent to the human disease.

Taken together, the work described in this dissertation reveals the important role
of EWS/FLI mediated downregulation of adhesion proteins in modulating essential
cellular features, such as cell adhesion and cytoskeletal structure, to govern oncogenic

transformation and metastasis.
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CHAPTER 1

INTRODUCTION

Cancer metastasis

Metastasis is the primary cause of death in more than 90% of cancer patients
worldwide (Valastyan and Weinberg, 2011). The term “metastasis,” was coined by the
French gynecologist Joseph Claude Anthelme Récamier in 1829, to describe the process
where cancer cells invade the bloodstream of the patient. Now, metastasis is viewed as
dissemination of cancer cells from the primary cancer site to other organs of the body
which may be far removed from the primary tumor mass (Talmadge and Fidler, 2010).
Although many years of research have been dedicated to understanding how cancer cells
become metastatic, the mechanisms involved in the progression of cancer are still poorly
understood. Since metastatic disease is associated with poor prognosis, antimetastatic
drugs might improve patient survival. This ultimately requires a better understanding of
the process itself to guide the next phase of cancer research.

Metastasis is considered to be a multistage process with sequential and inter-
related steps. The inability of a cancer cell to complete any of these steps could
compromise the success of this complex process. A cancer cell poised for metastasis is
predicted to ensue the following steps: the detachment of tumor cell from the primary
tumor, its invasion into the surrounding tissue, intravasation (i.e., entry into the blood

stream), survival in the bloodstream and translocation to distant sites via circulation,



extravasation (i.e., exit from the blood stream), reattachment to the new site followed by
acclimatization to this new tissue microenvironment so that the tumor cell can survive
and proliferate to form the secondary lesion (Chaffer and Weinberg, 2011). Such a series
of steps is suggestive of an active process of metastasis that is inefficient and slow. It also
indicates that metastatic lesions require an established primary tumor to accumulate
enough mutations over time, making it a later event in cancer progression (Poste and
Fidler, 1980; Talmadge and Fidler, 2010). This active model of metastasis is based on
research done on tumors of epithelial origin, especially carcinomas, and often requires an
epithelial-to-mesenchymal transition (EMT) (Fearon and Vogelstein, 1990; Yang and
Weinberg, 2008). However, there are certain types of cancer that are metastatic at
presentation, even when the primary tumor is very small. This multistep model of
metastasis suggests gradual growth and spread of tumors over a course of time and hence
does not adequately explain the early stage metastasis seen in several aggressive or
micrometastatic malignancies.

No single model can adequately account for occurrence of micrometastatic
tumors. Several models such as genetic or epigenetic events, effect of environmental
changes or possible stochastic processes determining tumor cell behavior have been
suggested but not well characterized. Such tumors may also exhibit early dissemination
through some yet unknown or not fully understood mechanism to achieve metastasis to
neighboring and/or distant sites in the body. Especially in tumors of mesenchymal or
nonepithelial origin, such as sarcomas, the mechanism regulating tumor progression and
metastasis could be very different from tumors of epithelial origin. In the work described

in this dissertation, we focused on examining a micrometastatic sarcoma, called Ewing



sarcoma, to discover the various factors that could instigate the rapid growth, progression
and metastasis in nonepithelial tumors.

This dissertation first reviews the clinical prognosis and the effect of tumor
microenvironment on the behavior of cancer cells in the primary and secondary sites
based on current literature (Chapter 2). I then investigate the role that the initiating
oncogenic event plays to influence the tumor cell phenotype and behavior such as
appearance of the actin cytoskeleton, cell spreading and cell adhesion (Chapter 3). In
Chapter 4, I describe how proteins that are present at the interface of the cell membrane
and the surrounding matrix could be critical in regulating cellular features such as the
actin cytoskeleton. Based on these findings, I analyzed the downstream targets of the
oncoprotein that could influence tumor cell spreading, adhesion and actin cytoskeleton in
vitro and tumor progression and metastasis in vivo in a relevant tissue microenvironment
(Chapter 5). Together, by describing oncogene-mediated changes in tumor cell behavior
and highlighting the contributions of adhesion proteins and interaction of cells with their
environment, the results from this dissertation are anticipated to advance our knowledge
of tumor progression and metastasis of nonepithelial tumors in general and Ewing

sarcoma in particular.

Ewing sarcoma is a highly metastatic tumor

For the purpose of this dissertation, I have studied a highly metastatic non-
epithelial tumor called Ewing sarcoma. Since its first description by James Ewing in
1921, Ewing sarcoma remains a paradigm for understanding and investigating sarcoma
biology (Ewing, 1921). Even after decades of research, the prognosis remains extremely

poor for patients with metastatic or recurrent disease. Although it is a rare pediatric



neoplasm, with only 250 new cases identified each year in the United States, it still
presents a dire future to those affected (Gurney J.G., 1999). While the 5-year survival rate
for patients with localized disease is 60-70%, it is a dismal 10-30% for patients that
present with metastatic disease (Figure 1.1) (Kolb et al., 2003; Paulussen et al., 2008).
Despite the current highly aggressive multimodality treatments that involve surgical
resection of the tumor, localized radiotherapy and systemic chemotherapy, the cure rates
have not improved in more than a decade (Dirksen and Jurgens, 2010). These
disappointing outcomes underscore the need to dissect the molecular mechanisms
controlling the metastatic or recurrent Ewing sarcoma in order to devise novel treatment
modalities.

In the mid-1980s, the chromosomal translocation t(11;22)(q24;q12) was identified
to be critical to the pathogenesis, development and maintenance of Ewing sarcoma (Turc-
Carel et al., 1984). This chromosomal rearrangement is present in almost 85% of Ewing
sarcoma cases and represents the fusion transcript that encodes a portion of EWSRI
(Ewing’s sarcoma rearrangement domain 1) gene from chromosome 22, and a part of the
FLII (Friend Leukemia virus_integration site) gene from chromosome 11 (Turc-Carel et
al., 1988). The EWSRI gene encodes the expression of the EWS protein which is a
member of the TET family of putative RNA-binding proteins and FLII is a member of
the ETS family of transcription factors (Delattre et al., 1992; Morohoshi et al., 1996). The
fusion of the amino-terminus of EWSR1 with the carboxyl-terminus of FLI1 has several
important outcomes: (i) the RNA binding portion of EWS is replaced by the DNA
binding portion of FLII protein, (ii) the weak transcriptional activation domain of FLI1 is
replaced by the strong activation domain of EWSRI, and (iii) the resulting fusion now

encodes the EWS/FLI protein that is constitutively expressed to function as an aberrant



transcription factor and exhibits novel oncogenic properties (Figure 1.2) (Ben-David et
al., 1990; Lessnick et al., 1995; May et al., 1993b; Potratz et al., 2012).

Although EWS/FLI1 is the most common chromosomal translocation associated
with Ewing sarcoma, other TET/ETS translocations have been observed in about 15% of
Ewing sarcoma cases (Delattre et al., 1992; Sankar and Lessnick, 2011). These
observations emphasize the role of chromosomal rearrangements in the pathogenesis of
Ewing sarcoma. Infact, genetic tests (such as karyotyping) and molecular tests (such as
RT-PCR analysis) confirming the presence of chromosomal translocation are considered
strong supportive evidence for diagnosing Ewing sarcoma (Szuhai et al., 2012). In
addition to these, Ewing sarcoma displays a small, round, undifferentiated blue cell
phenotype when stained with Hematoxylin and Eosin (Arndt and Crist, 1999) (Figure
1.3). Furthermore, to distinguish these tumors from other pediatric malignancies, such as
rhabdomyosarcoma, neuroblastoma and lymphoma, and to positively diagnose the tumors
as Ewing sarcoma, the presence of cell surface marker CD99 and nuclear FLI1 staining is
deemed necessary (Folpe et al., 2000; Llombart-Bosch and Navarro, 2001). In this
dissertation work I have only focused on evaluating the role of EWS/FLI oncoprotein and
its downregulated targets in influencing Ewing sarcoma biology as shown in Chapters 3

and 5.

Role of tumor microenvironment in studying Ewing sarcoma

Ewing sarcoma is the second most common bone-associated malignancy that
affects children and young adults and accounts for 34% of all bone malignancies in this
age group (Gurney J.G., 1999). This osteolytic malignancy typically arises in the

appendicular and axial or central skeleton. However, in less than 15% of patients it may



also arise in the soft tissues and are known as “extra-osseous Ewing sarcoma” (Arndt and
Crist, 1999; Kimber et al., 1998). Ewing sarcoma has a predilection to involve the shaft
of long tubular bones, pelvis, and ribs but could arise from any other bone (Kimber et al.,
1998). It is critical to study Ewing sarcoma in the bones due to its distinct tissue
composition and microenvironment. A brief review of bone biology below will provide a
good preface for understanding bone (host)-tumor (Ewing sarcoma cell) interaction.

Structurally, bones can be long or flat, and could be comprised of various
concentrations of cortical (compact and dense) and trabecular bones (loosely organized
and porous or “spongy”). Long bones are comprised of epiphysis (ends of bones for
elongation), diaphysis (long shaft, primarily cortical bone) or metaphysis (largely
trabecular, interspersed with marrow and blood vessels) (Bussard et al., 2008; Marks,
2002). Ewing sarcoma primarily develops in the diaphysis or metaphysis of long bones
(Arndt and Crist, 1999). While radiographic analysis of a bone affected by Ewing
sarcoma usually reveals an ill-defined, lytic and mottled appearance, the actual extent of
bone destruction may be greater. It often extends into the soft tissue surrounding the
tumor, making a clean surgical resection of the tumor very difficult and also affecting
metastasis.

There are many features of the bone, which make it a desirable destination for
cancer cell colonization. As a connective tissue, bone is composed of 95% Type I
Collagen and the rest 5% is composed of noncollagenous proteins, such as fibronectin in
its organic matrix (Hancox, 1972). Different kinds of cells reside in the bone, namely
osteoblasts, osteoclasts, bone marrow stromal cells and hematopoetic cells. It is required
that cell-cell and cell-matrix interactions among these cells are well coordinated. For

instance, the osteoblasts release several growth factors, chemokines and cytokines to help



with bone growth. Conversely, osteoclasts bind integrins present on the cell surface and
release lysosomal enzymes to degrade the bone. This synergystic function of these two
cell types helps the bones to remodel in response to any mechanical strain to maintain
homeostasis (Bussard et al., 2008; Kanis and McCloskey, 1997). Although these factors
and enzymes primarily mediate communication between osteoblasts and osteoclasts, they
can also be used by tumor cells to their advantage. For example, extensive osteolysis in
Ewing sarcoma could support aggressive tumor growth and metastasis. The factors that
contribute to the aggressive and highly osteolytic nature of these tumor cells appear to be
significant to Ewing sarcoma biology and remain to be studied in the bone. An important
aim of this dissertation has been to study Ewing sarcoma tumor growth in a long bone,
such as the tibia of male NOD/SCID mice.

In addition to preferred sites of tumor growth, Ewing sarcoma almost always
displays tissue-specific metastasis. Despite hematogenous dissemination of Ewing
sarcoma cells, the tumor cells metastasize to lungs, other bones and bone marrow but not
other vital organs such as the liver (Arndt and Crist, 1999; Riggi and Stamenkovic,
2007). This suggests a fundamental role for tissue microenvironment in determining not
only growth, progression, but also metastasis of Ewing sarcoma. More than a century
ago, Stephen Paget proposed the ‘seed and soil” hypothesis (Paget, 1989) for cancer
metastasis suggesting that a ‘seed’ (progenitor cells, tumor cells, metastatic cells) could
colonize and grow in favorable ‘soil’ (microenvironment of tumor cells at the local or
distant organs, stroma, host factors, tumor cell niche) (Talmadge and Fidler, 2010). Since
then, it has been shown that the availability of growth factors and matrices in the tissue
microenvironment, expression of receptors on the tumor cell surface and the complex

network of receptor and growth-factor interactions, could affect the malignant behavior



of tumors. The role of tumor microenvironment in the tissue specific dissemination of
Ewing sarcoma cells is not well characterized. Therefore in this dissertation, we also
examine the spontaneous sites of metastasis from primary Ewing sarcoma tibial tumors.
Ewing sarcoma has predilection for bones as the primary site of sarcomagenesis
and also for metastasis in more than 90% of cases (Guise et al., 2006). Based on the ‘seed
and soil’ hypothesis, this could be attributed to the abundance of growth factors such as
basic fibroblast growth factor (b-FGF), platelet derived growth factor (PDGF),
transforming growth factor f (TGF-B), stem cell factor (SCF, the ligand for c-kit
receptor), adhesion molecules, cytokines and chemokines present in the bone, providing
the so-called ‘rich soil” or ‘favorable environment’ for growth of tumors in the bone
(Bussard et al., 2008; Mundy, 2002). Some of these factors have been shown to be
critical to the expression of EWS/FLI or to the tumor growth and metastasis of Ewing
sarcoma (Girnita et al., 2000). In addition to this, changes in tumor microenvironment
such as hypoxic or hypoglycemic conditions also cause phenotypic changes in Ewing
sarcoma cells (Aryee et al., 2010; Knowles et al., 2010). A better understanding of
interactions between Ewing sarcoma cells and the surrounding matrix will offer new
insight towards preventing tumor growth and metastasis of Ewing sarcoma and might

reveal new therapeutic targets.

Importance of cellular context to the study of Ewing sarcoma

In addition to the host environment, it is imperative to study the impact of the
EWS/FLI oncoprotein in an appropriate cellular context. The cell of origin for Ewing
Sarcoma has been the cause of considerable debate since the 1970s. James Ewing first

described the tumor as a ‘diffused endothelioma of the bone’ (Ewing, 2006). This



suggested an endothelial origin for Ewing sarcoma, which was later challenged by
suggestions of hematological origin, neural crest origin or that of mesenchymal or
fibroblastic origin in 1980s further perplexing researchers (Cavazzana et al., 1987,
Dickman et al., 1982; Kadin and Bensch, 1971). The undifferentiated appearance of
Ewing sarcoma did not provide much information into the cell of origin; rather the
presence of mesenchymal markers and several neuroectodermal markers further
complicated the issue.

All  these studies utilized either  microscopic  examination  or
immunohistochemistry to correlate the appearance of Ewing sarcoma cells to other cells
in the cellular milieu present at the anatomic locations from where the tumor cells were
isolated. However, these studies ignored the possibility that the chromosomal
translocation t(11;22)(q24;q12) that created EWS/FLI fusion could be responsible for the
tumor cell phenotype independent of the cell of origin. Gain of function studies by
putting EWS/FLI in murine and human fibroblasts or by the loss of function studies by
knocking down EWS/FLI in patient-derived primary Ewing sarcoma cells could be used
to address this question.

Through decades of research, scientists in the field have come to realize that the
biological response to the EWS/FLI oncoprotein expression depends on the cellular
context (Arvand and Denny, 2001; Kovar, 2005). Several heterologous model systems,
human and murine alike, have been manipulated to recapitulate Ewing sarcoma, some
more successful than others. Exogenous expression of EWS/FLI was performed in
several cell lines, including fibroblast cell lines (human NIH3T3, rodent Rat-1 or mouse
embryonic), NCM-1 rodent neural crest progenitor cells as well as murine marrow-

derived stromal cells and CTR rhabdomyosarcoma cells (Hu-Lieskovan et al., 2005; May
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et al., 1993a; Teitell et al., 1999; Toretsky et al., 1997). While NH3T3 cells could be
transformed to resemble Ewing sarcoma cells, expressing EWS/FLI in other cell lines
either inhibited cell growth or blocked cellular differentiation as seen in murine marrow-
derived stromal cells (Lessnick et al., 2002; Torchia et al., 2003). Even though NIH3T3
cells could be transformed by EWS/FLI expression, gene profiling studies revealed that
these cells do not recapitulate the gene expression pattern of bonafide Ewing sarcoma
cells derived from patients, thereby limiting the use of this model system to study Ewing
sarcoma (Braunreiter et al., 2006).

Based on the most recent body of evidence, mesenchymal stem cells (MSCs) may
appear to be the true cell of origin for Ewing sarcoma (Riggi et al., 2008; Tirode et al.,
2007). MSCs are an interesting candidate because they are believed to be derived from
both hematopoetic and neuroectodermal cell lineages (Riggi et al., 2009). When
EWS/FLI expression was silenced in Ewing sarcoma cell lines, the gene expression
signature most closely resembled that of MSC (Tirode et al., 2007). Conversely, when
EWS/FLI was expressed in MSCs, the gene expression signature was very similar to that
of patient-derived Ewing sarcoma cells, but the MSCs did not form tumors in immuno-
compromised mice (Riggi et al., 2008). This finding further suggests that EWS/FLI
expression is not sufficient to transform MSCs into Ewing sarcoma cells, and perhaps
additional or cooperative mutations or a more permissive microenvironment are required
for complete transformation. Alternatively, it should be noted that MSCs are not
confirmed cell of origin for Ewing sarcoma and based on above experimental
consequences it is possible that may be MSCs are not the cell of origin for Ewing

sarcoma.
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Controversies surrounding the cell of origin for Ewing sarcoma, prompted us to
choose a loss of function approach in patient-derived Ewing sarcoma cells. The
retrovirally mediated shRNA-based knockdown of endogenous EWS/FLI expression in
patient-derived cell lines (such as A673, EWS502, TC71) facilitated the work described
in this dissertation. Using this unique knockdown approach, the cells lost EWS/FLI-
mediated oncogenic transformation in vitro and tumor formation in vivo (Smith et al.,
2006). The microarray analysis performed to verify the transcriptional profile of
EWS/FLI using this technique identified a core set of genes that are known dysregulated
targets of EWS/FLI, thereby validating the use of this approach to study EWS/FLI
mediated effects on cell behavior in Chapters 3 and 5 (Kinsey et al., 2006; Luo et al.,

2009; Smith et al., 2006; Tirado et al., 2006).

EWS/ELI-driven changes in cell behavior are essential
to Ewing sarcoma biology

It needs to be explored how EWS/FLI makes changes in cellular behavior to drive
Ewing sarcoma metastasis, in addition to inciting oncogenic transformation. It can be
assumed that, being an aberrant transcriptional factor, EWS/FLI oncoprotein affects the
gene expression patterns in Ewing sarcoma cells to modulate tumor cell phenotype. We
used the aforementioned EWS/FLI knockdown approach to examine the role of this
oncoprotein to influence changes in cell morphology, adhesion, spreading, migration and
invasion. For the progression and metastasis of tumors of epithelial origin, the role of
surrounding tissue microenvironment in influencing tumor cell behavior have been
deemed vital and are extensively studied (Thiery and Sleeman, 2006; Yilmaz and
Christofori, 2009). It is important to explore if the matrix composition of the tissue at the

primary and the secondary site are also relevant in sarcomas and other nonepithelial
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cancers. This dissertation not only investigates whether EWS/FLI affects these vital
cellular features and processes but also how the interaction of tumor cell with its

surrounding tissue matrix influences Ewing sarcoma tumor progression and metastasis.

Extracellular matrix, integrins and focal adhesions
influence cell behavior

As a tumor grows and metastasizes, the tumor cells experience several intrinsic
(genetic/epigenetic modifications) or extrinsic (cues from surrounding matrix, growth
factors, chemotactic and mechanical stimuli) pressures, to which they must survive, adapt
and, proliferate (Hynes, 1992; Ingber et al., 1981; Lelievre et al., 1998; Yilmaz and
Christofori, 2009). Cells must adhere to the surrounding extracellular matrix (ECM) for
sensing and responding to specific information being conveyed to the cell. While this
cell-ECM interaction is determined by a group of proteins on the cell surface called
“integrins,” cell-cell communication is determined by another group of proteins called
“cadherins” (not discussed in this dissertation) (Chambers et al., 2002; Frixen et al.,
1991). Although these interactions are fairly complex, simply put, focal adhesion sites
located on the edge of the cell house these integrins which form the link between the
ECM present on the outside and the cytoskeleton present on the inside of the cell as
described in Figure 1.4 (Hervy et al., 2006). This segment will touch on the roles of
ECM, integrins and focal adhesions in the regulation of cellular features being studied in
this dissertation.

The ECM can be described as a heterogenous meshwork of fibrillar and
nonfibrillar components which can be assembled into elaborate structures such as
basement membranes and interstitial matrices that are composed of laminins, collagens

and glycoproteins such as fibronectin, which in turn act as ligands for cell surface
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receptors such as integrins (Dubash et al., 2009; Humphries et al., 2004). The integrated
mechanics and dynamics between the cell and the ECM enables cells to control their
shape, generate force, and ultimately remodel the surrounding ECM (Bershadsky et al.,
2003; Giancotti and Ruoslahti, 1999; Ingber, 2008; Janmey, 1998).

A significant role for integrins in bone biology was first suggested in 1986 when
antibodies raised against osteoclasts were shown to inhibit bone resorption in vitro
(Chambers et al., 1986). ‘Integrins’ were first identified as trans-membrane proteins that
are ‘integral’ to the link between the cell and the ECM in 1986, hence the name (Hynes,
2004; Tamkun et al., 1986). These are comprised of an a subunit that is noncovalently
bound to a B subunit, forming a large trans-membrane heterodimer, and consequently,
may respond to cytoplasmic and extra cellular cues. To-date, 18a and 83 subunits are
known to assemble in 24 different combinations of heterodimers which bind to distinct
ECMs to determine outside-in and inside-out signaling in cells thereby regulating cell
adhesion, survival, proliferation, migration and invasion (Hynes, 2002). To achieve so
many functions, integrins can bind to multiple ligands and conversely, several ECMs can
bind to multiple integrins by recognizing certain peptide sequences such as Arginine-
Glycine-Aspartic acid (RGD) (Humphries et al., 2004; Ruoslahti, 1996). However,
binding of integrins to the ligand is not sufficient for a meaningful functional interaction;
rather, it also requires activation of these integrin heterodimers by clustering on the cell
surface and/or by inducing conformational changes in the receptors. Downstream to the
stimulation of integrins, the activation of Rho GTPases regulates formation of stress
fibers and focal adhesions thereby allowing cells to adhere, spread and migrate (Guo and

Giancotti, 2004; Salsmann et al., 2006).
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One of the most well characterized integrin-ECM interactions is that between
aSP1 integrin and fibronectin (Nagae et al., 2012; Yang et al., 1999). In the case of
hematological malignancies, the presence of fibronectin and its receptor in the bone and
bone marrow suggest a vital role for these interactions in tumor-host signaling (Geiger et
al., 2001; Wennerberg et al., 1996). Therefore, these interactions need to be evaluated in
appropriate context for each malignancy. This dissertation attempts to evaluate the role of
a5 integrin in regulating the cytoskeletal features and cell adhesion of Ewing sarcoma
cells in vitro and in vivo in Chapter 5.

These sites of cell-ECM interactions correspond to the area of the plasma
membrane where actin bundles terminate and are called focal adhesions (Singer, 1979).
The term “focal adhesion” was first coined to describe focused regions where the cell
makes contact with the substratum and anchors the actin bundles. These are dense
adhesion plaques on the edge of the cells visible by light and electron microscopy
(Abercrombie et al., 1971; Heath and Dunn, 1978). Apart from structural contributions,
focal adhesions convey information bidirectionally between cells and their surroundings.
This is reflected in a recent report that observed integrin-based focal adhesions comprised
of 156 molecules forming 690 potential interactions (Zaidel-Bar and Geiger, 2010). Such
complex networking at these sites of cell adhesion vary based on the organism, tissue,
cell and even spatio-temporally regulated in a cell during various stages of development
and/or malignancy (Guo and Giancotti, 2004; Kumar and Weaver, 2009; Mitra and
Schlaepfer, 2006). During these processes, the cells required to adhere and spread on the
matrix, attach and detach efficiently for directed migration and possibly invade through
the surrounding membrane. The cells therefore change the number and size of their focal

adhesions and use the actin stress fiber network to generate enough extensile and
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contractile forces based on the composition and stiffness of the matrix (Balaban et al.,
2001; Ingber, 2008; Mierke et al., 2008). In Chapter 4 of this dissertation, one such focal
adhesion protein called zyxin is scrutinized in response to mechanical stimulation to
affect actin stress fiber network.

It should be noted that the cells and the surrounding ECM are interdependent on
each other. For example, while the integrins on the cell surface assemble fibronectin into
functional fibrillar matrix and orchestrate assembly of other ECM components, this well-
defined matrix in turn promotes cell adhesion, migration, signaling and regulation of
cytoskeleton (Leiss et al., 2008). In Chapter 5 of this dissertation we investigate the
contributions of adhesion proteins in general and two proteins zyxin and a5 integrin in
particular, whose expression is regulated by EWS/FLI to affect the characteristics of

Ewing sarcoma cells in vitro and in vivo in the context of an orthotopic mouse model.

Zvyxin: a focal adhesion protein

One of the proteins in the list of downregulated targets of EWS/FLI was “zyxin,”
an 84KDa focal adhesion protein that was identified 25 years ago. This protein was
named based on the Greek word “zeuxis,” which means “joining” because it was first
observed at the junction of actin stress fibers and focal adhesions (Beckerle, 1986). Zyxin
is known to regulate actin assembly, possibly through its N-terminus by binding a-actinin
(Crawford et al., 1992; Hirata et al., 2008). Zyxin also has nuclear export signals and 3
LIM domains in its C-terminus (Schmeichel and Beckerle, 1994). Zyxin is a protein that
responds to mechanical cues, such as cyclic stretch or changes in the internal or external
environment of cells, in order to maintain cytoskeletal integrity and homeostasis (Hervy

et al., 2006; Hoffman et al., 2006; Yoshigi et al., 2005). In Chapter 4, domain analysis of
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zyxin suggests that zyxin harbors two functionally and spatially discrete domains, a
localization domain and a reinforcement domain, to collectively influence actin stress
fiber reinforcement in response to cyclic stretch.

Zyxin recognizes sites of local stress and repair actin stress fiber break or thinning
events by recruiting a-actinin protein and Vasodilator-stimulated phosphoprotein (VASP)
to the sites of stress fiber damage (Smith et al., 2010). It has nuclear export signals, which
when mutated can result in shuttling of zyxin into the cell nuclei from adhesion plaques
(Hervy et al., 2006). Zyxin is actually the first focal adhesion protein that showed
shuttling between nucleus and focal adhesion sites (Nix and Beckerle, 1997). Some
studies have reported that zyxin can bind to a transcription factor in vitro, to influence
osteoblast differentiation by shuttling between the nucleus and focal adhesion sites
(Janssen and Marynen, 2006). Interestingly, zyxin along with its binding partners plays
crucial role in regulating gene expression in two tissues, both of which need to be
extremely responsive to mechanical cues, namely, smooth muscle and bone (Hervy et al.,
2006). Given the above information about zyxin’s role in mechano-sensitivity in bone or
osteoblast differentiation, it was intriguing to us to further evaluate any potential part that
zyxin may have in influencing growth and metastasis of a bone tumor, such as Ewing
sarcoma.

In addition to these features, zyxin has also been previously implicated by other
researchers in Ewing sarcoma. CD99 — a key cell surface receptor that is often specific to
Ewing sarcoma — functions through reorganization of the actin cytoskeleton, and zyxin
was critical to cell adhesion and downstream signaling cascade following CD99
engagement (Cerisano et al., 2004). It was subsequently reported that zyxin expression in

Ewing sarcoma cells correlated with actin cytoskeletal rearrangements and that zyxin acts
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as a tumor suppressor for Ewing sarcoma in a mouse model (Amsellem et al., 2005).
These studies inspired my interest in understanding how zyxin could contribute to Ewing
sarcoma cell morphology and cell behavior, such as cell adhesion and actin cytoskeleton

in vitro and in tumor growth and progression in vivo.

o5 Integrin: fibronectin receptor subunit

a5B1 integrin was one of the first integrin heterodimers to be discovered (Tamkun
et al., 1986). To date, 11 integrin heterodimers are known to bind fibronectin (Leiss et al.,
2008), but among these a5p1 integrin is considered to be crucial for assembly of thin and
long fibronectin fibrils. Upon binding fibronectin, the a5p1 integrins pull out from focal
adhesions and move along actin stress fibers towards the centre of the cell and form a
new adhesion structure called fibrillar adhesions, such that the fibronectin fibrils are
aligned with a5B1 integrins and F-actin filaments (Geiger et al., 2001; Ohashi et al.,
2002; Pankov et al., 2000; Zamir and Geiger, 2001). As multiple integrins can interact
with many ECM molecules, in the absence of a5B1, short and thick fibronectin fibrils can
be assembled by avp3 integrin. While a5B1 integrin binds fibronectin via RGD and
PHSRN (Pro-His-Ser-Arg-Asn) sequences to give cells their fibroblast like morphology,
avf3 integrin binds only using the RGD sequence (Truong and Danen, 2009). This kind
of an integrin switching has been shown to affect both cell spreading and the kind of
fibrillar and focal adhesions present in the cells. Only a double knockout of a5 and av
integrin can completely deplete formation of fibronectin fibrils (Yang et al., 1999).

The expression of a5 integrin on the cell surface is often modulated to affect
different processes during development, erythropoesis and several malignancies.

However, based on the cell type and the malignancy, the role of a5B1 integrin could be
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positively correlated (Caswell et al., 2008; Kawajiri et al., 2008; Qian et al., 2005) or
negatively correlated (Schirner et al., 1998; Tani et al., 2003; Taverna et al., 1998) with
tumor formation, cell migration and metastasis. Such observations emphasize the need to
study the role of cell surface receptors like a5B1 integrins in appropriate cellular and
environmental context. Ewing sarcoma mostly affects the bone and bone marrow of a
patient, which are both rich in fibronectin matrix and therefore, studying the role of a5
integrin with its corresponding matrix fibronectin could provide new insights into the
tumor cell behavior.

It was demonstrated that three genes in the cell adhesion pathway were modulated
by triggering CD99 in Ewing sarcoma cells: zyxin (as described above), a5B1 integrin
(described in this sub section) and integrin B8 precursors (not evaluated in this study) all
of which have been associated with influencing cellular adhesion (Cerisano et al., 2004).
In this dissertation we were able to investigate the contributions of two of these genes,

zyxin and a5 integrin in Ewing sarcoma cell biology.

Goals of this dissertation

Molecular mechanisms regulating metastasis in nonepithelial cancers,
mesenchymally-derived tumors or in tumors of uncertain origin are still not well
characterized. This dissertation focuses on one such cryptic malignancy with uncertain
histogenesis and aggressive biological behavior, Ewing sarcoma. Most of the research in
this field is centered on understanding the transcriptome of the EWS/FLI fusion
oncoprotein to identify and study critical targets required for pathogenesis of Ewing
sarcoma. The research described here is a step towards studying the mechanisms by

which EWS/FLI mediates changes in tumor cell behavior such as cytoskeletal integrity,
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cell morphology, cellular spreading and adhesion. This knowledge will provide valuable
information about the specific cellular features that are critical to EWS/FLI dependent
cellular pathogenesis. The work described here explores the contributions of two
downregulated targets of EWS/FLI to Ewing sarcoma pathogenesis. These studies have
been performed using a loss-of-function approach where retrovirally infected shRNA
could knockdown the expression of endogenous EWS/FLI in patient-derived Ewing
sarcoma cells. This approach enabled us to address the impact of EWS/FLI expression
on Ewing sarcoma cell behavior within its native cellular context more accurately, which
was vital to this study.
This dissertation describes my work in the following segments:

1. Review of metastatic Ewing sarcoma. In this review, I highlight the role of
tumor microenvironment in Ewing sarcoma. I provide a comprehensive
analysis of the possible host-tumor interactions that could influence the
metastatic behavior of Ewing sarcoma cells and guide their propensity to
metastasize to lungs and other bones.

ii.  What is the impact of EWS/FLI expression on the behavior of tumor cells? In
this segment, I provide evidence that EWS/FLI expression gives the cells their
round cell morphology and compromises actin cytoskeleton, cell adhesion and
cell migration. I present a model that suggests loss of cell adhesion is caused
by the oncogenic event which could lead to early tumor dissemination and
contribute to metastasis, while simultaneously forming Ewing tumors.

iii.  How does a focal adhesion protein sense cellular stress and remodel actin
filaments? In this collaborative study, we investigate the mechanism used by

focal adhesion proteins, especially zyxin, to sense physical stress around the
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cells and maintain or reinforce the actin stress fibers even in the presence of
Rho inhibitors. This study was performed on fibroblasts but was vital in
suggesting the possible role of adhesion proteins in regulating cytoskeletal
features in Ewing sarcoma cells.

What is the role of downregulated targets of EWS/FLI, especially zyxin and a5
integrin, in tumor cell behavior in vitro and in vivo? In Chapter 5 of this
dissertation, I first describe how expression of zyxin and a5 integrin in Ewing
sarcoma cells leads to different functional contributions to the actin
cytoskeleton, cell adhesion and cell spreading despite their overlapping
location in the cells. Also, I describe the orthotopic tibial mouse model that I
developed to study the growth, progression and metastasis of Ewing sarcoma
cells. I then used in vivo model to dissect the contributions of zyxin and a5
integrin in regulating tumor progression and spontaneous metastasis of Ewing

sarcoma cells to other bones and lungs.
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Figure 1.1: Metastatic Ewing sarcoma is a lethal disease. The 5-year overall survival
rate of Ewing sarcoma patients is extremely poor when diagnosed with metastatic disease
at presentation. This figure is adapted from Kolb et al., 2003.
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Figure 1.2: Schematic diagram of the EWS/FLI fusion transcript. The amino-
terminal domain or NTD from wild-type EWS protein and the carboxyl-terminal domain
containing the DNA-binding domain from the FLI protein translocate and fuse as shown
above to form the EWS/FLI oncoprotein. Figure is provided as a courtesy by Dr. Stephen
L. Lessnick.
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Figure 1.3: Histopathology of Ewing sarcoma. Ewing sarcoma is characterized by the
appearance of monomorphic small round blue cells when stained with Hematoxylin and
Eosin as shown above. Image is provided as a courtesy by Dr. Stephen L. Lessnick.
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Figure 1.4: Spatial distribution of ECM, integrins and focal adhesions in cell.
Integrins are transmembrane proteins localized at focal adhesion sites and transmit
information between the ECM and the actin cytoskeleton or other places such as the
nucleus in the cell, as represented in a cartoon (top) (Image is provided as a courtesy by
Dr. Laura M. Hoffman) and in an immuno-stained cell (bottom).
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Ewing sarcoma (ES] is the second most common bone tumor affecting primarily adoles-
cents and young adults. Despite recent advances in biological understanding, intensifica-
tion of chemotherapeutic treatments, and progress in local control with surgery andfor
radiation therapy, patients with metastatic or recurrent ES continue to have a dismal prog-
nosis with less than 20% overall survival. All ES is likely metastatic at diagnosis although
our methods of detection and classification may not account for this. Progressive disease
may arise via a combination of: (1) selection of chemotherapy-resistant clones in primary
tumor, (2) signaling from bone or lung microenvironments that may attract tumor cells to
distant locations, and/or (3] genetic changes within the ES cells themselves due to DNA-
damaging chemotherapeutic agents or other “hits” These possibilities and the evidence
base to support them are explored.

Keywords: Ewing sarcoma, metastatic

INTRODUCTION

Ewing sarcoma (ES) is the second most common malignant bone
tumor in adolescents and young adults, leading to more than 200
cases of cancer in the United States per year (SEER). Evidence of
metastatic disease at diagnosis is the most clinically relevant prog-
nostic factor, affecting ~25% of patients (Bernstein et al., 2006).
Despite recent advances in biological understanding, intensifica-
tion of chemotherapeutic treatments, and progress in local control
with surgery and/or radiation therapy, patients with metastatic or
recurrent ES continue to have a dismal prognosis with less than
20% overall survival.

Nearly every case of ES harbors a translocation of the EWSR1
gene, found on chromosome 22, with a member of the ETS family
on chromosomes 11, 21, or others. The classic ES translocation,
t(11:22)(q24;q12), creates the EWS-FLII fusion oncogene found
inaround 85% of ES tumors. Other fusion partners have also been
described and account for the remaining 15% (Turc-Carel et al.,
1988; Delattre et al., 1992). The EWS-FLI T oncogene influences the
gene expression profile of tumor cells, directly or indirectly, dri-
ving aberrant expression of over 1000 genes (Smith et al., 2006).
Interestingly, EWS—FLI1 expression is associated with activation
of some genes and repression of others, illustrating the complexity
of cellular response to this oncogenic transcription factor (May
etal., 1993).

The ES translocation is thought to be the primary mecha-
nism for tumorigenesis, but the heterogeneous biology found
in the tumors of patients with ES suggests that additional mol-
ecular mechanisms are also involved (Toomey et al., 2010).
Castillero-Trejo et al. (2005) using murine primary bone derived
cells (mPBDC), have shown that serial passage of retrovirally

transduced EWS-FLI1 mPBDCs produced tumors efficiently only
in later-passage cells (> passage 15). In addition, Lessnick et al.
(2002) established human primary fibroblast cell lines express-
ing the EWS-FLI1 fusion protein that underwent p53 mediated
growth arrest showing that for tumor formation to proceed, there
is likely a multistep process including the acquisition of other
genetic changes (Lessnick et al., 2002). This research supports
that the EWS-FLIT translocation is an initiating event in sarco-
magenesis, but that other biological processes are required for full
tumorigenesis to occur (Lessnick et al., 2002; Castillero-Trejo et al.,
2005).

Ewing sarcoma cells spread hematogenously to distant sites.
Despite negative imaging studies and bone marrow biopsies, nearly
all ES is likely micro-metastatic at diagnosis. Why then are clini-
cally detectable metastases such an important prognostic factor?
Perhaps tumor cells have differing potentials to grow and develop
at distant sites determined by therapy selective pressures, micro-
environmental signals, and changes that are intrinsic to the tumor
cell’s genes. These metastatic clones may undergo genetic changes
that allow them to react differently to chemotherapeutic agents as
well as signals in the microenvironment (of lung or bone) lead-
ing to a more aggressive, resistant phenotype. Many questions
remain regarding the presence of ES clones that may lead to occult
metastatic deposits and subsequently to recurrence of disease after
completion of therapy. Are all ES metastatic clones similar or
are they a heterogeneous population of rogues of varying clinical
threat? This paper serves to review the current clinical knowledge
about metastatic ES, to highlight current areas of research regard-
ing the molecular pathways that influence ES metastasis, and to
underscore questions that persist at this time.
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To survey the recently published literature in a comprehen-
sive fashion, searches for “ES metastasis” and “metastatic ES” were
performed via the PUBMED database. Results showed 586 arti-
cles that were published after 1999 on this topic. Abstracts were
briefly scanned for relevance, and selected papers were reviewed
in full. Original supporting data (some dated prior to 2000) were
also used for the current review, based on the bibliography of the
papers found.

METASTATIC EWING SARCOMA: THE CLINICAL
PERSPECTIVE

Currently, metastatic disease is clinically defined by the presence of
a ES specific translocation in the tissue biopsy of at least one tumor
site (primary site) plus the presence of characteristic lesions (by
imaging) in bones, lungs, or malignant cells identified in a staging
bone marrow aspirate or biopsy. If diagnostic imaging is incon-
clusive for bone or lung sites, tissue biopsy may be undertaken
to prove metastasis. Bone marrow is typically considered nega-
tive for metastatic disease if the cells present are morphologically
hematopoietic in origin; peripheral blood is never clinically tested
for ES cells. While these parameters clinically define metastatic dis-
ease and identify a high-risk sub-population of ES patients, they
likely do not completely quantify a patient’s burden of disease. Nor
do such tests give us information about the genetic changes in a
particular patient’s ES tumor cells.

Approximately 25% of patients will present with metastatic
disease, primarily with metastasis in the lungs, bony sites, and/or
bone marrow. As with most cancers, the presence of metastasis
is an important predictor of outcome. Patients with metastatic
ES have a 5-year relapse free survival of ~30% (versus localized
disease =61.3%, p < 0.001; Cotterill et al., 2000). Patients with
metastatic disease have a statistically significant proportion of
larger primary tumors (=8 cm) than patients without metastatic
disease (76.8 versus 54.3%, p < 0.00001) suggesting that primary
tumor size may correlate with metastasis (Rodriguez-Galindo
et al., 2008; Lee et al., 2010). On the other hand, some patients
who present with small primary tumors do relapse with distant
metastasis, indicating the propensity of ES for dissemination. In
terms of outcomes, patients with primary pulmonary metastasis
fare better than their counterparts with bone or bone marrow
disease (5 year EFS 29-52%) signifying that not all metastasis are
equal (Paulussen et al., 1998).

The approach to treating those with metastatic disease involves
systemic chemotherapy and local control of the primary site of
disease. With regard to systemic therapy, there have been a vari-
ety of trials attempting to optimize a chemotherapeutic regimen
specifically for patients with metastatic disease. These studies
have investigated more intensive, time-compressed, and high-dose
chemotherapy regimens, yet there has been minimal improvement
in survival of patients with metastasis at presentation (Grier et al.,
2003; Granowetter et al., 2009; Huang and Lucas, 2011) First-line
agents are the same as for clinically localized disease (vincristine,
doxorubicin, cyclophosphamide, ifosfamide, and etoposide), but
there has been interest over the last decade in the use of camp-
tothecin agents (such as topotecan and irinotecan) for metastatic
disease (Wagner, 2011). The current front line Children’s Oncol-
ogy Group (COG) trial randomizes patients with localized ES

to receive topotecan in combination with cyclophosphamide to
attempt to improve survival rates, as this combination has shown
promise in patients with relapsed or refractory disease.

Despite systemic chemotherapy and good local control modal-
ities, even patients with clinically localized ES have a high-risk
of relapse at distant sites, giving rise to the hypothesis that
micrometastasis is almost universally present but undetected at
initial diagnosis. Reports have shown that 25-30% of patients with
clinically localized ES have detectable tumor cells in the periph-
eral blood or bone marrow by polymerase chain reaction (PCR;
West et al., 1997). The question then arises as to whether these
metastatic cells are clinically nefarious clones or rogues present-
ing a limited clinical threat. No data has been reported regarding
detectable tumor cells at diagnosis for patients with metastatic
disease, but one can hypothesize that it would be at least equiva-
lent to if not higher than levels seen in localized ES. Further studies
using peripheral blood PCR and/or flow cytometry in the metasta-
tic population would be of interest as the nature of the clones in
patients with clinically metastatic disease may differ from those
that are detected peripherally in cases of clinically isolated disease.
Perhaps comparative assessment of both primary and metastatic
sites at diagnosis may also add to this body of knowledge. Other,
smaller studies have suggested that detection of such EWS fusion
oncogene transcripts in the blood or marrow after completion of
therapy may portend relapse (Avigad et al., 2004). Again, are all
metastatic clones of the same clinical threat?

Ewing sarcoma relapse usually presents within 5 years following
intensive multi-agent chemotherapy and aggressive local control
measures (Stahl et al., 2011). The predominant type of relapse
in patients with initial metastatic disease is systemic (defined as
distant recurrence only) with 73% of patients presenting almost
evenly with pulmonary, bone, or multisystem recurrent sites (Stahl
et al., 2011). The median survival time after a first recurrence is
9 months, and the 5-year overall survival is 12% for recurrent
ES overall (Leavey et al., 2008). In recent data from the COG,
the median time to recurrence in patients with metastatic disease
at diagnosis is slightly earlier (~1 year; Leavey et al., 2008). Late
recurrence, defined as greater than 2 years after initial diagnosis,
is associated with a better prognosis (currently greater than 25%
overall survival) whereas early recurrence portends a grave prog-
nosis (OS =7-10%; Huang and Lucas, 2011). Stahl et al. (2011)
have corroborated that patients with initially clinically localized
disease relapsed significantly later than those with metastatic dis-
ease at diagnosis (434 versus 563 days, p < 0.001). In addition, the
patients that relapsed earlier had a significantly worse outcome
(OS0-2years =0.07, 2-3 years = 0.27, =3 years = 0.30, p < 0.001;
Stahletal, 2011). Overall, the data suggests that metastatic patients
are more likely to relapse early with systemic disease and have a
waorse prognosis. This leads to the hypothesis that either tumor-
related OR patient-related factors may lead to these ES clone’s
ability to evade destruction or removal during treatment. Disease
that is cytoreduced into an initial state of subclinical tumor bur-
den, but not fully eradicated, necessarily harbors resistant clones of
ES. Chemotherapy provides both selective pressure favoring such
clones as well as additional DNA damage able to induce genetic
alterations that may generate new resistant clones. Early clinical
recurrence implies that either the clones were resistant enough to
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grow during therapy or aggressive enough to rebound rapidly after
therapy-suppression is lifted.

THE TUMOR MICROENVIRONMENT

The continued poor prognosis for patients with metastatic ES
questions the possible need for distinctive treatment strategies
designed specifically to prevent metastasis from the primary tumor
site and to target and eradicate known or latent metastatic dis-
ease (Riggi and Stamenkovic, 2007). Research has focused both
on understanding what triggers dissemination as well as what fac-
tors support tumor cell survival and proliferation in ectopic sites.
ES cells have a propensity to metastasize to the lung, bone, and
bone marrow (Arndt and Crist, 1999) sugpesting an important
role of tumor cell microenvironment that may direct this tissue-
specific metastasis (Kerbel, 1995; Mundy, 2002). In recent years,
several labs have focused their efforts on understanding the con-
tribution of metastatic sites in attracting ES cells and supporting
their growth. To prevent ES metastasis, an understanding of these
unique tumor microenvironment and host—tumor interactions
may offer new therapeutic targets.

Ewing sarcoma usually arises from bone, but can also metasta-
size to distant bones. The bone is a rich repository of growth factors
including stem cell factor (SCF, the ligand for c-kit receptor), basic
fibroblast growth factor (b-FGF), platelet derived growth factor
(PDGF), and transforming growth factor-p (TGF-B), therefore
providing chemo-attractants for metastatic disease and a favor-
able environment for metastatic growth of many types of tumors
(Mundy, 2002; Bussard et al., 2008). For example, metastatic sites
highly express SCF in the bone marrow stromal cells (BMSCs),
osteoblasts, and endothelial cells. Landuzzi et al. (2000) noted the
presence of substantial surface c-kit receptors in six ES cell lines;
transmembrane SCF was also found on five of the six cell lines.
Exposure of these ES cell lines to exogenous SCF caused down-
regulation of its receptor, decreased chemoattraction of ES cell
lines to SCF, and significantly reduced metastasis to lungs and
other extra-pulmonary organs in a metastatic xenograft model.
These data suggest that SCF expressed in potential metastatic sites
may serve a chemoattractant role and that the c-kit receptor/SCF
interaction is a potential target for decreasing ES metastasis
(Landuzzi et al., 2000).

Fibroblast growth factor produced by BMSCs may promote
a metastatic phenotype in ES tumors by increasing cell motility.
Conditioned medium from BMSCs was shown to increase motil-
ity in human ES cell lines, specifically through activation of FGF
receptor-1 (FGFR-1) by b-FGF and its downstream signaling cas-
cade, phosphatidyl inositol 3 kinase (PI3K)-Rac-1 (Kamura et al.,
2010). Receptors for FGF and PDGF are well-characterized and
small molecule inhibitors against these catalytic receptors may
provide a therapeutic option in ES.

Lyn,a member of the Src family of kinases, is a known regulator
of tumor cell proliferation, adhesion, motility, and invasion. Tar-
geting Lyn using a small interfering RNA (siRNA) or the small
molecule inhibitor AP23994 resulted in suppression of tumor
growth, decreased bony lysis due to tumor cells, and significantly
fewer lung metastases in vivo (in athymic nude mice injected with
TC71 human ES tumor cell lines; Guan et al., 2008). Here EWS—
FLIT was shown to upregulate Lyn expression allowing increased

bony lysis. Such lysis creates space for tumor growth, and provides
easier access for tumor cells to the bone stroma where they may
enter the circulation and metastasize to the lung. This data sug-
gests that targeting Lyn upregulation may decrease the propensity
of ES cells to metastasize.

Finally, ezrin, a membrane—cytoskeleton linking protein, has
an effect on the development of metastasis in osteosarcoma and
rhabdomyosarcoma (Khanna et al., 2004; Yu et al., 2004). Krish-
nan et al. (2006) have shown that this is true for ES as well. In
normal cells, ezrin mediates signal transduction and cell to cell
interactions, and promotes growth. Phosphorylation at threonine
567 (T567) of ezrin is essential for ezrin-mediated transduction
of growth signals; mutation at this site, leading to absence of
phosphorylation at T567 (so called ezrinT567A mutants), causes
down-regulation of growth via the AKT/mTOR (mammalian tar-
get of rapamycin) pathway. Krishnan et al. (2006) have shown
that ES cell lines (both previously established cell lines and pri-
mary cell lines from patient tumor samples) have high levels of
ezrin expression, and ezrinT567 A mutants maintain a significantly
slower growth rate than those with wild type ezrin expression
due to increased apoptosis. These data lend credence to ezrin's
import in primary disease. In addition, injection of ezrinT567A
mutant cells into mice produced fewer experimental metastases
(2/30 mice developed metastasis) than mice injected with wild
type ezrin (8/10 mice) showing that ezrin may also have a role
in development and growth of metastasis in ES. Manipulation of
the ezrin pathway may be explored in the future as a means to
decrease the development of metastatic disease in ES (Krishnan
etal., 2006).

METASTATIC DISEASE, INSTABILITY OF THE CLONE

As a tumor grows and metastasizes, its genome can continue to
adapt allowing for creation of resistant clones that evade con-
ventional therapies. Newer technologies, such as copy number
analysis, rendering more detailed analysis of the genome than
is possible with traditional cytogenetics, have been used to also
look at genomic imbalances beyond translocation status in these
tumors. As cancer genomes become more unstable, the number of
copy number aberrations (CNA) increases (Jahromi et al., 2011).
Copy number analysis of primary tumors may be a way to iden-
tify tumors that are at higher risk of metastasis or relapse than
others. Several other tumor types have copy number changes that
are being used to risk stratify therapy for patients (e.g., neuroblas-
toma; Attiyeh et al., 2005}, but this is currently not possible for ES
due to its rarity and challenge of obtaining a large enough cohort
to study. Researchers continue to analyze genomic changes in ES
samples (Armengol et al., 1997; Tarkkanen et al., 1999; Brisset
et al., 2001; Ozaki et al., 2001; Savola et al., 2009), but the results
have been discordant, possibly due to the small samples sizes used
and/or the variable biology of the disease coupled with a lack of
detailed clinical phenotyping.

In the late 1990s to early 2000s, several researchers described
chromosomal gain in ES tumor samples — most commonly tri-
somy 1q |[due to derivative chromosome (1:16}], trisomy 8, and
trisomy 12 in 25, 35, and 25% of samples respectively (Armen-
gol et al., 1997; Tarkkanen et al., 1999). The literature supports
that 63—87% of ES tumor samples have CNAs detected by CGH
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(Armengol et al., 1997; Tarkkanen et al., 1999; Brisset et al., 2001;
Ozaki et al., 2001; Savola et al., 2009). The most common of these
CNAs have been analyzed for possible prognostic capacity, but
the results have been varied. Many groups found no statistically
significant changes in event-free survival or overall survival in ES
based on CNAs (Armengol et al., 1997; Tarkkanen et al., 199%;
Ozaki et al., 2001). However, two different groups found that the
number of aberrations did significantly predict patient survival.
Ozaki et al. (2001) showed in 48 patients that tumors with lower
CNAs (less than five) were significantly associated with improved
survival {p = 0.009). In addition, Savola et al. (2009) reported that
tumors with higher numbers of CNA (=3) faired significantly
worse in terms of OS (p=10.030) and EFS (p=10.049) than those
with fewer CNAs. The findings to date are correlative in nature and
require experimental testing to demonstrate whether CNA's reflect
tumor age, behavioral attributes, and both. Currently, there is not
a particular aberration or combination of changes being used to
stratify patients for therapy.

The average number of CNAs in ES tumors varies in the
literature. The most recent data using Agilent’s 44K oligoarray
platform included 0-26 aberrations per tumor with a mean of 7.2
(Savola etal., 2009). Older reports, using various CGH techniques,
reported on average two aberrations per tumor (range 1.14-3.6;
Armengol et al,, 1997; Tarkkanen et al., 1999; Brisset et al., 2001;
Ozaki et al., 2001). Much of this variation may be due to the sam-
ples and techniques available for CGH at the time the data were
collected. Mean copy number changes per tumor in other sarco-
mas such as osteosarcoma, malignant fibrous histiocytoma, and
chondrosarcoma have been reported around 11, 6, and 6 respec-
tively (Tarkkanen et al., 1995; Larramendy et al., 1997a,b). In ES,
copy number changes were low in any given tumor sample lend-
ing credence to the primary translocation in ES being a single
major genetic hit of great import in development and mainte-
nance of tumors. This supports studies on cultured human ES
cells in which knockdown of EWS—FLI expression was shown to
be sufficient to reverse transformation and tumorigenic properties
(May et al., 1993). As stated earlier, however, EWS-FLI1 expres-
sion is likely not the only genetic or epigenetic hit that is required
for development and maintenance of ES (Lessnick et al., 2002;
Castillero-Trejo et al., 2005). Hopefully, as the resolution of SNP
microarrays increases and next-generation sequencing is intro-
duced, more clinically relevant and cooperating CNAs may be
discovered in ES.

Numbers of CNA in metastatic versus localized ES have been
studied and have yielded inconclusive results. Brisset et al. (2001)
found no difference between the type or average number of CNAs
of primary tumor samples in patients who presented with metas-
tasis. However, Savola et al. (2009 reported that metastatic tumors
showed more CNA (mean 11.8) than primary tumors (mean 5.8).
Finally, samples from relapsed tumors had greater than three times
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CHAPTER 3

THE EWS/FLI ONCOGENE DRIVES CHANGES IN CELLULAR
MORPHOLOGY, ADHESION, AND MIGRATION

IN EWING SARCOMA
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Abstract

Ewing sarcoma is a tumor of the bone and soft tissue caused by the expression of a translocation-derived oncogenic transcription factor, EWS/FLL.
Overt metastases are associated with a poor prognosis in Ewing sarcoma, but patients without overt metastases frequently harbor micrometastatic
disease at presentation. This suggests that the metastatic potential of Ewing sarcoma exists at an early stage during tumor development. We have
therefore explored whether the inciting oncogenic event in Ewing sarcoma, EWS/FL, directly modulates tumor cell features that support metastasis,
such as cell adhesion, cell migration, and cytoarchitecture. We used an RMNAI-based approach in patient-derived Ewing sarcoma cell lines. Although
wae hypothesized that EWWS/FLI might induce classic metastatic features, such as increased cell adhesion, migration, and invasion (similar to the
phenatypes observed when epithelial malignancies undergo an epithelial-to-mesenchymal transition during the process of maetastasis), surprisingly,
we found the opposite. Thus, EWS/FLI expression inhibited the adhesion of isolated cells in culture and prevented adhesion in an in vive mouse lung
assay. Cell migration was similarly inhibited by EVWS/FLI expression. Furthermore, EWS/FLI expression caused a striking loss of organized actin
stress fibers and focal adhesions and a concomitant loss of cell spreading, suggesting that EVWS/FLI disrupts the mesenchymal phenotype of a putative
tumor cell-of-origin. These data suggest a new paradigm for the dissemination and metastasis of mesenchymally derived tumors: these tumers may
disseminate via a “passive/stochastic” model rather than via an “active” epithelial-to-mesenchymal type transition. In the case of Ewing sarcoma, it
appears that the loss of cell adhesion needed to promote wwmer cell dissemination might be induced by the EWS/FL| oncogene itself rather than via

an accumulation of stepwise mutations.

Keywords
cell adhesion, cytoskeleton, Ewing sarcoma, EVWS/FLI, metastasis

Cancer is the second leading cause of death worldwide.
More than 90% of the deaths due to cancer are attributable
to metastatic disease. Based on this clinical reality, it is
widely argued that effective treatment of cancer will depend
significantly on our ability to block the process of metasta-
sis.' Indeed, many therapeutic agents in development for
cancer applications are designed to interfere with aspects of
the metastatic cascade.

Because of the profound impact of metastasis on cancer
outcomes, significant research focus has been applied to
understanding the factors that influence metastatic spread
of tumor cells. Work in this area has been concentrated on
tumors of epithelial origin, in large part because carcinomas
are the most common cancers. Years of investigation have
led to a now widely accepted multistep model for tumor
metastasis that involves an “active” process including an
epithelial-to-mesenchymal transition with important mor-
phologic changes that allow for release of cells from the
primary tumor site, invasion of tumor cells into the sur-
rounding tissue, movement of tumor cells into and out of
blood or lymphatic vessels, and adaptation of tumor cells to
microenvironmental conditions encountered at the ectopic

site. Although different groups emphasize distinct aspects
of the metastatic cascade, the process can generally be
depicted as having 2 major phases: first, the translocation
phase in which a tumor cell moves from the primary tumor
site to a distant organ, and second, the colonization phase in
which the tumor cells adapt and proliferate in the ectopic
site to establish metastatic disease.™

Substantial mechanistic detail has been deciphered for
how carcinomas achieve the capacity to navigate the trans-
location phase. For a cell within an epithelial-derived
tumor, a critical step involves an epithelial-to-mesenchymal
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transition with associated loss of cell surface adhesion mol-
ecules, such as E-cadherin, that would normally tether
the cell to its neighbors.® The loss of E-cadherin is corre-
lated with advanced metastatic disease in several types of
epithelial-derived tumors.*® Moreover, the importance of
E-cadherin loss for tumor metastasis has been directly dem-
onstrated in several preclinical models. For example, dis-
ruption of E-cadherin expression in a mouse model of
pancreatic cancer leads to reduced cell-cell adhesion as well
as temporally accelerated tumor invasion and metastasis.™
In addition to loss of cell-cell adhesion, the carcinoma cells
also acquire enhanced migratory and invasive potential that
typically involves changes in expression of cytoskeletal
proteins, integrins, and proteases that help dissolve the
basement membrane and promote motility.™"" These
changes are thought to facilitate the movement of tumor
cells into the vasculature, where they can be transported
throughout the body. Ultimately, the tumor cells leave the
vasculature and invade a new organ site, where significant
adaptation and proliferation result in colonization and for-
mation of metastases.

The dramatic changes in cell behavior that are necessary
for metastasis must ultimately be driven by changes in gene
expression programs within the tumor cells. It is envisioned
that cancer cells navigate the substantial environmental
challenges encountered along their metastatic journeys by
acquisition of genetic and epigenetic changes beyond the
initial oncogenic transformation events that influence cell
properties such as adhesion, migration, and survival sup-
port progression to metastasis.'"'? Thus, metastasis is
thought to represent an important later step during tumor
progression. Consistent with the view that acquisition of
metastatic potential occurs over an extended time period
and involves multiple genetic steps, many cancers grow for
years at the primary site prior to any evidence of dissemina-
tion and metastatic behavior."*"

However, in apparent conflict with the multistep model
of metastasis, some cancers are typically metastatic upon
presentation, even under conditions where the primary
tumor is small."" " These examples raise the possibility that
a very early event, perhaps even the initiating oncogenic
event, might simultaneously influence both cell prolifera-
tion and capacity for metastasis. As discussed above, the
prevailing model for metastasis is derived from study of
epithelial-derived tumor cells, which undergo an epithelial-
to-mesenchymal transition during acquisition of metastatic
potential. This raises interesting questions about whether
nonepithelial tumors, such as sarcomas, may follow a dif-
terent course on their path to metastasis.

Ewing sarcoma is an important example of a tumor that
usually displays early evidence of metastatic dissemination.
Ewing sarcoma is a small round blue cell tumor of the bone
and soft tissue with peak incidence in teenage years. Ewing

sarcoma represents the second most common bone tumer in
children and adolescents. Although approximately two-thirds
of patients with localized Ewing sarcoma can be cured with
intensive chemotherapy, along with surgery and/or radiation
therapy, patients with metastatic Ewing sarcoma have a very
poor prognosis, with less than 20% 5-year disease-free sur-
vival."” In the absence of chemotherapy, approximately 90%,
of patients die from disease following definitive surgery, sug-
gesting that the vast majority of patients have micrometa-
static disease at presentation.”™' Furthermore, circulating
tumor cells can often be identified in patients using RT-PCR
or flow-cytometric techniques.”™”

The majority of Ewing tumors display an (11;22)
(q24;q12) chromosomal translocation, encoding the chime-
ric transcription factor EWS/FLL*** with other EWS fusion
proteins associated with the remainder of Ewing sarcoma
tumors.”* The EWS/FLI fusion protein links the amino ter-
minus of EWS, a strong transcriptional activator, and the
carboxy terminus of FLI1, a DNA-binding protein from the
ETS family of transcription factors>'** EWS/FLI acts as a
transcriptional regulator to modulate hundreds to thousands
of genes expression, and ongoing EWS/FLI expression is
required for maintenance of transformation.***

Although the role of EWS/FLI in transcriptional regula-
tion is well-documented, little is understood about how
EWS/FLI expression influences cell behaviors that contrib-
ute to the ultimate tumor phenotype in patients. Early stud-
ies relied on the stable expression of EWS/FLI in NIH3T3
murine fibroblasts.***** However, murine fibroblasts
expressing EWS/FLI protein do not recapitulate the gene
expression pattern of bona fide patient-derived Ewing sar-
coma cell lines or tumors,™* highlighting the need for
a cell-based model that more faithfully replicates what
occurs in human Ewing sarcoma tumor cells. Efforts to
develop a high fidelity experimental approach to study the
consequences of EWS/FLI expression tor cell behavior
have been further complicated by the fact that the cell
of origin that gives rise to Ewing sarcoma remains
controversial**

To circumvent these challenges and to achieve a cell cul-
ture model that reliably reflects the contextual properties of
the patient tumor, we have used patient-derived Ewing sar-
coma cells and stable RNA-interference to knock down
EWS/FLI expression.””***® This approach allowed us to
study the effects of EWS/FLI on key properties related to
the metastatic phenotype, such as cell adhesion, migration,
invasion, and cytoarchitecture. Our initial hypothesis was
that EWS/FLI might induce cellular features consistent
with those observed in epithelial malignancies undergoing
epithelial-to-mesenchymal transitions. Surprisingly, we
observed the opposite phenotype, with EWS/FLI inhibiting
cell adhesion, rather than promoting cell migration and
invasion. Our results suggest that EWS/FLI expression
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RNAI. Antibody directed against the
carboxyl-terminus of FLI demon-
strated a corresponding reduction in
the level of EWS/FLI protein (Fig.
IB).

By monitoring growth in soft agar
as a hallmark of oncogenic transfor-
mation, we observed nearly complete
loss of colony forming efficiency
when A673 cells were infected with
EWS/FLI RNAI retroviruses versus those with control
RNAi (Fig. 1C, D). We previously showed that EWS/FLI
knockdown in A673 cells does not change cell proliferation
or lead to growth arrest.*® Thus, the loss of capacity to grow
in soft agar illustrates the requirement for ongoing expres-
sion of EWS/FLI to sustain anchorage-independent cell
growth.

Figure |. Retroviral RMAi mediated knockdown of EWS/FLI in Ewing sarcoma cells. (A) Retroviral
mediated knockdown of endogenous EVWS/FLI fusion transcripts in Ewing sarcoma A673 cells
was measured by semiquantitative RT-PCR, with GAPDH transcripts as control. Transcripts were
normalized as fold change compared with control A673 cells. (B) Western immunoblot with FLI-1
antibody detected EVWS/FLI fusion protein in A&673 cells with control RMNAI and significant reduction
of EWSIFLI protein with EWS/FLI RNAL Tubulin antibody was used to show equivalent protein
loading. (C} In soft agar transformation assays of A673 cells, the number of colonies formed in 4
weeks was unaffected by control RINAI but significantly reduced by EVWS/FLI RNAI (D). #=P < 0.001.

EWSIFLI expression inhibits cell adhesion and spreading.
Since an early determinant of metastatic potential is the
ability of tumor cells to exit the primary tumor mass, we
first evaluated the impact of EWS/FLI expression on Ewing
sarcoma cell adhesion. We analyzed the ability of cells to
adhere and spread on fibronectin-coated tissue culture plas-
tic over a 2-hour time period in the presence of serum. By
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Figure 2. EWS/FL| expression abrogates cell adhesion and spreading. (A) Ewing sarcoma A673 cells
alone or with control or EVWWS/FLI RMNAi were plated on a tissue culture dish for 2 hours and then
evaluated for cell spreading by phase contrast microscopy. Arrows indicate cells adhering to the
substratum, spreading, and losing their phase brightness. (B) Measurement of A673 cell area following
2 hours adhesion showed that EWS/FLI RMNAI enhanced cell spreading compared with cells with
control RMAL (C) In a2 colorimetric adhesion assay of cells plated for 2 hours, the compromised
adhesiveness of cells with contrel RMAI compared with the EWS/FLI RMAI was quantitated and
shown to be approximately 2-fold. (D) Western immunoblot for EVWS/FLI protein in A673 cells with
control RMAiI or EVWS/FLI RMNAI were compared with EWS/FLI RMAI cells reconstituted with Flag-
tagged EVWS/FLI® cDMA that is resistant to the RMALThe reconstituted EWS/FLI levels approached
those seen in control A673 cells, and the tubulin signal shows equivalent protein loading. (E) Cell
adhesion over 2 hours was measured by a colorimetric assay for A673 cells with control RMA (light
gray) and EVWS/FLI RMAi (dark gray) and showed that EWS/FLI knockdewn increased cell adhesion
2fold over control cells. Reconstituted cells programmed to express RMAi-resistant EVWS/FLI*
(striped) exhibited adhesion that was not statistically different (ns) than control cells. ¥*F < 0.001.

visual inspection using phase contrast microscopy, we
noted that Ewing sarcoma cells in which EWS/FLI expres-
sion was subject to RNA interference displayed more robust
adhesion and spreading compared with Ewing sarcoma
cells that retaimed EWS/FLI expression (Fig. 2A). Cell

spreading requires the establishment
of progressive, circumferential sub-
stratum adhesion zones as the cell
periphery extends its reach. Direct
measurement of cell area revealed
that control Ewing sarcoma cells dis-
play a statistically significant reduc-
tion in their capacity to spread
compared with Ewing sarcoma cells
in which EWS/FLI expression is com-
promised (Fig. 2B), further suggesting
that EWS/FLI induces a reduction in
cell adhesion, which can be measured
in vitro. Quantitative colorimetric
adhesion assays confirmed these
results, demonstrating that suppres-
sion of EWS/FLI expression results in
a 200% increase in adherent cells
compared with the parental AG673
cells, whereas treatment with a control
RNAi construct had no impact on cell
adhesion (Fig. 2C).

To ascertain that these changes in
cell adhesion and spreading are EWS/
FLI-dependent and not due to an
oft-target effect of the RNAI, we per-
formed a knockdown-rescue experi-
ment. We reconstituted expression of
EWS/FLI in Ewing sarcoma cells
that had been subjected to oncogene
knockdown; expression of EWS/FLI
was achieved using a previously pub-
lished Flag-EWS/FLI-cDNA con-
struct that is insensitive to our RNAI
construct (Fig. 2D).*® Re-expression
of EWS/FLI induced a statistically
significant reduction in cellular adhe-
sion (Fig. 2E), thereby confirming
that EWS/FLI expression influences
cell adhesion. Cells that were pro-
grammed to re-express EWS/FLI
after knockdown displayed adhesion
properties comparable to the parental
Ewing sarcoma cells (Fig. 2E).

EWSIFLI expression compromises in
viva cell adhesion. To assess whether
the in wvitro finding that EWS/FLI

expression compromises cell adhesion is relevant in a physi-
ological setting, we tested the ability of Ewing sarcoma cells
harboring control or EWS/FLI-directed RNAI1 constructs to
adhere in a mouse lung colonization assay. Equal numbers of
differentially labeled fluorescent Ewing sarcoma cells that
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EWSIFLI  expression  adversely
impacts both cellular migration and
invasion. The finding that EWS/FLI
expression caused decreased adhe-
sion raised the possibility that cell
migration might also be aftected by
EWS/FLI expression. Therefore, we
next examined the impact of EWS/
FLI expression on the inherent migra-

RNAI tory and invasive ability of AG673

Figure 3. EWS/FL| expression compromises cell adhesion in vivo. A673 cells with control RMAI
were colored red (Dil) and cells with EWS/FLI RMAi were colored green (DiO), mixed in 1:] ratio,
and then injected into mouse lateral tail veins. Twenty-four hours later the lungs were harvested
and cryosectioned, and the red and green cells were counted. (A) Maximum intensity projection of
confocal images of lung sections showing differentially labeled A673 cells with control RMAT (red.
hollow arrows) and EVWS/FLI RNAI (green. solid white arrows). Muclei are stained with DAPI (blue).
{B) Lung sections from additional experiment of mice injected with the cell colors switched to avoid
bias of dyes (grean-control RNA, red-EVWS/FLI RNAi). (C) Cell colonies were counted for 4 mm’
sactions in |5 representative sections and showed more calls with EWS/FLI RMAI (solid white arrows
in A and B) accumulated in lung parenchyma compared with cells with control RNAI (hollow arrows

in A and B). *=F < 0.001.

had been selected after infection with retroviruses harboring
either control or EWS/FLI RNAI constructs were introduced
into the circulation of NOD SCID mouse recipients via tail
vein injection. In our initial experiments, control RNAI
treated cells were labeled with the lipophilic carbocyanine
dye, Dil, which displays an emission maximum of 565nm
(red); EWS/FLI RNAI treated cells were labeled with DiO,
which displays an emission maximum of 501 nm (green). The
appearance of fluorescently labeled cells in the lungs of the
recipient mice was monitored by fluorescence microscopy of
lung sections derived from animals sacrificed 24 hours after
tumor cell inoculation.

Consistent with the in vitro findings described above,
A673 cells harboring the EWS/FLI knockdown construct
(D10 labeled green fluorescent colonies in Fig. 3A) were
found in greater abundance in the mouse lungs compared
with cells harboring the control RNAI construct (Dil-labeled
red fluorescent colonies in Fig. 3A). Six animals were exam-
ined for each RNAI construct. To control for potential differ-
ences in the lipophilic labels, such as fluorescence intensity
or stability, we repeated this experiment, labeling the RNAi-
treated Ewing sarcoma cells with the reciprocal dye, with
similar results (Fig. 3B). Quantitative analysis was per-
formed by counting the numbers of Dil- and DiO-labeled
cell colonies in multiple lung sections as described in Mate-
rials and Methods. We found a statistically significant 4-fold
reduction in the number of lung colonies derived from con-
trol Ewing sarcoma cells compared with those in which
EWS/FLI expression was knocked down (Fig. 3C). These
findings illustrate that cells expressing EWS/FLI are less
adhesive in vivo, as measured by a lung colonization assay.

Ewing sarcoma cells compared with
A673 Ewing sarcoma cells in which
EWS/FLI expression had been abro-
gated. Using a monolayer wound
healing assay, we observed that the
parental A673 Ewing sarcoma cells
or A673 cells with control RNAi
migrate more slowly than cells with
EWS/FLI RNAi (Fig. 4A). Ewing
sarcoma cells in which EWS/FLI
expression was knocked down were
able to reach the midline of the
wound as early as 24 hours, whereas control RNAI express-
ing cells did not close the wound even after 48 hours.

In an effort to dissect the mechanism underlying altera-
tion in monolayer wound healing capacity associated with
EWS/FLI expression, we performed time lapse microscopic
analysis of individual cells to measure speed, distance, and
displacement of cells over a 24 hour period in a random
migration assay (Fig. 4B-F). By inspection of the motility
tracks of individual cells, it was evident that expression of
EWS/FLI inhibited the ability of the A673 cells to migrate
on tissue culture plastic (Fig. 4B). Quantitative measure-
ment of the individual cellular tracks revealed a statistically
significant decrease in total distance traveled by control
A673 cells compared with those in which EWS/FLI expres-
sion was knocked down (Fig. 4C). The mean cell velocity
also reduced to 7 pm/h for control RNAIi expressing cells
compared with 19 pm'h for EWS/FLI RNAi expressing
cells (Fig. 4D). The net displacement, defined as the length
of a straight line drawn from the starting cell position to the
ending position after the 8 hour migration interval had
elapsed, was 92 pum for the A673 cells in which EWS/FLI
was knocked down compared with 21 pm for the cells with
control RNAi (Fig. 4E).

Cells can migrate randomly or in a directed fashion. To
evaluate whether the expression of EWS/FLI also influences
the directionality of Ewing sarcoma cell migration, we
assessed the persistence of the migrating cells by calculating
the ratio of net cell displacement to total path length travelled
by the cell. Our analysis shows that A673 cells treated with
either control RNAi1 or EWS/FLI RNAi exhibit comparable
persistence (Fig. 4F). No statistically significant differences
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Figure 4. Expression of EWS/FLI results in reduced cellular migration and invasion. Ewing sarcoma A673 cells with control RMNAI or EWS/FLI RNAJ
were evaluated for directed cell migration, random metility, chemotaxis, and invasion. (A) Cell migration into wounds scraped across cell monolayers was
monitored by time lapse microscopy for 48 hours. A673 cells with EWS/FLI RMAI reached the midlina of the wound within 24 hours, whereas the other
ABT3 cells did not migrate effectively. (B) Random cell motility was tracked by time lapse microscopy (| 5-minute intervals for 8 hours), and representative
cells tracks are shown. Analysis for total distance (C), spead (D). displacement (E), and persistence (F) was performed with MetaMorph software, and
showed enhanced motility but no EVWS/FLI-dependent difference in persistence in A673 cells with EWS/FLI RNAL (G, H) Cells in serum-free media
were plated onto Boyden transwell migration filters and then given 24 hours to migrate through pores (small circles on images) toward a high serum
environment, fixed, and stained (blue). Compared with control calls, significantly more cells with EVWS/FLI RNAI migrated. (1, J) Transwell invasion through
Matrigel matrix (24 hours) indicated significant increase in cellular invasiveness upon knockdown of EWS/FLL (K, L) A673 cells with control (light gray
bar) or EWS/FLI RMAi (dark gray bar) were compared with EWS/FLI RMAi cells reconstituted with Flag-tagged EWS/FLI* cDNA (striped bar) that is
resistant to the RMAI in transwell migration assays. Quantitation of the number of migrated cells indicated the EWS/FLI-dependence of this cell migration
difference. P < 0.001, ns is not significantdy different.
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in distance, velocity, or net displacement were observed
when comparing untreated A673 cells with those treated with
control RNAi (Fig. 4C-F).

Consistent with the monolayer wound healing and single
cell migration assays, we found that EWS/FLI expression
in Ewing sarcoma cells also inhibited translocation through
a porous membrane in a chemotactic Boyden Chamber
assay in which cells are stimulated to migrate towards high
serum gradient (Fig. 4G, H). Whereas EWS/FLI knock-
down cells exhibited significantly increased capacity for
invasion in a Matrigel invasion assay, expression of EWS/
FLIL, as occurred in the parental cell line, was associated
with a striking lack of invasiveness by Ewing sarcoma cells
(Fig. 41, J). Confirmation that the effects of EWS/FLI
knockdown on cell migration are due specifically to the loss
of EWS/FLI was achieved by knockdown-rescue experi-
ments in which we expressed an RNAi-insensitive EWS/
FLI ¢DNA in the knockdown cells. We observed that
expression of EWS/FLI causes reduced haptotactic cell
migration in a Boyden chamber cell migration assay (Fig.
4K, L). Collectively, these results illustrate that EWS/FLI
expression inhibits cell migration.

EWSIFLI expression induces deficiencies in the actin cyto-
skeleton and focal adhesions. The decreased adhesion and
migration associated with EWS/FLI expression suggested
that EWS/FLI expression might induce an underlying
change in cytoarchitecture that is responsible for the
observed alterations in cell behavior. To assess this possi-
bility, we compared the cytoskeletal organization in AG73
Ewing sarcoma cells and A673 cells in which EWS/FLI
expression was knocked down by studying subcellular
localization of cytoskeletal proteins. The cells were plated
on fibronectin-coated coverslips in the presence of serum.
Ewing sarcoma cells that express EWS/FLI displayed a
small round cell morphology with thin and short actin stress
fibers (Fig. 5A). In contrast, knocking down EWS/FLI
resulted in cells with robust actin stress fibers that were dis-
tributed throughout the well spread Ewing sarcoma cells,
seemingly consistent with a mesenchymal/fibroblastic mor-
phology of a putative sarcoma cell-of-origin (Fig. 5B).

Actin stress fibers terminate at specialized regions of the
cell membrane called focal adhesions, which support integ-
rin-dependent adhesion to extracellular matrix proteins.
Adherent mesenchymal cells typically display robust focal
adhesions. The deficit in cell adhesion and actin stress fiber
organization in Ewing sarcoma cells raised the possibility
that expression of EWS/FLI might affect the establishment
or maturation of focal adhesions. To test the impact of
EWS/FLI expression on integrin-anchored focal adhesion
sites, we compared focal adhesions in Ewing sarcoma cells
treated with control or EWS/FLI directed RNA1 by indirect
immunofluorescence with primary antibody directed
against the focal adhesion marker protein, paxillin (Fig.

5AB,C.E.F)." Quantitative analysis of focal adhesion
number revealed that control A673 cells expressing EW S/
FLI had fewer focal adhesions than A673 cells treated with
EWS/FLI RNAI, displaying an average of 50 + 15 focal
adhesions per cell compared with 177 = 50 focal adhesions
for cells in which EWS/FLI expression was compromised
(Fig. SE). In addition to the reduced number of focal adhe-
sions, cells with wild-type EWS/FLI expression had smaller
tocal adhesions, with average focal adhesion areas of 1.3
pm’ % 0.3pm® compared with an average focal adhesion
area of 1.8 pm® + 0.3 pm? for Ewing sarcoma cells treated
with EWS/FLI RNAi (Fig. 5F).

Consistent with our observations that cells with EWS/
FLI expression have compromised actin stress fibers and
focal adhesions, these cells also exhibited an average cell
area of 916 pm’ after 24 hours of plating, compared with an
area of 2218 um? for A673 cells with reduced EWS/FLI
expression (Fig. 5D, G). This finding complements the cell
adhesion and cell spreading analysis presented in Fig. 2,
which showed that Ewing sarcoma cells display deficits in
adhesion and spread more slowly than Ewing sarcoma cells
in which EWS/FLI expression is knocked down. Analysis
of cell area 24 hours after plating illustrates that the Ewing
sarcoma cells are not simply slow to spread; rather, they
have lost their cytoskeletal organization and adhesive
capacity, leading to a steady-state decline in cell area. As
we demonstrated with the adhesion and motility measure-
ments, EWS/FLI expression is specifically required for
inducing the alterations in the actin cytoskeleton and cellu-
lar morphology observed in Ewing sarcoma cells. When an
RNAi-insensitive variant of EWS/FLI cDNA is expressed
in A673 sarcoma cells along with EWS/FLI RNAI, the cells
lose their well-formed actin stress fibers and revert to small
and round morphology (Fig. SH).

EWSIFLI-dependent reduction in cell adhesion, cell migra-
tion, and actin stress fibers is seen in several patient-derived
Ewing sarcoma cell lines. To contirm that our findings using
A673 cells were providing generalizable insights regarding
the influence of EWS/FLI on cellular phenotype, we repli-
cated our experiments using 2 additional primary tumor-
derived Ewing sarcoma cell lines, TC7 1 and EWS502. Both
of these cell lines displayed similar phenotypic changes
upon RNAi based knockdown of EWS/FLI (Fig. 6A).
Adhesion (Fig. 6B) and migration (Fig. 6C) of TCT71
and EWS502 cells increased upon knockdown of EWS/
FLI, illustrating that EWS/FLI expression abrogates both
cell adhesion and motility. As we observed for AGT3
cells, EWS/FLI expression is associated with loss of
actin filaments, reduced cell spreading, and compromised
focal adhesions in both TC71 and EWS502 cells (Fig.
6D, E). It is striking that even with the baseline morpho-
logical heterogeneity among the Ewing sarcoma cell lines,
all 3 display robust and parallel phenotypic responses to
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Figure 5. EWS/FLI expression affects cellular morphology and cytoarchitecture. Widefield
immunoflucrescent images of A673 cells with (A) control RMAI or (B) EWS/FLI RNAi stained for
focal adhesions (paxillin antibody) and for actin filaments (phalloidin} showed a striking EVWS/FLL-

dependent difference in cellular morphology. the actin cytoskeleton network, and focal adhesions.

(C) Paxillin-rich focal adhesions and actin cytoskeletons (D) in cells with EWS/FLI or with EVWS/FLI
knockdown were analyzed. Both the number (E) and size (F) of focal adhesions were lower in A673
cells with control RMNAI compared with cells with EVWS/FLI RMAI consistent with the compromised
adhesion phenotype of Ewing sarcoma cells. (G) Cell area was measured in cells with control RMAI
or EWS/FLI RMAi plated for 24 hours and then fixed and stained with phalloidin. Call area of Ewing
sarcoma A673 cells was significantly smaller than for cells with EWS/FLI knockdown. (H) Phalloidin-
stained actin cytoskeleton in A673 cells with control RMAIL EWS/FLI RMAIL or EVWS/FLI RMAI plus
reconstituted Flag-EVWWS/FLI¥ showed that the loss of actin stress fibers is EVWS/FLI-dependent. ==
< 0.001.

EWS/FLI knockdown, underscoring
the fact that transformation by
EWS/FLI induces dramatic changes
in cell adhesion, migration, and
cytoarchitecture.

The loss of adhesion, migration,
and actin cytoskeletal integrity
induced by EWS/FLI expression
represents a constellation of effects
that is generally consistent with a
loss of mesenchymal cell features.
To explore whether the expression
of well-established mesenchymal
markers is affected by EWS/FLI, we
analyzed previously published gene
expression profiles derived from
Ewing sarcoma cells and cells in
which EWS/FLI expression was
compromised.*** We noted signifi-
cant upregulation of mRNAs encod-
ing mesenchymal markers upon
knockdown of EWS/FLI in AG673
cells. We performed an independent
biological validation of 2 of these
genes, N-cadherin and Slug, using
qRT-PCR (Fig. 7TA). Our results con-
firmed that the presence of EWS/FLI
is associated with low expression of
both N-cadherin and Slug in Ewing
sarcoma cells and that knockdown of
EWS/FLI expression using RNA
interference results in 6- to 8-fold
upregulation of transcripts encoding
these mesenchymal markers. Upon
expression of RNAi-resistant EWS/
FLI cDNA, the levels of N-cadherin
and Slug transcripts were reduced.

Discussion

Metastatic disease is an important
tumor phenotype that portends poor
prognosis for patients. For patients
whose primary site of tumor develop-
ment is adequately controlled with
current local therapies (mainly sur-
gery and/or radiation therapy), relapse
at distant sites indicates that unde-
tected metastatic disease (termed
micrometastasis) was present before
the primary tumor was controlled. In
the case of epithelial malignancies
(carcinomas), the development of
metastatic disease is thought to



50

Genes & Cancer / vol 3 no 2 (2012)

110
A B c
! _og o 2 40 h
Ewing sarcoma cells g g —t
ey | EWS502 L 08 o 30
e ——— e el @
=
;}‘0 B g e 2 2
RNA ]
& o g ®
£z g 10
EWS/FLI ‘—-‘3 - 2 i Ea
. & —
TC71  EWss02 TCT1  EWSS02
Tublilin  —— ——
[ DCuRNAI W EWSIFLIRNAI
Focal adhesion: Paxilliin Actin:Phalioidin Merge
D
I
Z
=
£
i S
8
=
14
=
2
o
g
]
E
F
x
B
[
o
o
-
B
1
:
5z
=
i
=
1
g

Figure 6. Ewing sarcoma cells TC71 and EWS502 exhibic EWS/FLI-dependent loss of adhesion,

migration, and cytoarchitecture. (A) Cell lysates from Ewing sarcoma cell lines TCT1 and EWS502
with retroviral mediated RMAI knockdown for contrel or EWS/FLI were evaluated by western
immunoblot with FLI-1 antibody, and significant decreases in EVWWS/FLI expression were confirmed. (B)
Ewing sarcoma cells with control RMAI (light gray bar) or EWS/FLI RMNAI (dark gray bar) were seeded
onto tissue culture plastic {uncoated (EVWS502) or precoated with |0 pg/ml fibronectin (TC71)) and
allowed to adhere for 2 hours, and then adherent cells were quantitated by a colorimetric assay. (C)
Boyden chamber transwell inserts were precoated with fibronectin (5 pg'ml TC71; | pgiml EVWS502)
and seeded with cells that were allowed 24 hours to migrate through the insert pores. EVWS/FLI
knockdown enhanced the number of migratory cells in both cell lines. (D) TC71 and (E) EVWS502
cells with EVWS/FLI or with EWS/FLI knockdown were stained for paxillin-rich focal adhesions and
actin stress fibers (phalloidin). Cells with EWWS/FLI RMAI displayed more pronounced focal adhesions
and actin stress fibers, *#P<0.001

represent a stepwise progression of
tumor development, following genetic
and/or epigenetic alterations. These
alterations are thought to culminate in
the development of an epithelial-to-
mesenchymal transition (EMT), with
the result that tumor cells acquire the
ability to escape the primary tumor,
adhere, migrate, and invade through
the extracellular matrix and ultimately
to extravasate into the blood or lym-
phatic system.'"

Sarcomas are mesenchymally
derived tumors of less certain origin
than many carcinomas. The process
of metastatic spread is less well
understood for sarcomas compared
with carcinomas, and whether an
“EMT-equivalent” process occurs
that allows for increased cellular
adhesion, migration, and invasion is
unknown. Furthermore, the stepwise
progression model of metastatic
spread occurring as a late phenotype
in tumor development does not ade-
quately explain tumors that exhibit
very early metastatic (or micrometa-
static) spread. We therefore evalu-
ated Ewing sarcoma as an example
with a clear propensity for early met-
astatic and micrometastatic spread.
This also allowed us to evaluate the
role of the critical oncoprotein, EW S/
FLI, in modulating metastatic-rele-
vant phenotypes in this disease.

Here we report that EWS/FLI
expression has a profound effect
on cell adhesion, reducing capacity
for adhesion and associated cellular
spreading, both in vitro and in
vivo. Analysis of focal adhesion
architecture and actin cytoskeletal
organization revealed that EWS/FLI
expression results in loss of actin
stress fibers and reduced size and
number of focal adhesions, 2 struc-
tural changes that likely account for
the functional deficit in cell adhe-
sion. Reciprocal changes in cellular
morphology have also been observed
following expression of EWS/FLI in
human mesenchymal stem cells,
which causes the conversion of a
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Figure 7. Model for EWS/FLI-dependent coupling of transformation to acquisition of potential for
tumer cell dissemination. (A) RT-PCR analysis of mesenchymal markers, M-cadherin and Slug, in Ewing
sarcoma cells programmed to express control RNAJ, EVWS/FLI RNAI or EWS/FLI RNAi and an RNAj-
insensitive EVWS/FLI* construct. ®*P<0.0001, ns is not statistically different. (B) In this model, EWWS/
FU-induced oncogenic transformation simuftanecusly causes downregulation of cellular adhesion.
Consistent with this model, EWS/FLI knockdown caused cells to return to a more normalized
mesenchymal phenotype, including expression of mesenchymal markers. robust adhesion, pronounced
stress fibers. and well-established focal adhesions.We postulate that these events prime the wmor cells
for dissemination and may account for the early acquisition of metastatic potential in Ewing sarcoma.

These findings suggest the possibil-
ity that active promotion of cell
migration is not critical to drive the
metastatic  potential of Ewing
sarcoma.

These data stand in direct contrast
to our mnitial hypothesis, that EWS/
FLI might stimulate metastasis by
inducing increased cellular adhesion,
migration, and invasion, and there-
fore prompt a reevaluation of how
Ewing sarcoma might navigate the
processes required for metastatic
development. Our data (and prior
data from other investigators) are
consistent with the notion that Ewing
sarcoma arises from a mesenchymal
cell type (perhaps a mesenchymal
stem or progenitor cell).®®> In this
view, a mesenchymal cell of origin
would display strong adhesion to
extracellular matrix proteins. The
cell would thus be tethered to the
extracellular matrix via these strong
adherent properties that would con-
strain inappropriate release of locally
resident cells. As illustrated in the
model in Fig. 7B, EWS/FLI expres-
sion results in downregulation of
several hundred genes (including
mesenchymal markers), decreased
adhesion, and significant cytoskele-
tal changes with loss of actin stress
fibers and focal adhesions. Recipro-
cally, RNAi-based knockdown of
EWS/FLI causes a tumor-to-mesen-
chymal-transition, where Ewing sar-
coma cells are “normalized” to a
more mesenchymal phenotype. This
is demonstrated in our study by
increased expression of N-cadherin
and Slug, the restoration of robust
actin stress fibers and focal adhe-
sions, and increased cell adhesion.
The loss of cell adhesion induced by

well-spread, fibroblast-like shape to a rounded cell mor-
phology.® Somewhat surprisingly, given the highly meta-
static nature of Ewing sarcoma and results from previous
studies,”** we found that EWS/FLI expression also resulted
in reduced cell migration, as assayed in single cell migra-
tion studies, wound healing assays, and transwell migration
studies. Similarly, we found that EWS/FLI reduces the abil-
ity of Ewing sarcoma cells to invade Matrigel matrices.

EWS/FLI expression could promote dissemination of the
tumor cells. The histological features of the capillary beds
in the bone marrow, which display a fenestrated endothe-
lium and discontinuous basement membrane, would be
expected to promote permissive transfer of nonadherent
tumor cells into the circulation. If tumor cell dissemination
is a rate-limiting step in progression to metastasis, EWS/
FLI-dependent abrogation of adhesion may be a powerful
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way to promote the early metastasis observed in this dis-
ease. Such a model might be considered “stochastic” or
“passive” in contrast to the “active™ process observed in
epithelial tumors undergoing an EMT.

An interesting precedent for such a stochastic/passive
seenario, in which loss of adhesion might be permissive for
exit of cells from bone marrow, is found in the case of ery-
throid differentiation. In this case, mammalian reticulocytes
are tethered in the bone marrow early in the erythroid dif-
ferentiation process by binding to fibronectin. At later
stages along the path toward maturation to erythrocytes, the
cells lose adhesion to fibronectin, and it has been proposed
that this allows passive release of the mature cells from the
interstitial matrix of the bone marrow into the circula-
tion.™* From this perspective it is interesting to note that
approximately 85% of Ewing sarcoma cases arise in and
around the bone (usually with extension into the marrow
cavity).”® Thus, Ewing sarcoma cells typically arise in loca-
tions that have ready access to the intravascular space. In
this environment, tumor cells may not require enhanced
migratory or invasive capacity to access the vasculature on
the path to metastasis but rather would simply require
downregulation of cell adhesion, as occurs upon expression
of the EWS/FLI oncoprotein.

Although the loss of cellular adhesion that is promoted
by EWS/FLI expression may help to explain how Ewing
sarcoma cells are so effectively disseminated from the site
of the primary tumor, it is less clear how this reduced adhe-
sion might influence the ability of the circulating tumor
cells to take up residence and survive in a secondary site.
Our experiments show that Ewing sarcoma cells in which
EWS/FLI is knocked down are more likely to seed the lung
when introduced into the circulation compared with the
parental cell line. Nevertheless, the parental Ewing sarcoma
cells are also effective in colonizing the lung. It is possible
that Ewing sarcoma cells, even though less adhesive than
their nontransformed counterparts, have adequate capacity
to adhere and grow in the lung. Alternatively, it has been
shown that tissue microenvironment can influence tumor
biology, including oncogene expression.”® In the case of
Ewing sarcoma, growth factor availability can influence the
expression of EWS/FLI itself,® raising the possibility that
microenvironmental cues might modulate the expression of
EWS/FLI and thus provide a mechanism for Ewing sar-
coma cells to adapt and modulate their cellular phenotypes
in a location-restricted fashion.

An important conclusion from our studies is that the pri-
mary oncogene (EWS/FLI) that induces Ewing sarcoma
directly modulates a cell’s adhesive and cytoarchitectural
phenotypes. This again stands in contrast to current models
suggesting that tumor metastasis is a later effect resulting
from an accumulation of secondary mutations or epigenetic
changes during tumor progression. Importantly, our EWS/

FLI reconstitution studies further signified that these phe-
notypic changes are EWS/FLI-dependent. Our data suggest
that EWS/FLI serves an even larger role than previously
envisioned for Ewing sarcoma tumorigenesis. It has previ-
ously been demonstrated that ongoing EWS/FLI expression
is important for oncogenic “transformation” (in this case
defined as the ability to grow as colonies under anchorage-
independent conditions and as the ability to form tumors
when injected into immunodeficient mice).”** Down-
stream targets, such as IGFBP3, NKX2.2, and NROBI, are
absolutely required for this phenotype.’™® Subsequent
studies have demonstrated that EWS/FLI also modulates
drug resistance via the regulation of GSTM4 expression.”
The current study adds to this growing list of EWS/FLI-
regulated phenotypes by demonstrating that the fusion pro-
tein modulates cell adhesion, migration, and invasiveness
and thus might affect the metastatic phenotype.

In conclusion, we suggest that the transformed growth
properties of Ewing sarcoma are induced in tandem with
changes in cell behavior, such as reduced adhesion, that
would promote tumor cell dissemination. The molecular
mechanism by which EWS/FLI expression triggers the
changes in adhesion, motility, and cytoskeleton reported
here is not currently understood. EWS/FLI is a chimeric
transcription factor that induces many alterations in the
expression of a large number of genes.””*** Other than a
few EWS/FLI targets that have been extensively studied,
such as NROB1, NKX2.2, and Caveolinl, ¥*** ljtile is
understood about the physiological influence of EWS/FLI
on complex cell behaviors, but it is likely that EWS/FLI
exerts its influence via both direct and indirect transcrip-
tional targets. Inspection of the genes whose expression is
modulated by EWS/FLI revealed numerous genes that
encode cytoskeletal and cell adhesion factors (our unpub-
lished resulis). Future work will be required to identify the
critical factors that are modulated downstream of EWS/FLI
to affect features such as cytoskeletal integrity and cell
adhesion of the tumor cells. These studies will be a key to
enable better understanding of the genesis of Ewing sar-
coma cell behavior.

Materials and Methods

Reagents. Antibodies were used for western immunob-
lots and indirect immunofluorescence microscopy as per
manufacturer’s instructions: FLI-1 rabbit antibody C-19
(sc-356X Santa Cruz Biotechnology, Santa Cruz, CA), Pax-
illin mouse antibody (P13520 Transduction Laboratories,
San Jose, CA), B-tubulin mouse monoclonal antibody clone
2-28-33 (T 5293 Sigma-Aldrich, St. Louis, MO), HRP-con-
jugated antibodies for immunoblots (GE Healthcare, Pitts-
burgh, PA), and the Alexa-Fluor antibodies and phalloidin
for microscopy (Molecular Probes/Invitrogen, Eugene,
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OR). Prolong Gold anti-fade reagent with DAPI (Invitrogen
(Gibco, Life Technologies, Grand Island, NY), catalog
#P-36931) was used for mounting lung sections. Fibronec-
tin and Mowiol (Sigma-Aldrich, St. Louis, MO) and
Vybrant Cell-Labeling solutions Dil and DiO (Molecular
Probes/Invitrogen, Eugene, OR) were used as per manufac-
turer’s instructions.

Cell culture. Ewing sarcoma cell lines A673, TC71, and
EWS502 were grown in DMEM media with 10% FBS,
RPMI media with 10% FBS, and RPMI media with 15%
FBS, respectively, as previously published. ™

RNA interference. Knockdown experiments used the
luciferase-RNAi (as control RNAi) and EF-2-RNAi (as
EWS/FLI RNAi) constructs previously described.*® Con-
structs were made in pSRP retroviral vector with an H1 pro-
moter to allow expression of sh-RNAs and a puromycin
resistance marker. The retrovirally infected cells were
selected in 2 pg/ml puromycin containing DMEM media
for 2 days prior to use and maintained in selection for up to
5 weeks.

RT-PCR analysis. Total RNA was extracted from cell pellets
using QLA gen RNeasy mini kit (QLA gen, Valencia, CA, cata-
log #74174). Using previously established primers,”® EWS/
FLI and glyceraldehyde-3-phosphate dehydrogenase were
amplified and detected using iScript One-Step RT-PCR kit
with SYBR green (BIO-RAD, Hercules, CA, catalog #170-
8893) for quantitative analysis. Specific primers were
designed to analyze N-cadherin (forward primer 3-GAG-
CAGTGAGCCTGCAGATTTTAAG G-3' and reverse
primer  S-CCTTTGTAGGTGGCCACTGTGC-3") and
Slug (forward primer 5-GCCAAACTACAGCGAACTG-
GACAC-3 and reverse primer 5-GCTTTCTGAGCCAC
TGTGGTCC-3") as mesenchymal markers.

Western blots. Whole cell lysates in RIPA buffer with
{Complete Mini-EDTA free) protease inhibitor cocktail tab-
lets (Roche Diagnostics GmbH, Indianapolis, IN catalog
#11836153001) were electrophoresed on 10% SDS-PAGE
gels transferred onto nitrocellulose membranes. Proteins were
detected with primary antibodies (see Reagents) and horse-
radish peroxidase-conjugated antibodies and enhanced che-
miluminescence (GE Healthcare, Buckinghamshire, UK).

Soft agar assays. Soft agar assays were performed as
described,*® in short, with 1.6% SeaPlaque GTG agarose
(Lonza, Rockland, ME, catalog #50111) and Iscove’s modi-
fication Eagle’s media, penicillin/streptomycin, and gluta-
mine making a 0.35% agar underlayer with or without 2 pg/
ml puromycin. Over this layer, a layer of cells was seeded
at a density of 1 * 10° cells per 6 cm plate in 0.35% agar
supplied with media of similar composition as the under-
layer mentioned above. Cells were grown at 37°C and

5%CO0, for 3 to 4 weeks and imaged, and colonies were
counted. Assays were performed 3 times with A673, TC-71,
and EWS 502 cells.

Adhesion and spreading assays. Ewing Sarcoma cells
(AG673 and EWS-502) were seeded at 100,000, 300,000, or
500,000 density per well in a non-ECM coated 24 well
plate. TC-71 cells were seeded onto a 24-well plate pre-
coated with 5 pg/ml fibronectin. Cells were allowed to
adhere to the dish for 2 hours at 37°C in their respective
media, washed 3 times with PBS to remove nonadherent
cells, fixed (3.7% formaldehyde for 15 minutes), washed
(PBS for 5 minutes), and stained with Toluidene Blue for |
hour. Excess stain was removed, and then cells were
washed, air dried overnight, and dissolved (500 pl of
2% SDS solution). O.D. was measured in duplicates at
620 nm.*

For the spreading assay, after 2 hours of adhesion,
cells were fixed and imaged (LucPlan 40X LWD objective
(NA=0.6) on an Olympus IX70 microscope with an Olym-
pus CCD camera and Andor acquisition system). Cell area
was measured for 10 representative fields of cells using
Metamorph Imaging v7.5 software.

In vivo lung adhesion assay. This assay was adapted from
a lung metastasis assay.” The A673 cells with control RNAi
and with EWS/FLI RNAi were differentially labeled with
lipophilic dves Vybrant Dil (red) and DiO (green) and
diluted to 1 = 10° stained cells per 100 pl. The 2 solutions
were mixed in equal amounts and verified as 1:1 ratio by
FACS. The mixed cell suspension (200 pl) was then injected
into the lateral tail veins of 3 NOD-SCID mice (stock
#1303, Jackson Laboratories, Sacramento, CA). After 24
hours, these mice were sacrificed, and the lungs were pre-
pared by perfusion with 4% paraformaldyde and frozen in
OCT for cryopreservation. Lungs were cryosectioned (16-
20 pm), mounted on slides using Prolong Gold anti-fade
reagent with DAPI, and examined by fluorescent micros-
copy (Nikon A1R laser scan confocal acquisition on a Ti
inverted microscope and Plan Fluor 40= Oil DIC H N2
objective). A large 3 field = 3 field (2 mm * 2 mm) mosaic
image was created with each field having nine 2-pum optical
sections (NIS Elements v3 software). The red and green
colonies were then counted along with DAPI staining, and
normalized values are reported for 15 representative mosaic
images. The experiments were performed 3 times, includ-
ing once with the dyes switched for the respective cell types
to avoid any dye-based bias. Experiments were performed
following approval from the University of Utah Institu-
tional Animal Care and Use Committee.

Migration assays: monolayer wound healing assay. A mono-
layer of confluent Ewing sarcoma cells (A673) was gener-
ated by seeding 1 = 10° cells per well in a 6-well dish. Cells
were imaged in DMEM/F/12-HEPES media lacking Phenol
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Red (Invitrogen) supplemented with 10% FBS and main-
tained at 37°C (LIS) for microscopy. A micropipette tip was
scraped across the monolayer to create a “wound.” Migra-
tion into the wound was then monitored by time-lapse
microscopy at 15-minute intervals for 48 hours (inverted
Nikon TE3(00 microscope, Plan Fluor ELWD 20x objec-
tive) and by Ludl XY stage (Ludl Electronic Products).
Images were captured with Andor DVE85 EMCCD camera
and Andor IQ imaging software (Andor Technologies).®

Random cell motility assay. A673 cells were seeded at a
density of 25,000 cells'well in a non-ECM coated 6-well
dish. Cells were imaged at 15-minute intervals for 24 hours
as described for the wound healing assay above. For gener-
ating cell tracks and analysis, the Manual tracking plugin in
Imagel software was used.

Haptotactic cell migration assay. Ewing sarcoma cells
(A673 and EWS502) were seeded (30,000 cells) in serum-
free media onto 24-well cell culture insert membranes
{polyethylene terephthalate) with B-pm pores (Becton
Dickinson, San Jose, CA). These inserts were precoated
overnight at 4°C with | pg/ml fibronectin solution. For
TC-T71 cells, the inserts were coated with 5 pg/ml fibronec-
tin. Inserts with cells were placed in a 24-well plate of
media supplemented with 10% FBS, and cells were allowed
to migrate for 24 hours.® Nonmigratory cells were scraped
off the top chamber, and migratory cells on the bottom sur-
face were fixed in 100% methanol for 15 minutes and then
stained overnight at 4°C with 1:20 modified Giemsa Stain.
Chambers were washed in water, and images were captured
for 5 representative fields per well (Olympus IX70 micro-
scope, Luc Plan 20x phase objective, NA = (.45, Olympus
CCD camera and Andor IQ) acquisition software). Migra-
tory cells were scored for 3 individual wells per cell line.
Three biological replicates were done.

Invasion assay. BioCoat Matrigel transwell invasion
chambers with 8-pm pores (BD Biosciences, Bedford, MA
catalog #354480) in 24-well plates were seeded with
150,000 cells for a 24-hour invasion assay as described
above for transwell migration assays.

Immunefluorescence studies. Ethanol sterilized coverslips
in 12-well plates were coated with 10 pg/ml fibronectin
overnight at 4°C, and then Ewing sarcoma cells were seeded
(75,000 cells/well) and allowed to adhere for 24 hours.
Cells were fixed (15 minutes in 3.7% formaldehyde),
washed for 5 minutes in PBS, and permeabilized in 0.2%
Triton X-100/PBS. Cells were incubated with paxillin anti-
body (1:100) for 1 hour at 37°C followed by a 15-minute
PBS wash, stained with AlexaFluor secondary antibody
(1:200) and AlexaFluor-phalloidin (1:100) for 1 hour at
37°C, washed, and mounted in Mowiol medium.® Cell

images were captured using a Zeiss Axioskop2 mot plus
microscope with a 40x plan NA 0.75 NeoFluor objective,
Zeiss Axiocam MR camera, and Zeiss Axiovision v4.8.1
software (Carl Zeiss Microlmaging, Inc.).

Analysis of adhesions and cell spreading. Immunofluores-
cence microscopy of fixed cells used Nikon A 1R Ti inverted
microscope, 60x Oil Plan Apo DIC N2 (NA 1.4) objective,
and Nikon Elements v3 software. Cell area was measured
using the trace tool to identify the boundary of cells, a
threshold was set using the actin/phalloidin staining, and
region of interest areas were recorded (Metamorph v7.5
software). To count and measure the size of the paxillin-rich
focal adhesions, single-cell images were first processed in
Image J to despeckle and remove the noise, and background
was subtracted using rolling ball (radius 10). Using Meta-
morph imaging v7.5 software, image threshold was set in
these single cell images, and integrated morphometric anal-
ysis was performed to count the number of focal adhesions
and measure the area of the thresholded region to represent
size of focal adhesions.
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CHAPTER 4

STRETCH-INDUCED ACTIN REMODELING REQUIRES
TARGETING OF ZYXIN TO STRESS FIBERS AND

RECRUITMENT OF ACTIN REGULATORS

My contribution for this work is towards understanding the zyxin-dependent effect on

actin cytoskeleton in the presence of Rho kinase inhibitor.

This work is reprinted with permission from Molecular Biology of the Cell.

This manuscript was originally published in Mol Biol Cell. 2012 May;23(10):1846-59.



Stretch-induced actin remodeling requires
targeting of zyxin to stress fibers and
recruitment of actin regulators
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ABSTRACT Reinforcement of actin stress fibers in response to mechanical stimulation de-
pends on a posttranslational mechanism that requires the LIM protein zyxin. The C-terminal
LIM region of zyxin directs the force-sensitive accumulation of zyxin on actin stress fibers. The
N-terminal region of zyxin promotes actin reinforcement even when Rho kinase is inhibited.
The mechanosensitive integrin effector p130Cas binds zyxin but is not required for mitogen-
activated protein kinase—dependent zyxin phosphorylation or stress fiber remodeling in cells
exposed to uniaxial cyclic stretch. o-Actinin and Ena/VASP proteins bind to the stress fiber
reinforcement domain of zyxin. Mutation of their docking sites reveals that zyxin is required
for recruitment of both groups of proteins to regions of stress fiber remodeling. Zyxin-null
cells reconstituted with zyxin variants that lack either a-actinin or Ena/VASP-binding capacity
display compromised response to mechanical stimulation. Our findings define a bipartite
mechanism for stretch-induced actin remodeling that involves mechanosensitive targeting of
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zyxin to actin stress fibers and localized recruitment of actin regulatery machinery.

INTRODUCTION

The ability of cells to respond to mechanical stimulation is key for
normal physiclogy and function. Cells of the cardiovascular, respira-
tory, urogenital, and locomotory systems are exposed to mechanical
stress under both normal and pathophysiclogical conditions (Jaalouk
and Lammerding, 2009). Given the clear impact of mechanical sig-
nals on cell physiology, much research has focused on understand-
ing haw physical force is sensed by cells and how physical signals
are converted into chemical information that can directly influence
cell behavior.

Recent efforts have been made to simulate physiological
conditions of mechanical stimulation in the laboratory in order to
learn more about how cells sense and respond to physical cues
(Eyckmans et al., 2011). For example, to model the mechanical stress

This article was published online ahezd of print in MBoC in Press (http:/faww
.molbiglcell.org/cgi/doi/10.1091/mbc E11-12-1057) on March 28, 2012,
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experienced by vascular endathelial cells in vivo, flow chambers that
deliver calibrated levels of shear stress have been devised (Davies,
1995). To model the cyclic stretch that occurs with inspiration or
rhythmic cardiac beating, chambers have been developed in which
cells are grown on elastic membranes that can be deformed accord-
ing to precise experimental parameters (Banes et al., 1985; Yoshigi
et al, 2003). By employing these devices for controlled mechanical
stimulation of cells, it has been possible to demonstrate activation of
signaling cascades (Omr et al., 2006; Cohen et al, 2010), actin remod-
eling and reinforcement (Wille et al., 2004; Yoshigi et al., 2005), and
even changes in gene expression (Kessler et al., 2001; Wojtowicz
et al., 2010} in response to physical stress.

The cell membrane defines the interface between the cell inte-
rior and the extracellular environment. It plays a central role in sens-
ing and transducing mechanical signals. Focal adhesions (FAs}—re-
gions of the cell surface that are specialized for cell-substratum
attachment—provide sites for transmission of mechanical signals to
the cell interior. Integrins—transmembrane receptors for extracel-
lular matrix—are concentrated at FAs and play central roles influ-
encing cell behavior downstream of physical cues (Geiger et al.,
2009; Puklin-Faucher and Sheetz, 2009; Wang et al., 2009; Parsons
et al., 2010; Schwartz, 2010). Actin stress fibers (SFs) are cytoskeletal
structures that terminate at FAs, where they are linked to integrins
bound to extracellular matrix. Prominent in cultured cells, SFs also
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assemble in vivo in locations where cells experience mechanical
stress (Wong et al., 1983; Byers et al., 1984). Mechanical force can
also influence the conductivity of stretch-gated ion channels to
directly influence signaling cascades via alterations in membrane
potential or intracellular calcium levels (Sukharev and Corey, 2004).

Stretch-induced signaling is also promoted in demembranated
cells, illustrating the potential for nen-membrane-bound effectors
to contribute to the force response (Sawada and Sheetz, 2002). For
example, tyrosine phosphorylation of the integrin effector p130Cas
is stimulated upon direct mechanical extension of isolated cytoskel-
etons (Tamada et al, 2004). Tyrosine phosphorylation of p130Cas
creates a docking site for the SHZ2-adaptor CRK, which in turn re-
cruits 2 Rap1-guanine nucleotide exchange factor, C3G, to activate
the Rap1 GTPase and mitogen-activated protein kinase (MAPK) sig-
naling (Sawada et al., 2001, 2006; Chodniewicz and Klemke, 2004;
Defilippi et al., 2006). Similarly, stretching of the integrin-binding
protein talin activates its capacity to bind vinculin (del Rio et al.,
2009). Examples such as these provide evidence for one mechanism
by which application of physical force might be converted into novel
chemical information by inducing exposure of a phosphorylation
site or new protein interaction site.

Several recent studies have highlighted the mechanosensitive
features of the cytoskeletal protein zyxin. Zyxin is a FA constituent
that mobilizes to actin 5Fs in cells exposed to mechanical stress
(Yoshigi et al., 2005). A retrograde flux of zyxin along FA-anchored
actin filaments is promoted by high substratum rigidity (Guo and
Wang, 2007), and live-cell imaging revealed a positive correlation
between SF tension and zyxin accumulation (Colombelli et al.,
2009). Zyxin's retention at FAs is also sensitive to mechanical signals.
Conditions that reduce the forces impinging on a FA, such as chemi-
cal inhibition of cellular contractility or laser severing of 2 FA-associ-
ated SF, increases the kqpe of zyxin at the FA, leading to a reduced
concentration of zyxin at cell-substratum adhesion sites (Lele et al.,
2006).

The influence of physical stress on zyxin's subcellular distribution
has functional consequences for local actin remodeling. Zyxin facili-
tates force-induced actin polymerization at FAs (Hirata et al., 2008),
and zyxin contributes to actin polymerization at force-bearing cell-
cell junctions (Nguyen et al., 2010). Exposure of cells to either uni-
axial cyclic stretch or shear stress results in dramatic reorientation
and reinforcement of the actin cytoskeleton. Zyxin-null cells reorient
their actin SFs in response to uniaxial cydlic stretch but fail to thicken
or reinforce them normally, illustrating zyxin-independent and zyxin-
dependent facets of the stretch response (Yashigi et al., 2005). The
SF reinforcement response is postulated to facilitate the cell's ability
to withstand the physical stress associated with a cell-stretching
regimen (Yoshigi et al., 2005}, and, indeed, cells that lack zyxin dis-
play higherfrequency breakage of their actin SFs (Smith et al.,
2010

Here we investigate the mechanism by which cells reinforce their
actin SFs when exposed to mechanical stimulation. We demaonstrate
that stretch-induced SF reinforcement occurs independent of new
transcription or franslation, leading us to focus on postiranslational
response mechanisms, We show that zyxin is phosphorylated in re-
sponse to uniaxial cyclic stretch and that this response is indepen-
dent of p130Cas, an integrin effector and zyxin-binding partner that
is also postiranslationally modified in response to mechanical stress.
We provide evidence that stretch-stimulated zyxin phosphorylation
depends on activation of MAPK pathways and identify nonoverlap-
ping domains in zyxin that are responsible for its force-sensitive tar-
geting to actin 5Fs and recruitment of the actin-remodeling machin-
ery. Binding of both e-actinin and Ena/VASP proteins to zyxin is
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essential for robust actin reinforcement downstream of physical
stimulation. Zyxin’s ability to influence SF maintenance and rein-
forcement is retained in the presence of Rho kinase inhibitors, fur
ther highlighting the novelty of this actin-remodeling pathway.

RESULTS

Uniaxial cyclic stretch triggers mobilization of a subset of FA
constituents to SFs and induces actin reinforcement
independent of transcription and translation

Integrin-rich FAs provide a transmembrane malecular link between
the extracellular matrix and the actin cytoskeleton. Thus they serve
as conduits for bidirectional communication of mechanical stress
between the interior and exterior of cells. In vivo, normal tidal
breathing induces 10% distension in the lung, and in vitro a similar
magnitude stretch of lung cells is sufficient to induce cytoskeletal
reorganization (Geiger et al., 2006; Eldib and Dean, 2011). Similarly,
in vivo vasculature changes of 2-15% have been reported (Dobrin,
1978). By culturing fibroblasts on a pliable silicone membrane, it is
possible to subject cells to uniaxial cyclic stretch of defined fre-
guency and amplitude and induce cellular responses (Yoshigi et al.,
2003, 2005; Jungbauer et al., 2008; Faust et al, 2011). On expo-
sure to cyclic stretch (15%, 0.5 Hz), the FA proteins zyxin (Figure 1,
A and B) and Mena/VASP (Figure 1, C and D) show diminished lo-
calization at sites of substratum adhesion and accumulate on actin
SFs. Many other FA constituents, including vinculin, talin, and FAK,
are retained at FAs for the duration of the mechanical stimulation
{unpublished data). Staining of cells with anti-phosphotyrosine anti-
body confirms the integrity of FAs after cyclic stretch (Figure 1, E
and F) and also illustrates that integrin-dependent signaling to ty-
rosine kinases resident at FAs is retained, and possibly even en-
hanced, in stretched cells. The anti-phosphotyrosine labeling of
stretched cells also reveals that whereas a subset of proteins, in-
cluding zyxin and Mena/\MASP, accumulate on SFs in mechanically
stimulated cells, other FA constituents, including those that are ty-
rosine phosphorylated, remain concentrated at FAs (Figure 1F). The
elongated FA distribution of tyrosine-phosphorylated proteins in
stretched cells is reminiscent of the retrograde flux of focal adhe-
sion kinase that occurs when cells are grown on a stiff substrate
{Guo and Wang, 2007).

Coincident with the accumulation of zyxin and Mena/VASP pro-
teins on the actin 5Fs, the 5Fs are reoriented perpendicular to the
stretch vector and show measurable thickening, as evidenced by
visual inspection (Figure 1, G and H). Stretch-induced SF reinforce-
ment is abrogated in cells isolated from mice that harbor a targeted
disruption of the gene encoding zyxin (Figure 1, | and J; Hoffman
etal., 2003; Yoshigi et al., 2005). Calculation of the stress fiber thick-
ness index (SFTI; Yoshigi et al., 2005) provides quantitative evidence
that, afthough detectable SF thickening occurs in stretched cells
that lack zyxin, zyxin is clearly required for robust SF reinforcement
downstream of uniaxial cyclic stretch (Figure 1K).

The striking labeling of SFs with anti-zyxin antibodies that is ob-
served in cells exposed to uniaxial cyclic stretch raised the possibil-
ity that mechanical stimulation might promote expression of zyxin;
however, we did not detect an increase in zyxin by Western immu-
noblot analysis. It should also be noted that green fluorescent pro-
tein (GFP}-zyxin can be directly observed to accumulate on SFs of
cells exposed to cyclic stretch. Thus we are observing bulk mave-
ment of zyxin onto the SF compartment and not simply enhanced
epitope availability and antibody accessibility. Moreover, the ability
of cells to reinforce the actin cytoskeleton in response to mechanical
stimulation is not abrogated by gene transcription or protein trans-
lation inhibitors (actinomycin D and cycloheximide, respectively;
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lanes 1 and 2), slowermobility zyxin iso-
forms displayed enhanced prominence in
lysates derived from stretched cells, sug-
gesting that stretch induced a postiransla-
tional maodification such as phosphorylation
that might account for the altered electro-
phoretic mobility of zyxin. Incubation of
lysates with phosphatase before electro-
phoresis results in reduced prominence of
the slower-mobility isoform (Figure 2A, lanes
3and 4), consistent with the view that stretch
induces phospharylation of zyxin. Western
immunoblot analysis with antibodies spe-
cific for a phospho-zyxin isoform reveals a
baseline of zyxin phosphorylation in un-
stretched cells with enhancement of phos-
pho-zyxin, and the appearance of a slower-
mobility phospho isoform, upon stretch
(Figure 2B). Quantitative analysis reveals a
2.6-fold enhancement of phosphorylated
zyxin detected by Western immunoblot
{Figure 2B), whereas the total amount of
Zyxin remains constant during the stretch
response. Immunocytochemistry illustrates
the presence of phospho-zyxin at both FAs
of unstretched cells (Figure 2C) and en-
hanced at SFs of cells exposed to uniaxial
cyclic stretch (Figure 2D).

The integrin effector p130Cas is not
essential for stretch-stimulated actin
SF reinforcement or zyxin
phosphorylation

The ability of cells to realign and reinforce
actin SFs in response to uniaxial cyclic
stretch was previously shown to depend on

GURE 1: Uniaxial cyclic stretch induces changes in focal adhesion constituents and actin
cytos!te!etai reinforcement. Wild-type (WT) fibroblasts on unstretched membranes (@) or after
uniaxial cyclic stretch (2 h, 15%, 0.5 Hz), were fixed and immunostained for zyxin (A, B), Mena/
VASP(C, D), and phosphotyrosine (E, F). The direction of stretch is shown in the horizontal
plane, designated by a double-headed arrow scaled to 20 pm. Uniaxial cyclic stretch of WT
(G, H) and zyxin-null (1, J) fibroblasts followed by phalloidin staining indicated abrogated actin
thickening response in the absence of zyxin. (K} SFTI analysis of phallcidin-stained WT (black
bars) and zyxin* (white bars) fibroblasts, unstretched (2) and after 1 h of uniaxial cyclic stretch

integrin-mediated adhesion (Yoshigi et al.,
2005). The integrin effector p130Cas is con-
formationally meodulated by mechanical
stress and is recovered in complex with zyxin
via native immunoprecipitation (Yi et al.,
2002). These observations raised the possi-
bility that p130Cas might be upstream of

(+). (L} SFTI analysis of WT fibroblasts stretched in the presence of actinomycin D or

cycloheximide (gray bars). ****p < 0.0001, n =100 SFTI measurements.

Figure 1L). These results illustrate that posttranslational mechanisms
are sufficient to promote the cytoskeletal changes that occur in re-
sponse to mechanical stress.

Posttranslational signaling in response to uniaxial

cyclic stretch

Phespharylation is a common postiranslational modification down-
stream of transmembrane signaling. Because zyxin is required for the
mechanical stress response and is phosphorylated in vivo (Beckerle,
1986; Crawford and Beckerle, 1991; Hervy et al., 2010), we explored
whether zyxin is phosphorylated in response to mechanical stress.
Phosphorylation of zyxin affects its electrophoretic mobility (Hervy
et al., 2010). Therefore we used Western immunoblot analysis to ex-
plore whether uniaxial cyclic stretch is associated with altered mohbil-
ity of zyxin by SD5-PAGE. As can be seen in Figure 2A (compare
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Zyxin in the mechanical stress response
pathway. If that were the case, stretch-in-
duced actin reinforcement would be blunted
in cells that lack p130Cas. To test this hy-
pothesis, we used cells that harbor a targeted deletion of the gene
encoding p130Cas (Honda et al, 1998) and lack detectable p130Cas
by Western immunablot analysis (Figure 3A). We evaluated the ca-
pacity of these cells to mount a response to uniaxial cyclic stretch.
Cells that lack p130Cas display a somewhat compromised resting SF
organization, with accumulations of filamentous actin at cell borders
(Figure 3B; Honda et al., 1998). Nevertheless, when stimulated by
exposure to uniaxial cyclic stretch, the p130Cas™ cells realign their
actin cytoskeletal arrays perpendicular to the stretch vector (Figure
3C) and reinforce their SFs (Figure 3D), illustrating that they retain the
capacity to sense and respond to mechanical signals. Consistent with
our demonstration that stretch-induced SF reinforcement is depen-
dent on zyxin and independent of p130Cas, zyxin retains the ability
to localize at FAs (Figure 3E) and mobilizes to SFs in response to
mechanical stress (Figure 3F) in cells devoid of p130Cas. Moreover,

Molecular Biclogy of the Cell
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FIGURE 2: Posttranslational modification of zyxin in response to
stretch. (A) Immunoblot analysis of zyxin from unstretched (o) and
stretched (+) WT fibroblasts (lanes 1 and 2) identified a stretch-
induced shift of zyxin, which was reversed after incubation with
phosphatase (lanes 3 and 4). (B) Immunoblot analysis with a
phosphespecific zyxin antibedy on unstretched (o) and stretched (+)
cell lysates (lanes 1and 2) and elimination of the phospho-zyxin signal
by incubation with phosphatase {lane 3). Immunoblots for total zyxin
and f-actin show that their signals are retained following phosphatase
treatment. (C, D} Indirect immunofluorescence microscopy on
unstretched () and stretched (+) fibroblasts with phospho-zyxin
antibody. Phospho-zyxin signal is low at focal adhesions of
unstretched cells, but it increases and appears along stress fibers in
stretched cells. Stretch direction is in the horizontal plane (double-
headed arrow; scale, 20 pm).

the electrophoretic mobility shift between unstretched and stretched
p130€ar"' cell lysates (Figure 3G), indicates that the stretch-acti-
vated signaling cascades required for phosphorylation of zyxin do
not depend on p130Cas.

Stretch activation of p130Cas stimulates the GTPase Rap1, pro-
moting the activation of MAPK signaling (Sawada et al., 2001).
Although p130Cas clearly contributes to Rap1 activation down-
stream of mechanical stress, p130Cas-independent stretch activa-
tion of Rap1 has also been observed (Sawada et al., 2006). There-
fore, even though p130Cas is not required for stretch-induced zyxin
phosphorylation or 5F realignment and reinforcement, it remained
possible that zyxin phospherylation depends on MAPK activation.
Consistent with this possibility, zyxin displays multiple phosphoryla-
tion sites with sequences characteristic of MAPK consensus sites
(Hervy et al., 2010). Cyclic stretch activates MAPK pathways in en-
dothelial (Kito et al., 2000) and epithelial cells (Cohen et al,, 2010),
and we find that extracellular signal-requlated kinase (ERK) activa-
tion is evident in fibroblasts exposed to uniaxial cyclic stretch
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(Figure 3H). We next examined the impact of ERK activation inhibi-
tor PD98059 on stretch-activated zyxin phosphorylation. As can be
seen in Figure 3H, inhibition of ERK signaling abrogates the appear-
ance of the activated phospho-ERK and also inhibits the zyxin phos-
phorylation detected by phospho-zyxin antibody. Temporal analysis
of ERK and zyxin phosphorylation during the stretch response re-
veals that peak zyxin phosphorylation lags ERK activation (Figure 3I).
Both the pharmacological inhibition studies and the phosphoryla-
tion kinetics are consistent with the conclusion that zyxin phospho-
rylation is directly or indirectly dependent on ERK activation.

Mapping the SF reinforcement response by molecular
dissection of zyxin

Zyxin comprises 564 amino acids and is characterized by the pres-
ence of three C-terminal LIM domains, double zinc finger modules
that support protein—protein interaction (Perez-Alvarado etal., 1994;
Schmeichel and Beckerle, 1994). Murine zyxin exhibits two nuclear
export signals at residues 144-156 and 343-359 (Nix and Beckerle,
1997; Renfranz et al., 2003). To define how zyxin contributes to rein-
forcement of SFs downstream of uniaxial cyclic stretch, we mapped
the regions of zyxin that are necessary and sufficient for targeting of
the protein to FAs, for recruitment to SFs in mechanically stimulated
cells, and for reinforcement of the actin 5Fs in response to uniaxial
cyclic cell stretch. We reconstituted zyxin™ mouse embryo fibro-
blasts with enhanced GFP (eGFPtagged wild-type zyxin (zyxin'*)
or deletion variants (Table 1), creating a condition in which the only
zyxin protein within the cells is the engineered construct, thus reduc-
ing competition or synergy that might accur if native protein were
present. Because MEFs display a low DNA transfection efficiency,
we used a lentiviral infection/expression system and selected cells
with comparable eGFP expression by fluorescence-activated cell
sorting (FACS). Western immunaoblot analysis was used to verify that
the proteins migrated as expected on SDS-PAGE (Figure 4A) and
retained both zyxin and GFP epitopes.

We first mapped the regions of zyxin that are necessary and suf-
ficient for FA targeting by analyzing unstretched cells. Direct fluores-
cence imaging of the subcellular distribution of the eGFP-tagged
zyxin variants revealed that only variants containing residues 373-
564 retained the capacity to target to focal adhesions (Figure 4, B,
C, F and G). The zyxin variants zyx'"*® and zyx'3" (lacking LIM do-
mains) did not exhibit significant focal adhesion accumulation
(Figure 4, D and H). Although focal adhesions were clearly detect-
able by vinculin staining, zyxin variants zyx''3# and zyx'3"2 failed to
accumulate at those focal adhesions (Supplemental Figure 51). As
reported by others (Seibel et al., 2007), eGFP zlone accumulates in
the nucleus (Figure 41). Consistent with previous studies that identi-
fied two potent nuclear export sequences (NESs) in zyxin (Nix and
Beckerle, 1997; Renfranz et al., 2003), exclusion of the NESs results
in nuclear accumulation of the zyxin variant (Figure 4, D and E).
Inclusion of the zyx¥*%* FA targeting sequence is sufficient to
partially overcome the eGFP-driven nuclear localization and enable
FA localization {compare Figure 4, G and ). Retention of a single
NES, asinzyx3™5 eliminates the nuclear accumulation and reveals
even more robust FA targeting (Figure 4F).

To identify the region(s) of zyxin that are critical for targeting of the
protein to SFs in response to mechanical stimulation, we cultured the
cells on elastic membranes and subjected them to uniaxial cyclic
stretch before fixation and imaging (Figure 4, J-Q). Similar to what
was observed for FA targeting, zyx¥73-%4* harbors the sequence deter-
minants that are necessary and sufficient for SF targeting in response
to uniaxial cyclic stretch (Figure 40). SF accumulation was not ob-
served for constructs lacking the LIM region, such as the zyx''3® and
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FIGURE 3: Zyxin responds independent of signaling molecule p130Cas. (A) Western
immunaoblot for p130Cas in WT and Cas-null fibroblasts. (B, C) Fibroblasts from p130Cas™ mice

were stained for F-actin (phalleidin) on unstretched (&) membranes or after uniaxial cyclic stretch

(1 h, 15%, 0.5 Hz). Stretch direction is in the horizontal plane ({double-headed arrow; scale, 40

pm). (D) SFTI analysis of the stretch-induced actin thickening in Cas™ cells, ****p < 0.0001. (E, F}

Immunofluorescence microscopy of zyxin in fibroblasts from p130Cas™ mice on unstretched (o)
and stretched membranes. (G) Immunoblot analysis of zyxin in cell lysates from unstretched (g)
and stretched (+) membranes (WT, lanes 1 and 2; Cas™", lanes 3 and 4) showed the stretch-

induced zyxin shift seen in WT cells persists in p130Cas™ calls. (H) Fibroblasts on unstretched ()
membranes or after uniaxial cyclic stretch (5 min, 15%, 0.5 Hz) with dimethyl sulfoxide control or
with ERK activation inhibitor PD9B059 (100 pM) were immunoblotted for total ERK1/2 (p44/p42),
P-ERK, P-zyxin, and [i-actin. (I) WT fibroblasts unstretched () and stretched for 5, 30, and 40 min,

electrophoresed, and immunoblotted for P-ERK, total zyxin, P-zyxin, and f-actin indicate
maximal ERK phosphorylation at 5 min, followed by zyxin phosphorylation.

zyx'372 variants (Figure 4, L and P). To ensure that the defect in SF
targeting was not due to a complete lack of 5Fs in those cells, coun-
terstaining with phalloidin was performed (Supplemental Figure 52).
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Although SFs were detectable in cells with
the zyxin variants zyx'3¢ and zyx372, these
constructs lacking the LIM domains did not
accumulate on the SFs. This domain analysis
provides evidence that the C-terminal LIM
domains localize zyxin to FAs in unstretched
conditions and target zyxin to actin SFs after
uniaxial cyclic stretch.

To map the region(s) of zyxin responsible
for the stretch-induced SF reinforcement re-
sponse, we introduced full-length zyxin or
deletion variants (Table 1) into zyxin~" cells,
imaged filamentous actin in cells exposed
to uniaxial cyclic stretch, and used our SF
thickness algorithm to provide a quantita-
tive assessment of SF reinforcement In
comparison with cells expressing full-length
Zyxin'#, cells expressing a zyxin deletion
variant lacking the N-terminal 138 amino
acids, zyx"****, display a statistically signifi-
cant reduction in the SF reinforcement re-
sponse (Figure 4R}, suggesting that zyx™'*
contains critical information necessary for
actin remodeling downstream of mechani-
cal stimulation. We tested directly the ability
of zyx'"'3 1o rescue the actin reinforcement
response in zyxin™- cells and found that it
was incapable of doing so (Table 1), display-
ing an SFTI after stretch that was statistically
indistinguishable from that observed in
zyxin~~ cells {unpublished data). The failure
of zyx13 to localize effectively at FAs or to
SFs in stretched cells (Figure 4, D and L) is
likely responsible for its lack of SF reinforce-
ment activity. In comparison with cells lack-
ing zyxin or reconstitutad with zyx'-138, zyxin
constructs harboring the C-terminal LIM do-
mains retain some residual SF reinforcement
function (Table 1), although clearly reduced
relative to fulllength protein.

This functional analysis of zyxin deletion

variants provides evidence that the primary 5F targeting and SF re-
inforcement activities of zyxin are contained in nonoverlapping ar-
eas of zyxin's primary sequence, identifying physically separable S5F

Stretch-induced SF Stretch-induced
Constructs FA accumulation SF thickening
zZyxin'584 1 2 2 564 4 ++4 44
Zyx139-564 - — ++ 4 +
o138 E— + - =
Zyx160-340 —_— - = o
Zy300-564 i ++4+ +++ ks
ZyncT5b4 S— ++ ++ +
2y T2 1 i * _ _

+++, Majority of signal/cell {comparable to wild-type zyin); +, detectable signal/cell iminar compared with wild-type zysin); —, not detectable as real localization.

TABLE 1: Zyxin domain analysis.
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targeting and reinforcement domains that
display unique structural features (Figure
45). The C-terminal 192 amino acids, resi-
dues 373-544, a region comprising three
tandemly arrayed LIM domains, is sufficient
to target zyxin to 5Fs in stretched cells. The
major sequences associated with zyxin's
ability to contribute to stretch-induced SF
reinforcement are found in the N-terminal
138 amino acids; however, since these se-
quences lack the subcellular targeting infor-
mation, they are ineffective in promoting SF
reinforcement. Two protein groups impli-
cated in actin organization and dynamics—
o-actinin and members of the Ena/VASP
family—have been reported to associate
with zyx-138 (Golsteyn etal., 1997; Niebuhr
et al., 1997; Reinhard et al, 1999; Drees
et al., 2000; Li and Trueb, 2001). Therefore
we investigated the importance of zyxin's
ability to dock each of these proteins for an
effective SF reinforcement response.

Deletion of zyxin's u-actinin-binding
site compromises, but does not
eliminate, the stress fiber
reinforcement response

To define the mechanism by which zyxin
residues 1-138 contribute to SF reinforce-
ment, we first examined the importance of

= 4: Zyxin mechanosensitivity-domain
resides in the C-terminal LIM domains.
(A) Western immunoblot analysis of zyxin
domain—GFP fusion proteins to confirm
expression and relative mobility of proteins.
(B-I) Subcellular distribution of GFP by
fluorescence microscopy of zyxin'* (B),
Zyx13554 (C), zyx™13 (D), zyx!434€ (E),
2y (F), 2y T35 (G), zyx! 972 (H), and
aGFP alone (I). (J-Q) After stretch
stimulation (uniaxial, 15%, 0.5 Hz, 1 h), the
GFP signals of zyxin'-3 (J), zyx'¥%5% (K),
254 (M), and zyx3354 (D) were
detected along actin stress fibers, whereas
the other constructs—zyx'13 (L),
zyx"25(M), zyx'*P), and eGFP alone
(Q)—were not detected on stress fibers.
Stretch direction is in the horizontal plane
(double-headed arrow; scale, 20 um).
(R} Stretch-stimulated zyxin-null cells and
cells expressing the zyxin' % and zyx'3%5¢
variants were stained by phalloidin, and the
SF thickening was measured. Zyx'¥%54
lacking the N-terminus is insufficient for
normal stress fiber thickening, although
it is able to target to stress fibers;
**4* o <0.0001. (S) Diagram of the stress
fiber-targeting C-terminal LIM domains (red
boxes) and the N-terminal SF reinforcement
region of zyxin with a-actinin binding
(yellow), Ena/VASP binding (purple), and the
nuclear export sequences (blue).

1851



.
GFP-
ce-actinin

GFP-
ci-actinin

u!acﬁnin

SFTI

phalloidin

phalloidin  +=—

FIGURE 5: Zyxin and o-actinin respond to stretch independently, but
together they contribute to actin thickening. (A, B) Fluorescence
microscopy of GFP-a-actinin in WT fibroblasts on unstretched () and
stretched membranes (uniaxial cyclic stretch, 15%, 0.5 Hz, 2 b;
double-headed arrow; 20-pm scale). (C) GFP-tagged full length mouse
zyxin (1-564) with the a-actinin interaction site (yellow box) and the
M-terminal deletion mutant zyxin (43-554) missing the c-actinin
interaction site. (D) Western immunoblot analysis of both zyxin
constructs expressed in zyxin-null fibroblasts. (E, F) Subcellular
distribution of zyxin'*** and the N-terminal mutant zyx***** alo
stretch-induced actin 5F, coincident with phalloidin signal (G, H). (I}
SFTI analysis of stretch-stimulated actin in zyxin-null cells (white bar)
compared with cells expressing comparable levels of zyxin'*** (black
bar) and zyx**** (gray bar). Stretch direction is in the horizontal plane
(double-headed arrow; scale, 20 pm); ****p <0.0001.

Zyxin's a-actinin—binding capacity. The actin cross-linking protein o-
actinin is prominently associated with SFs and has many binding
partners (Otey and Carpen, 2004; Naumanen et al, 2008). Like
zyxin, a-actinin is present at FAs of unstretched cells (Figure 54A;
Pavalko et al., 1995) and accumulates on central SFs when cells are
exposed to uniaxial cyclic stretch (Figure 5B). Zyxin's ability to dock
w-actinin has been mapped to amino acids 1-42 (Drees et al., 1999,
Reinhard et al,, 1999; Li and Trueb, 2001). To probe the importance
of this aspect of zyxin function for the SF reinforcement response,
we expressed zyx***# in zyxin~ cells and compared this to null cells
reconstituted with full-length zyxin (Figure 5, C and D). Like full-
length zyxin, zyx*3%4 accumulates on SFs in cells challenged by ex-
posure to uniaxial cyclic stretch (Figure 5, E and F}, consistent with
our finding that the C-terminal LIM region of zyxin harbors the pri-
mary SF targeting information. Analysis of the SF reinforcement re-
sponse revealed that deletion of zyxin's a-actinin-binding domain
compromises, but does not completely abrogate, the stretch re-
sponse (Figure 5, G-).

1852 L M. Hoffman et al.
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The ability of zyxin to recruit Ena/VASP family members is
crucial for cytoskeletal stability

Members of the Ena/MASP family include Mena, VASP, and EVL, all
three of which are expressed in mammalian fibroblasts (Krause et al.,
2003). Ena/VASP proteins are characterized by the presence of con-
served EVH1domains (Renfranz and Beckerle, 2002) that bind to
ActA repeats—proline-rich sequences prasent in the Listeria cell sur-
face protein ActA (Purich and Southwick, 1997). Zyx’'2! contains
four ActA repeats, each of which has the capacity to dock Ena/VASP
{Golsteyn et al, 1997; Niebuhr et al., 1997; Drees et al., 2000).

An absolutely conserved phenylalanine residue present in all ActA
repeats is critical to suppart docking of Ena/VASP proteins (Drees etal.,
2000; Machner et al., 2001). Therefore, to abolish the ability of zyxin to
interact with members of the Ena/VASP family while minimizing non-
specific consequences that might arise with larger deletions, we mu-
tated the individual phenylalanines (F) in each of zyxin's ActA repeats to
alanine (A) to generate what we refer to as the zyx™153105.1154 mytant
{Figure 6A). GFP-tagged wild-type zyxin or mutant zyx™ 193151154 yag
expressed in zyxin~" fibroblasts and FACS sorted for equivalent GFP
expression. Westem immunoblot analysis confirmed the lack of en-
dogenous zyxin protein and the effective expression of the transgenic
variants (Figure 6B). Both wild-type zyxin and zyx™'#21%115 [ocalize to
FAs (Figure 6, C and E); however, zyx™ 921051154 35 to support dock-
ing of VASP at FAs (compare Figure 6, F with D). After stretch stimula-
tion, wild-type zyxin accumulates on 5Fs (Figure 6G) and recruits VASP
to SFs (Figure 6H). Mutant zyx1.9315.1154 gls0 accumulates on SFsin
stretch-challenged cells (Figure &) but fails to recruit VASP (Figure &J),
illustrating that VASP depends on zyxin for its appropriate targeting to
both FAs and stretch-stimulated SFs.

Quantitative analysis of cells exposed to uniaxial gydlic stretch
revealed that the ability of zyxin to dock Ena/\VASP proteins contrib-
utes significantly to the SF reinforcement response (Figure 6, K-N).
In particular, zyxin™" cells reconstituted with zyx™ > 151154 3nd sub-
jected to cyclic stretch fail to reinforce actin SFs to the level achieved
when wild-type zyxin is present {compare Figure 6, L and M, and
Figure 6M). However, cells reconstituted with zyxf71.93105.1154
achieved a level of actin SF reinforcement that was superior to that
observed in zyxin""‘ cells (Figure 6N), showing that factors in addi-
tion to zyxin's capacity to recruit Mena/VASP proteins contribute to
the SF reinforcement response.

Failure of zyxin to bind Ena/VASP proteins enhances the
rate of SF demise and accumulation of disorganized actin
aggregates in response to jasplakinolide

These results illustrate a role for zyxin-dependent recruitment of
Ena/VASP proteins for maintenance and reinforcement of the ac-
tin cytoskeleton in the face of mechanical stress. Chemical probes
provide an alternative mechanism for stressing the actin cytoskel-
eton in living cells and probing the functional significance of zyx-
in's ability to bind Ena/\VASP proteins. The marine texin jasplakin-
olide reduces the critical concentration of monomeric actin
required for actin assembly and increases the rate of actin nucle-
ation in vivo (Bubb et al., 2000). Jasplakinolide is also used to
stabilize actin filaments in vivo (Lee et al., 1998; Cramer, 1999),
and it may function as an inhibitor of actin depolymerization
(Miyoshi et al., 2006). When applied to living cells, jasplakinalide
induces an initial thickening of SFs (Figure 7, A and B) that is as-
sociated with recruitment of zyxin to the SF compartment (Hoffman
et al., 2006). Over time, there is an accumulation of disorganized
filamentous actin aggregates throughout the cytoplasm (Figure
7C). The actin aggregates contain both zyxin (Figure 7, D and B
and VASP (Figure 7 F), an observation that led us to investigate

Molecular Biology of the Cell
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the importance of the zyxin—VASP interaction for the cellular re-
sponse to jasplakinolide.

The accumulation of actin aggregates in response to jasplakin-
olide treatment is both concentration and time dependent (Bubb
et al., 2000). Therefore we explored the kinetics of the jasplakino-
lide response in zyxin~ cells reconstituted with wild-type zyxin or
ZyxF1L931051158  Zyin~" cells reconstituted with zyxF71.93105.1154 gjs-
play significant cytoskeletal breakdown and actin aggregate for-

Volurme 23 May 15, 2012

Stretch-induced actin cytoskeletal response is perturbed by disruption of
zyxin-VASP interaction. (A) Diagram of mouse zyxin protein demarcates four ActA repeats for
Mena/VASP interaction, targeted for site-directed mutagenesis of F71A, F93A, F105A, and
F115A as zyx™ 1321051154 (nyrple |etters). (B) Western immunoblot of zyxin from wild-type
fibroblasts (+/+4), zyxin-null fibroblasts (—/-), and zyxin-null fibroblasts programmed to express
GFP-tagged wild-type zyxin and mutant zyx™"#2.1951154, Immuncblot for f-actin confirmed
equivalent protein loading of the cell lysates. (C, D) GFP-zyxin and Mena/VASP proteins
colocalized at focal adhesions. (E, F) GFP-zyx™'-%3195.115 gecumulated normally at focal
adhesions but failed to recruit Mena/VASE After stretch stimulation, zyxin (G) and Mena/VASP
(H) accumulated along actin SF, as did zyx™"%%19%1154 (1) but Mena/VASP remained
mislocalized (J). Phalloidin-stained, stretch-stimulated stress fibers in zyxin-null cells (K) and
cells expressing GFP-zyxin (L) and GFP- zyx™"93.105115A (M) ware analyzed for thickening. (N)
SFTI analysis of zyx cells (white bar) and cells expressing comparable levels of zyxin (black
bar) and zyx"131051154 (gray bar). Stretch direction is in the horizental plane (double-headed
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_\.@'P& mation in response to a 2-h exposure to

q.'&?‘@. jasplakinolide (Figure 7G) compared with

% 1 cells reconstituted with wild-type zyxin,

1.“’,*‘\ 2t which retain many SFs under these condi-
i S tions (Figure 7H).

The accumulation of actin aggregates
in response to jasplzkinolide has been
suggested to resuft from the de novo
polymerization of actin into amorphous
masses, with the subsequent loss of SFs
due to insufficient actin monomer for SF
maintenance during mormal remodeling
and turnover (Bubb et al., 2000). However,
if this were the explanation, why would an
inability of zyxin to bind Ena/VASP acceler-
ate this process? We reasoned that an al-
ternative explanation might be a failure of
SF maintenance and/or repair processes
when zyxin is unable to recruit Ena/VASP
proteins. In that scenario, the actin aggre-
gates might reflect the remnants of broken
SFs that arise when 5F maintenance is
compromised. To explore this possibility
directly, we imaged cells expressing GFP-
tagged zyxin during exposure to jasplakin-
olide to determine the genesis of the actin
and zyxin-rich aggregates (Figure 71 and
Supplemental Video 51). From this analy-
sis, it is evident that the amorphous aggre-
gates of filamentous actin in the jasplakin-
olide-treated cells represent remnants of
ruptured SFs, not newly assembled struc-
tures (Figure 7.J). These results support the
view that zyxin's ability to recruit Ena/VASP
is important for the maintenance of SF ar-
chitecture in respanse to both mechanical
and pharmacological stress.

- 100
- 75 kDa

Mena/VASP

Mena/VASP

The zyxin-dependent actin remodeling
response is independent of Rho kinase
SF assembly is triggered by activation of
Rho kinase, which promotes phosphoryla-
tion and activation of myosin light chain to
stimulate myosin-dependent contractility
(Jaffe and Hall, 2005; Guilluy et al., 2011a).
We defined a zyxin, VASP, and a-actinin-
dependent pathway of SF remodeling that
results in SF thickening in response to uni-
axial cyclic stretch. To test whether this
pathway is regulated by Rho kinase, we
first compared the effect of the Rho kinase
inhibitor Y27432 on both zyxin cells and
zyxin~- cells reconstituted with zyx'-#4. The
eGFP-zyx5# cells were selected to ex-
press at levels similar to that of endogencous zyxin in wild-type cells,
as seen in Figure 6B. SFs are present in untreated cells (Figure 84),
but exposure to 3 uM Y27632 for 2 h results in loss of SFs from
zyxin~~ cells (Figure 8B). In contrast, although diminished com-
pared with pretreatment, residual SFs are still present in Y27632-
treated cells that express zyxin (Figure 8C). These results provide a
preliminary indication that zyxin promotes SF assembly or mainte-
nance by a mechanism that does not require Rho kinase activity.

Stretch-induced actin remedeling mechanism | 1853
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To explore this passibility further, we tested whether inhibition of
Rho kinase would influence the response of cells to uniaxial cyclic
stretch (Figure 8, D-G). Unstretched cells exposed to Y27632
displayed diminished SFs relative to unstretched control cells (com-
pare unstretched cells in Figure 8, D and E). However, cells exposed
to Rho kinase inhibitor retsined the capacity to launch a SF rein-
forcement response upon exposure to uniaxial cyclic stretch (Fig-
ure BG). Cells treated with the Rho kinase inhibitor failed to realign
their 5Fs perpendicular to the stretch vector (compare stretched
cells in Figure 8, F and G), providing independent evidence that
the Rho kinase inhibitor is interfering with the SF reorientation re-
sponse while not fully eradicating the SF reinforcement response.

1854 L M. Hoffman et al.

E 7: Actin stress fibers formed without VASP recruitment exhibit enhanced sensitivity to
actln mhlbrtor jasplakinolide (Jas). (A, B) In comparison to controls, WT cells treated with
jasplakinolide (100 nM, 2 h) accumulated stress fibers and aggregates of F-actin (phalloidin)
visible by flucrescence micrescopy. F-Actin (phalloidin; C) and zyxin (D) colocalized within the
jasplakinolide-induced aggregates. Zyxin (E) and binding partner Mena/VASP (F) also colocalized
at the jasplakinolide-induced aggregates. Jasplakinolide treatment (100 nM, 2 h) of zyxin-null cells
expressing either GFP- zyx™1#3155115A mutant (G) or GFP-zyxin (H) induced a more prenounced
actin phenotype, with disruption of zyxin-Mena/VASP interaction (zyx™#3105.1154) (1) Time-lapse
microscopy of GFP-zyxin in cells (0, 30, 40, 90, and 114 min after 200 nM jasplakinclide addition)
showed mobilization from focal adhesions to actin stress fibers, followed by rupture of fiber and
accumulztion of aggregates (J, arrows; 92, 102, 105 min). See Supplemental Video 51.
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DISCUSSION

Cells reorient and reinforce their actin cy-
toskeletons when exposed to mechanical
force, establishing a robust interior frame-
work composed of actin stress fibers. The
LIM protein zyxin is mobilized from focal
adhesions to actin stress fibers in response
to mechanical stimulation, and it is required
for the ensuing reinforcement of intracellu-
lar actin arrays. The results presented here
refine our understanding of the pathways
that lead from application of uniaxial cyclic
stretch in fibroblasts and address the mech-
anism by which zyxin promotes SF remodel-
ing and reinforcement.

Three mechanistically separable cellular
response pathways downstream of me-
chanical stress can now be described
(Figure 9):

1. SF reorientation. Cells align their SFs
perpendicular to the stretch vector. SF
reorientation is independent of zyxin and
is inhibited by agents that block Rho
kinase.

2. SF reinforcement. Thickening of the SFs
requires zyxin. [t depends on targeting of
zyxin to SFs via the LIM domains and ac-
tin remodeling that involves the zyxin-
binding partners a-actinin and VASP.
Zyxin is phosphorylated in response fo
uniaxial cyclic stretch. Zyxin-dependent
SF reinforcement can occur independent
of Rho kinase activation.

3. p130Cas-dependent activation of MAPK
signaling. p130Cas is tyrosine phospho-
rylated in response to mechanical stress,
a modification that stimulates MAPK ac-
tivation (Tamada et al, 2004; Sawada
et al., 2006). Uniaxial cyclic stretch pro-
motes both SF alignment and SF rein-
forcement in p130Cas™ cells, and thus
there is not an obligatory link from
p130Cas activation to these processes.
p130Cas-independent  activation of
MAPK is likely responsible for stretch-in-
duced phosphorylation of zyxin since
MAPK. inhibitors block this posttransla-
tional modification and zyxin phosphory-
|ation occurs nermally in p130Cas™ cells.

Zyxin displays several MAPK consensus phosphorylation sites (Hervy

et al., 2010), consistent with the view that it may be a direct sub-

strate of a MAPK.

Molecular dissection of the stretch-induced actin
reinforcement response

By reconstitution of zyxin-null cells with a series of zyxin deletion
variants, we defined critical functional domains of zyxin that are
necessary and sufficient to support key steps in the stretch re-
sponse. First, we discovered that the essential determinants of
zyxin's stretch-induced actin reinforcement capacity map within
the N-terminal 138 amino acids of the protein. Zyxin's N-terminus

Molecular Biclogy of the Cell
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FIGURE 8: Stretch-induced actin remodeling persists in the presence
of Rho kinase inhibition. Zyx cells untreated (A} or after 2 h of
treatment with Y27632 (3 pM; B) and calls expressing GFP-zyxin
treated with 3 pM Y27632 (C) were fixed and then visualized by
phalloidin staining and flucrescence microscopy. Scale, 40 pm.

(D, F) WT control cells were unstretched (D) and stretch stimulated (F)
for 1 h, followed by fixation, phalloidin staining, and fluorescence
microscopy, and then compared with WT cells in the presence of
¥27432 that were unstretched (E) and stretch stimulated (G) for 1 h.
Stretch direction is in the horizontal plane (double-headed arrow;
scale, 20 pm).
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FIGURE 9: Model of mechanotransduction. Mechanical stress induces
three separable responses: stress fiber reorientation, stress fiber
reinforcement, and MAPK signaling. Our data suppert the notion that
Rho kinase signaling contributes to SF reorientation, that zyxin,
a-actinin, and Ena/VASP proteins contribute to SF reinforcement, and
that p130Cas, Rap1, and MAFK signaling form the third response to
mechanical stress applied by uniaxial cyclic stretch.

Volume 23 May 15, 2012

67

has been reported to bind a number of partners, including the
actin filament cross-linker c-actinin (Drees et al., 1999; Reinhard
et al., 1999; Li and Trueb, 2001), the actin assembly modulator
Ena/\MASP (Golsteyn et al., 1997; Niebuhr et al., 1997; Drees etal.,
2000), and the cytoskeletal proteins LIM-nebulette and LASP-1 (Li
et al., 2004; Grunewald et al., 2007). Because of their well-estab-
lished roles in actin assembly and organization, we focused our
analysis on the roles of w-actinin and Ena/VASP in the SF reinforce-
ment response. Reconstitution of zyxin™" cells with constructs har-
boring the minimal deletion or amino acid substitution necessary
to compromise zyxin's ability to bind either a-actinin or Ena/VASP
family members revealed that zyxin can be recruited to SFs in me-
chanically stimulated cells independent of binding to either of
these partners. However, the loss of capacity to bind either a-
actinin or Ena/VASP compromises the SF reinforcement response
that occurs downstream of uniaxial cyclic stretch. These results il-
lustrate the contributions of both of these binding partners to the
zyxin-dependent actin reinforcement response. e-Actinin binding
by zyxin could facilitate SF reinforcement by recruitment and cross-
bridging of short actin filaments at sites of zyxin accumulation.
Ena/VASP could promote actin polymerization at barbed filament
ends. Altemnatively, we showed previously that binding of Ena/
VASP proteins to zyxin enhances the rate at which zyxin is recruited
to sites of local SF damage (Smith et al., 2010). Phosphorylation
promotes Ena/VMASP binding by zyxin by inhibiting an intramolecu-
lar (head-tail) interaction within the zyxin protein (Moody et al.,
2009; Call et al., 2011). Thus it is intriguing to consider the possi-
bility that the MAPK-dependent phosphorylation of zyxin that oc-
curs in response to uniaxial cyclic stretch might relieve an intramo-
lecular zyxin interaction, simultaneously enhancing Ena/VASP
binding and stabilizing a protein conformation in which the LIM
region is accessible.

Distinct domains for SF targeting and remodeling

Although the core capacity of zyxin to promote SF reinforcement
resides in the N-terminal 138 amino acids, this region of the protein
on its own fails to localize to 5Fs in stretched cells and fails to sup-
port SF remodeling. This observation suggested that a physically
separable region of zyxin might be responsible for targeting the
protein to the SFs in mechanically stimulated cells. Here we deter-
mined that the LIM region of zyxin is both necessary and sufficient
to promote SF localization in cells exposed to uniaxial cyclic stretch.
The LIM region is also sufficient for accumulation of zyxin at FAs of
unstretched cells (Nix et al., 2001) and migrating cells (Uemura et al.,
2011). Atthough the LIM region of zyxin is capable of associating
with FAs and SFs, it is not sufficient to restore the actin reinforce-
ment response in zyxin-null cells exposed to mechanical stress. This
observation is consistent with a report that zyxin LIM domains dis-
place endogenous zyxin and disrupt actin polymerization at FAs (Hi-
rata et al., 2008). Collectively, these findings support the view that
zyxin harbors two structurally separable, discrete functional domains
that contribute obligatorily to the stretch-induced actin reinforce-
ment response: a localization or targeting domain and an actin-re-
modeling domain.

p130Cas is not required for stretch-induced actin
reinforcement

The LIM region of zyxin that controls the protein’s subcellular lo-
calization interacts directly with the integrin effector p130Cas (Yi
et al., 2002), which has itself been shown to undergo conforma-
tional change in response to cyclic stretch (Sawada et al., 2004).
Zyxin interacts with the same region of p130Cas that both is
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modified by tyrosine phosphorylation and provides a docking site
for the SH2-SH3 adaptor CRK under conditions of mechanical
stimulation (Yi et al., 2002; Tamada et al., 2004). We were intrigued
by the possibility that uniaxial cyclic stretch might simultaneously
cause release of zyxin from p130Cas and enable the binding of
CRK and activation of a Rapl-dependent signaling cascade to
MAPK. However, in our experiments we found that both zyxin's
recruitment to SFs and the actin reorientation/reinforcement that
occur in response to uniaxial cyclic stretch are retained in p130Cas-
null cells. Thus both zyxin and p130Cas display mechanosensitiv-
ity but appear to influence independent responses to mechanical
stimulation (Figure 9).

Although p130Cas has been implicated in the stretch-induced
activation of MAPK signaling, elimination of p130Cas by targeted
gene disruption does not disturb zyxin's stretch-dependent phos-
phorylation. This is perhaps not surprising, given work showing
that although knockdown of p130Cas leads to 2 50% reduction in
stretch-induced Rap1 activation, Rap1 activity is not completely
eliminated in Cas-deficient cells exposed to cyclic stretch (Sawada
et al., 2006). Thus it appears that both p130Cas-dependent and
-independent activation of Rap1 occurs in response to mechanical
stimulation. The mechanisms by which various MAPKs influence
the mechanotransduction respanse remain to be deciphered and
will likely be complex. One recent hint regarding how MAPK sig-
naling contributes to the response of cells to mechanical tension is
the work of Guilluy et al. {2011b) that suggests a role for ERK acti-
vation of 2 particular Rho-directed guanine nucleofide exchange
factor (Rho GEF-H1).

Cellular response to global or local mechanical stress

Here we show that exposure of cells to uniaxial cyclic stretch causes
zyxin to accumulate on SFs, illustrating a pancellular, global me-
chanical stress response. Of interest, localized application of me-
chanical stress triggers local zyxin accumulation on individual SFs as
well. For example, zyxin recruitment to a localized SF demain can be
induced by targeted application of mechanical stress via direct
prodding with a microprobe (Smith et al., 2010) or by micromanipu-
lation using atomic force microscopy (Colombelli et al., 2009). In a
complementary manner, if strain is relieved by release of an internal
SF segment from its FA anchors by a pair of internal nanosurgical
cuts, zyxin localization along the released SF fragment declines
(Colombelli et al., 2009). Thus, under a variety of conditions that
exert either a positive or negative effect on zyxin accumulation on
5Fs, the application of force is a common factor that promotes zyxin
localization. Consistent with this view, application of the nonmuscle
myosin Il inhibitor blebbistatin to reduce SF contractility causes re-
lease of zyxin from SFs in cultured cells (Colombelli et al., 2009). It
remains to be determined whether zyxin is accumulating at sites of
high SF strain because it is directly detecting mechanical stress by
recognizing a novel strain-induced protein conformation, for exam-
ple, or whether the mechanical stress is inducing local SF damage,
such as actin filament breaks, that are recruitment targets for zyxin
and its partners.

SFs in cultured cells undergo strain-induced, local thinning and
elongation (Smith et al., 2010). Zyxin is rapidly recruited to these
areas where SF integrity is compromised and is required for the res-
toration of SF structure via a mechanism that involves both a-actinin
and VASP (Smith et al., 2010). The response of cells to uniaxial cyclic
stretch might reflect the accumulation of 2 large number of strain-
induced local thinning and elongation events, which, in aggregate,
would result in zyxin-coated SFs and actin remodeling and reinforce-
ment, as we observed.
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Zyxin contributes to Rho kinase-independent

SF reinforeement

Activation of the small GTPase Rho stimulates SF assembly (Ridley
and Hall, 1992). Rho-GTP interacts with Rho kinase, stimulating
its activity and ultimately enhancing myosin-dependent contrac-
tility (Jaffe and Hall, 2005; Guilluy et al., 2011a). Because zyxin
promotes SF reinforcement, it was of interest to assess whether
Rho kinase was an upstream modulator of the zyxin-dependent
actin-remedeling respense to cyclic stretch. Eliminating zyxin in
concert with inhibiting Rho kinase activity results in a nearly com-
plete loss of actin stress fibers in both stretched and unstretched
cells. However, reconstitution of the cells with zyxin is sufficient to
partially restore actin SFs, revealing a zyxin-dependent, Rho ki-
nase-independent machinery that influences SF architecture.
Treatment of cells with Rho kinase inhibitor abrogates the SF re-
orientation response downstream of uniaxial cyclic stretch, illus-
trating a critical role for Rho kinase—dependent actin-remodeling
processes in the alignment of SFs within mechanically stimulated
cells. Some new SFs are produced within stretched cells even un-
der conditions of Rho kinase inhibition. Although the SFs are gen-
erally less abundant in cells in which Rho kinase is inhibited com-
pared with controls, it is clear that some Rho kinase-independent
mechanism contributes to SF reinforcement downstream of me-
chanical stress, and this likely involves zyxin. Consistent with our
findings, previous studies revealed that Rho activation is required
for SF reorientation in aortic endothelial cells exposed to cyclic
stretch (Kaunas et al., 2005; Lee et al., 2010). Our work extends
these studies and reveals that the zyxin/c-actinin/VASP actin-
remodeling machinery is a key contributor in a Rho kinase—inde-
pendent pathway of SF reinforcement downstream of mechanical
stress.

MATERIALS AND METHODS

Reagents

Mouse antibodies for vinculin hYIN-1, B-actin AC-74, and o-actinin
BM75.2 (all Sigma-Aldrich, St Louis, MO), rabbit anti-ERK1/2 and
anti-phospho-ERK1/2 (4695 and 4370; Cell Signaling Technology,
Beverly, MA), mouse anti-p130cas (BD Transduction Laboratories,
Lexington, KY), and anti-pY 4G 10 (Upstate, Millipore, Billerica, MA)
were used as recommended by manufacturers. To generate the
anti-Mena/VASP polyclonal rabbit serum B119, rabbits were immu-
nized against KLH-coupled peptides GLAAAIAGAKLRKYVSKQE and
EKPPKDESASQEESEARL (Harlan Bioproducts for Science, Indianap-
olis, IN). Anti-zyxin rabbit polyclonal serum B71 was previously de-
scribed {Hoffman et al., 2003). Phospho-zyxin (human Ser-142/143)
rabbit antibedy (4863; Cell Signaling Technology) detected mouse
zyxin p-Ser144 (Western blots 1:2000, indirect immuncflucrescence
microscopy 1:200). Secondary antibodies and phalloidin were Alexa
Fluor conjugates used for cell staining (Molecular Probes/Invitrogen,
Carlsbad, CA) and horseradish peroxidase (HRP) conjugates used
for Western blots (GE Healthcare, Piscataway, MJ). Actinomycin D
and cycloheximide were from Sigma-Aldrich, jasplakinolide and
Y27632 from Calbiochem (La Jolla, CA), and PD%8059 from Cell
Signaling Technology.

Cells and constructs

Wild type and zyxin-null fibroblasts {with or without expression
constructs) were maintained in high-glucose DMEM supplemented
with pyruvate, glutamine, penicillin/streptomycin (Invitrogen), and
10% fetal bovine serum (Hyclone Labs, Logan, UT} as described
(Hoffman et al, 200&). Wild-type and p130cas-null fibroblasts
(Honda et al., 1998) were cultured as recommended.
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Mouse zyxin cDNA was used as template io PCR amplify do-
mains with homelogous ends for recombination cloning (Gateway
Technology, Invitrogen). DNA sequencing of each enfry clone con-
firmed the correct zyxin sequence before subcloning into a lentivi-
rus expression system following manufacturer’s recommendations
for a three-part recombination with human cytomegalovirus pro-
maoter and C-terminal eGFP tag (ViraPower HiPerform Lentiviral
Expression Systems, Invitrogen). Lentivirus was produced in 293FT
cells, and the cell supernatant was used to infect zyxin-null fibro-
blasts. After at least 1 wk in culture, cells were FACS sorted for
GFP expressors. Zyxin and GFP epitopes were confirmed for con-
structs containing 1-564, 139-564, 1-138, 309-564, or 1-372, but
no antibodies were available for zyxin sequences in 160-340 and
373-564.

Zyxin mutant 43-564, previously described (Smith et al., 2010},
was subcloned into Gateway plentivirus expression (Invitrogen)
and cells sorted for GFP expression. Site-directed mutagenesis of
four phenylalanines in the Ena/VASP-binding region of zyxin
(yxdF=A; F7T1A, F93A, F105A, F115A) was performed with the
QuikChange Il Mutagenesis Kit (Invitrogen). Mutant zyx™1-#3105.1154
was subcloned with eGFP tag into the retroviral vector pLINX using
methylation-sensitive Clal restriction sites (Hoshimaru et al., 1994).
Retrovirus was made in Phoenix-Eco producer cells (American Type
Culture Collection, Manassas, VA) and used to infect zyxin-null fi-
broblasts. Stable cell lines expressing GFP-zyx™ ' #+1%.115% were se-
lected for GFP expression by FACS. GFP—o-actinin nucleofection
followed manufacturer recommendations (Amaxa Biosystems,
Lonza, Cologne, Germany).

Cell stretching, protein detection, and SFTI analysis

Cells were seeded onto precoated silicone membranes (25 pg/mil
collagen |, 2 pg/ml fibronectin) as previously described (Yoshigi
et al., 2005). Briefly, three 26 % 33 mm membranes in a 100-mm
dish were seeded with 1.2-1.5 million cells. After 24 h growth in
DMEMc and 10% serum, cells were subjected to uniaxial cyclic
stretch (15%, 0.5 Hz, up to 2 h) using a custom-made stretch device
driven by a step motor (Yoshigi et al., 2003). At specified times, cells
were fixed (15 min, 3.7% formaldehyde) and permeabilized (5 min,
0.5% Triton X-100) directly on membranes, followed by staining and
imaging, or cells were lysed on membranes for protein analysis
(150-300 piYmembrane; 50 mM Tris-HCI, pH 8, 150 mM NaCl, 0.5%
NP-40, 0.1% 505, 0.1 mM NaF, 0.2 mM sodium orthovanadate with
protease inhibitors [Boehringer-Mannheim, Mannheim, Germany]).
Cell images are always shown with the stretch vector maintained in
the horizontal direction (double-headed arrow). SFs within 30" of
perpendicular to the horizon were considered aligned (Yoshigi et al.,
2005). For inhibition of transcription and translation, cells on mem-
branes were preincubated for 30 min before stretch and for the du-
ration of a 1-h stretch with actinomycin D {1 ug/mil) or cycloheximide
(10 pg/ml; Tamura et al., 2000; Sun et al., 2001; Momberger et al.,
2005), concentrations that are sufficient to inhibit >90% transcrip-
tion (Sawicki and Godman, 1971) and >90% protein translation in
this time frame (Sundell and Singer, 1990). For Table 1 showing the
zyxin domain analysis, cells were scored for GFP-zyxin signal local-
ization at FAs and along SFs. SF thickening was phalloidin signal/cell
increased by stretch, comparison (relative to zyx-null and wild-type
cells) between independent stretch experiments.

For SFTI measurements, images of phalloidin-stained F-actin (us-
ing concomitant GFP signal to confirm expression) were analyzed
with a custom erosion/brightness decay software (Yoshigi et al.,
2005) written in LabVIEW (National Instruments, Austin, TX). Expo-
sure of GFP signal was held constant for image capture, and cells
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with comparable expression levels were selected for SFT1 analysis of
phalloidin signal. For each cell type, multiple stress fibers/cell in =10
fields (Zeiss 40x; Carl Zeiss, Jena, Germany) were evaluated (n = 100
measurements); statistical analysis (means + SEMs, unpaired t fests,
analysis of variance) and graphing were performed with Prism soft-
ware (GraphPad, La Jolla, CA}. At least three independent stretch
experiments were performed for each construct and cell type, and
the relative SFTI values within each experiment were compared.

Cell microscopy

Cells were seeded onto glass coverslips and grown for 18 h in com-
plete DMEM and 10% serum, followed by fixation (15 min, 3.7%
formaldehyde) and permeabilization (5 min, 5% Triton X-100). Pro-
teins were localized by antibody immunostaining and phalloidin.
Cell images were captured with a CoolSnap HQ camera and Zeiss
Axiophot fluorescence microscope (Plan-Apochromat 63x, 1.40 nu-
merical aperture [NA], oil objective; 40x, 0.75 NA, dry objective)
and Cpenlab software (Improvision, PerkinElmer, Waltham, MA) or
ImageQuant software (Andor Technology, South Windsor, CT). A
Zeiss Axioskop2 mot plus microscope (40x, 0.75 NA, dry objective)
with automatic shutter and a Zeiss AxioCamMRm camera with Zeiss
AxigVision 4.8.1 software were also used to capture images. Time-
lapse imaging used a stage heater (Bioptechs, Butler, PA) on an
Olympus microscope (60x, 1.45 NA, objective; Olympus, Center
Valley, PA), a digital camera (Orca; Hamamatsu, Hamamatsu, Japan),
and MetaMorph software (Molecular Devices, Sunnyvale, CA). Pho-
toshop, version 8 (Adobe, San Jose, CA), was used for image pro-
cessing and Adobe lllustrator, version 11.0, for figure preparation.

Electrophoresis and Western immunoblots

Cell lysates (10-25 pg/lane) were electrophoresed through denatur-
ing 10% polyacrylamide gels (Bio-Rad, Hercules, CA) with prestained
Precision Plus molecular weight markers (Bio-Rad) and then elec-
troblotted onto nitrocellulose filters, probed with HRP-conjugated
antibodies, and detected by enhanced chemiluminescence (GE
Healthcare). Far phosphatase experiments, cell lysates were incu-
bated with calf intestinal phosphatase or lambda phosphatase (New
England Biolabs, Ipswich, MA]} for 30 min before electrophoresis.
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Abstract

The uncertain histogenesis and aggressive biological behavior of Ewing sarcoma
has always been a subject of interest among clinicians and researchers alike. This
malignant disease is driven by the fusion oncogene EWS/FLI which is necessary for
transformation. The role of basic cellular features like actin cytoskeleton and focal
adhesion sites are not very well understood in Ewing sarcoma tumor growth and
metastasis. Here, we have used the RNAi-based silencing of EWS/FLI oncogene that
result in dramatic cytoskeletal changes and reduced cellular spreading and adhesion,
potentially through downregulation of the genes regulating these cellular features.
Microarray analysis revealed hundreds of such genes that are associated with focal
adhesion proteins, ECM-receptor interactions and cell adhesions. Our study demonstrates
that focal adhesion protein zyxin and a5 integrin are downregulated by EWS/FLI to
compromise the actin cytoskeleton, cell adhesion and, cell spreading of Ewing sarcoma
cells as revealed by immunofluorescence microscopy. We hypothesize that EWS/FLI
mediated changes in these cellular features facilitates cell transformation. To test this, the
current study establishes an intratibial orthotopic mouse model and shows successful
Ewing sarcoma tumor growth, progression and metastasis in NOD/SCID mice. To our
knowledge, this is the first report of spontaneous metastasis to lungs and other bones
from a primary Ewing sarcoma tumor in the mouse tibia. Using this mouse model we
characterized the tumor progression and metastasis by Ewing sarcoma cells engineered to
reexpress zyxin or a5 integrin or both zyxin and a5 integrin. In this mouse model the rate
of tumor growth significantly decreases when both zyxin and a5 integrin are reexpressed
in Ewing sarcoma cells, but the rate of metastasis to lungs is significantly higher when a5

integrin is expressed. These results suggest that EWS/FLI mediated downregulation of
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adhesion proteins is required for tumor progression, but could compromise tumor cell
metastasis. The current study highlights the contributions of adhesion proteins (zyxin and
a5 integrin) in modulating cell-ECM interactions, actin cytoskeleton, cell adhesion and
spreading to achieve small round cell morphology and guiding tumor progression and

metastasis in Ewing sarcoma.

Introduction

Ewing sarcoma is a round-cell malignant neoplasm of the bone that typically
affects adolescents and young adults. It usually develops in the diaphysis or metaphysis
of long bones, most commonly in femur, tibia and humerus (Kimber et al., 1998; Spraker
et al., 2012). Ewing sarcoma is an aggressive cancer that grows rapidly and metastasizes
to lungs and bones (Karosas, 2010). Treatment of apparently localized primary tumors
involves surgery and chemotherapy. Despite these interventions, the vast majority of
patients relapse even after definitive surgical removal of the primary tumor, illustrating
the fact that most patients have occult disseminated disease upon presentation
(McAllister and Lessnick, 2005; Spraker HL et al., 2012). Patients with metastatic or
recurrent disease face poor prognosis with less than 15% 5-year survival rate. Knowledge
of the molecular mechanisms that determine Ewing sarcoma cell behavior will be crucial
in understanding disease progression.

Ewing sarcoma is caused by a reciprocal chromosomal translocation involving the
EWSR1 gene on chromosome 22 and a member of the FLI gene on chromosome 11
(Delattre et al., 1992; Turc-Carel et al., 1988). In approximately 85% of cases, a
t(11;22)(q24;q12) translocation results in the expression of chimeric transcription factor

in which a strong transcription regulatory domain found in EWS is fused in-frame to a



75

portion of FLI-1 that includes a DNA-binding domain (Aurias et al., 1984; Delattre et al.,
1992; Lessnick et al., 1995; May et al., 1993a). EWS/FLI acts as a master transcriptional
regulator that modulates the expression of several hundred genes. Several upregulated
targets of EWS/FLI have been extensively studied including NKX2.2, NROB1 and
Caveolinl (Kinsey et al., 2006; Owen et al., 2008; Tirado et al., 2006). Although
predicted to aberrantly activate transcription, EWS/FLI also causes repression of
hundreds to thousands of genes (Kinsey et al., 2006; Owen et al., 2008; Smith et al.,
2006). With a few exceptions (Borinstein et al., 2011; Herrero-Martin et al., 2009;
Mateo-Lozano et al., 2003), the downregulated targets of EWS/FLI have not been
extensively characterized, even though the repression of specific gene expression could
lead to loss of key regulators of normal cell growth and behavior.

Recent studies suggest that EWS/FLI is not only required for tumorigenesis, but
also modulates key cellular properties such as cell adhesion, motility and invasion
(Amsellem et al., 2005; Cerisano et al., 2004; Chaturvedi et al., 2012). For example,
RNA interference based knockdown of EWS/FLI expression revealed that EWS/FLI
expression promotes loss of tumor cell adhesion (Chaturvedi et al., 2012). EWS/FLI -
mediated regulation of adhesion genes could affect two stages of Ewing sarcoma
metastasis: tumor cell dissemination and/or readhesion of these cells at a secondary site
for effective colonization. Here, we identify specific EWS/FLI target genes that regulate
the tumor cell adhesion to extracellular matrix and contribute towards maintenance of
actin cytoskeleton. In the current study we investigate the contributions of two EWS/FLI
targets, zyxin and o5 integrin, to the actin cytoskeleton, cell spreading and adhesion of
Ewing sarcoma cells. We extend the results from in vitro studies into an experimental

mouse model that effectively recapitulates the clinical manifestations of Ewing sarcoma
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metastasis to lungs and other bones.

Results

EWS/FLI expression compromises the cytoskeleton of Ewing sarcoma cells

The cell of origin that gives rise to Ewing sarcoma has not yet been definitively
identified (Cavazzana et al., 1987; Ewing, 1921; Jedlicka, 2010; Kovar, 2005; Tirode et
al., 2007). Consequently, the approach of ectopic EWS/FLI expression as a way to model
oncogene impact on cell behavior is fraught with difficulty, owing to the uncertain effect
of inappropriate cellular context (Braunreiter et al., 2006; Owen and Lessnick, 2006). To
circumvent this challenge, we studied how the EWS/FLI oncoprotein influences cellular
behavior by using an RNA interference approach to knockdown EWS/FLI expression in
patient-derived Ewing sarcoma cells (A673 and EWS502).

We used retrovirally-encoded short hairpin RNA directed against EWS/FLI
transcripts to knockdown the expression of EWS/FLI (EWS/FLI RNAi) and RNA
interference against luciferase served as Control RNAi and compared their cellular
behavior. Knockdown of EWS/FLI expression in multiple human Ewing sarcoma cell
lines resulted in dramatic effects on cell phenotype including alterations in adhesion and
motility (Chaturvedi et al., 2012). In an effort to provide an extracellular matrix ligand
that is prominent in bone, the cells were plated on fibronectin (Rodan and Rodan, 1997).
Ewing sarcoma cells displayed a profound cytoskeletal deficit (Figure 5.1A). Both A673
cells and EWSS502 cells appeared small and poorly spread, with thin and short actin stress
fibers. In contrast, when EWS/FLI expression was knocked down by RNA interference,

the Ewing sarcoma cells underwent a dramatic morphological transformation in which
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they exhibited pronounced adhesion and spreading to the fibronectin substratum and
displayed robust actin stress fibers. These results illustrated a profound effect of
EWS/FLI expression on adhesion and cytoarchitecture, prompting us to explore the
mechanism by which EWS/FLI influences these phenotypic attributes of the tumor cells.
EWS/FLI is a transcription factor that modulates the expression of hundreds to
thousands of genes (Owen et al., 2008). To identify candidate targets of EWS/FLI that
might influence adhesion and cytoarchitecture, we analyzed a previously published
microarray analysis of EWS/FLI regulated genes (Owen et al., 2008). Selection of genes
whose expression was decreased at least 1.8 fold by EWS/FLI revealed 222 genes that
were downregulated by EWS/FLI by this criterion. Kyoto Encyclopedia of Genes and
Genomes (KEGQ) analysis revealed that the top three classes of genes downregulated by
EWS/FLI were those encoding focal adhesion proteins, modulators of extracellular
matrix and receptor interactions, and regulators of the actin cytoskeleton (Table 5.1),
consistent with the major cellular phenotypes we observed by microscopic analysis of
cells in Figure 5.1A. Inspection of the EWS/FLI downregulated genes revealed that more
than one-third would be expected to influence the actin cytoskeleton, cell-matrix
communication, or cell adhesion and migration based on their annotated functions
(Supplemental Table S.1). The largest single class of genes downregulated by EWS/FLI
expression encodes focal adhesion proteins. Focal adhesions are regions of the cell
surface specialized for cell-matrix adhesion and transmembrane communication, known
to convey information about extracellular matrix composition, as well as mechanical
stress to the cell interior. Focal adhesions are themselves complex multicomponent
structures with over 100 known protein constituents (Geiger and Yamada, 2011; Zaidel-

Bar et al., 2007).
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From the list of genes that are down-regulated by EWS/FLI, we selected the genes
encoding zyxin and a5 integrin for further study because of their known influence on
cytoskeleton and cell-matrix interactions. Zyxin is an important regulator of the actin
cytoskeleton that is required for maintenance and repair of actin stress fibers (Hoffman et
al., 2012; Smith et al., 2010; Yoshigi et al., 2005). Importantly, zyxin was previously
implicated as a regulator of cytoskeletal function in Ewing sarcoma models (Amsellem et
al., 2005; Cerisano et al., 2004). Integrins are transmembrane a5 heterodimeric receptors
for extracellular matrix that are critical for cell-substratum adhesion as well as stress fiber
anchorage and integrity (Campbell and Humphries, 2011; Hynes, 2002; Lotz et al.,
2000). a5 integrin is a known modulator of cell adhesion, migration and cell-matrix
communication that dimerizes with a5 integrin subunit to confer adhesion to fibronectin
(Gupton et al., 2012; Margadant et al., 2011; Mostafavi-Pour et al., 2003; Nagae et al.,
2012). Fibronectin expression is also reduced in EWS/FLI-expressing cells (Supp. Table
S.1), consistent with the proposal that the EWS/FLI oncogene acts, at least in part, by
abrogating cell-matrix adhesion and the associated actin cytoskeleton.

Validating the microarray findings, Western immunoblot analysis comparing the
protein complements in control and EWS/FLI knockdown cells, revealed that both zyxin
and a5 integrin are downregulated ~two-fold by EWS/FLI expression (Figure 5.1B).
Evidence that the RNA interference was effective in abrogating EWS/FLI expression is
shown in Figure 5.1B in which FLI1 antibody detects reduced EWS/FLI fusion protein.
Tubulin expression serves as a surrogate for cell number and controls for equivalent

sample loading in this experiment.
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Reexpression of zyxin and a5 integrin in Ewing sarcoma cells influences
the actin cytoskeleton, cell adhesion and spreading

To study the impact of reduced expression of zyxin and a5 integrin in Ewing
sarcoma, we reexpressed these downregulated targets in patient-derived Ewing sarcoma
cells using retrovirus to program the cells to express these cDNAs of interest. As can be
seen in Figure 5.1C, by Western immunoblot analysis, we detect increases in zyxin
and/or a5 integrin. Expression of these proteins does not detectably alter the levels of
EWS/FLI in the cells, as detected with anti FLI1 antibody.

Although EWS/FLI affects the expression of hundreds of genes, the reexpression
of just one or two of these, zyxin and/or a5 integrin, in the Ewing sarcoma cells resulted
in dramatic phenotypic alterations in the cells. Importantly, these genes induced distinct
alterations in cell morphology and cytoarchitecture. Compared to the parental A673 cells
infected with the empty retroviral vector, which were poorly spread and exhibited only
rudimentary stress fibers (Figure 5.1D), Ewing sarcoma cells programmed to express
zyxin displayed a profound elaboration of actin stress fibers, with an increase in cell
spreading as well (Figure 5.1E). Expression of a5 integrin alone appeared to improve
cell spreading without resulting in enhancement of actin cytoskeletal arrays (Figure
5.1F). When these proteins were coexpressed, the Ewing sarcoma cells are marked by
both well formed actin stress fibers and enhanced cell spreading (Figure 5.1G). Similar
results were obtained in both A673 and EWS502 cells (data not shown).

Higher magnification and quantitative analysis of these initial findings confirmed
the significant and unique impacts of zyxin and a5 integrin on Ewing sarcoma cell
morphology and cytoarchitecture (Figure 5.2). The cells were double labeled with

phalloidin to visualize filamentous actin (Figures 5.2A-D) and antipaxillin antibody to
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mark focal adhesions (Figures 5.2E-H). The size (Figure 5.2I) and number (Figure 5.2J)
of focal adhesions was quantitated for each condition. Knockdown of EWS/FLI
expression in Ewing sarcoma cells resulted in a statistically significant increase in the
average focal adhesion size from 1.3 um” to 1.8 um?® (Figure 5.2I). Reexpression of either
zyxin, a5 integrin, or both zyxin and a5 integrin restored the size of paxillin-rich focal
adhesions to a level that is not statistically different from what is observed when
EWS/FLI is knocked down in Ewing sarcoma cells by RNAi (Figure 5.2I).

Ewing sarcoma cells or those with control RNAi had fewer focal adhesions (~50
per cell) compared to cells in which EWS/FLI expression was knocked down, which
displayed an average of 177 focal adhesions per cell (Figure 5.2J). Expression of zyxin
and/or a5 integrin in Ewing sarcoma cells resulted in a statistically significant increase of
focal adhesion number (Figure 5.2J). Interestingly, however, zyxin expression had a
much more significant impact on focal adhesion number than did expression of a5
integrin. For example, expression of a5 integrin led to moderate increase in number of
focal adhesions from an average of 50 to 70 per cell (Figure 5.2J). However, expression
of zyxin alone or a5 integrin led to dramatic increase in the focal adhesion number to
more than 150 focal adhesions per cell (Figure 5.2J), highlighting the differential impact
of zyxin and a5 integrin on establishment of number of focal adhesions.

Given the established link between focal adhesion development and cell spreading
(Salsmann et al., 2006; Smilenov et al., 1999), the increased focal adhesion size and
number observed upon reexpression of zyxin and/or a5 integrin was consistent with low
magnification analysis which suggested that reexpression of either zyxin or a5 integrin
enhanced cell spreading. To test this possibility quantitatively, we measured the areas of

phalloidin stained cells (e.g. cells such as those represented in Figure 5.2A-D).
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Expression of zyxin and/or a5 integrin resulted in statistically significant increase in cell
spreading, illustrated by increased cell area (Figure 5.2K). Measured cell area more than
doubled from 950 pm? for Ewing sarcoma cells harboring empty vector to >1500 pm? for
cells expressing the adhesion proteins (Figure 5.2K). Reexpression of zyxin induced a
more robust spreading response than what occurred with reexpression of a5 integrin,
although both displayed more extensive cell spreading that the parental Ewing sarcoma
cells. Interestingly, the cell area for Ewing sarcoma cells with knockdown of EWS/FLI
(~2200 pm?) was indistinguishable from the average area of cells expressing either zyxin
alone or in combination with a5 integrin, illustrating that reexpression of zyxin is
sufficient to fully rescue the cell spreading deficit observed in Ewing sarcoma cells.

The increased cell spreading and focal adhesion assembly was associated with
enhanced adhesion, as measured in a quantitative, short time course cell adhesion assay
(Figure 5.2L). In this 2 hour adhesion assay the cells were allowed to adhere to an
uncoated plastic tissue culture dish. Knockdown of EWS/FLI expression resulted in a
statistically significant 2-fold increase in cell adhesion (Figure 5.2L). Reexpression of a5
integrin alone or with zyxin enhanced cellular adhesion comparable to cells in which
EWS/FLI expression was knocked down by RNAi. Although Ewing sarcoma cells
reexpressing zyxin also increased cell adhesion, the effect was not as dramatic as in the
presence of a5 integrin (Figure 5.2L). The profound, yet differential capacity of zyxin
and a5 integrin to restore cell adhesion, spreading, actin cytoskeleton and focal adhesion

number is summarized in the schematic representation in Figure 5.2M.
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Intratibial orthotopic mouse model for Ewing sarcoma recapitulates
features of the human disease

The ultimate goal of our studies was to understand both the critical cellular
mechanisms that are compromised in EWS/FLI-transformed cells and to decipher the
consequences of these alterations for tumor biology. To test whether increasing cellular
adhesion by the reexpression of zyxin and a5 integrin in Ewing sarcoma cells would
affect tumor cell behavior in vivo, we first established an orthotopic xenograft model that
faithfully replicates key aspects of Ewing sarcoma behavior. In brief, we injected A673
Ewing sarcoma cells that were suspended in extracellular matrix (Matrigel) into the right
tibias of NOD/SCID immunodeficient mice. The tumor cells were programmed to
constitutively express luciferase, enabling continuous detection of viable cells in situ.
Tumor growth and progression, including histopathology, osteolysis, and metastasis,
were systematically monitored (Figure 5.3A).

Under our experimental conditions, tumors grew rapidly and were highly
osteolytic. Most of the mice (14 out of 15) formed tumors in the injected tibia within four
weeks. Using in vivo luciferase imaging we observed aggressive growth of these tumors
between weeks 3 and 4 (Figure 5.3B). Tibial radiographs revealed extensive osteolysis
(Figure 5.3C) a characteristic of Ewing sarcoma progression in human patients.
Radiographic analysis revealed that 85% of mice displayed cortical bone destruction and
massive bone loss by week 4, warranting a classification of grade 3 or 4 osteolysis
(Figure 5.3D). Ewing sarcoma is distinguished by its small round blue cell morphology
when tissue biopsy sections are stained with hematoxylin and eosin (H&E) as well as
distinct membrane labeling with antibodies directed against CD99, a transmembrane

glycoprotein that serves as a diagnostic biomarker for Ewing sarcoma (Ambros et al.,
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1991; Fellinger et al., 1991; Perlman et al., 1994). Consistent with features observed in
clinical samples, The histological presentation and positive CD99 staining of Ewing
sarcoma cells in the mouse model were indistinguishable from what is observed in human
patient samples (Figure 5.3E), illustrating preservation of key morphological properties
of the human tumor cells in the context of the murine host.

In patients, Ewing sarcoma arises in bone and has a propensity to metastasize to
lung and other bones (Arndt and Crist, 1999; Spraker et al., 2012). This feature is also
preserved in our mouse orthotopic model (Figure 5.3F-G). In vivo imaging of the
luciferase tagged Ewing sarcoma cells in the mice revealed that half exhibited positive
signal in the chest area, suggesting potential metastasis to the lungs. Upon dissection and
histopatholgical analysis, lungs that were luciferase-positive exhibited small round blue
cells by H&E staining and positive anti-CD99 labeling, confirming the presence of
metastatic Ewing sarcoma cells (Figure 5.3F). Luciferase imaging of the mouse carcass
revealed metastasis to other sites, such as the left tibia or upper limb and occasionally to
ribs and spine (Figure 5.3G). The development of a robust mouse model system for
Ewing sarcoma that recapitulates key clinical features of the human disease set the stage

for studies of the impact of EWS/FLI dependent gene regulation in vivo.

EWS/FLI dependent repression of zyxin and o5 integrin expression
enhances anchorage independent growth of Ewing sarcoma cells

To probe the impact of EWS/FLI-dependent repression of zyxin and a5 integrin
expression, we introduced Ewing sarcoma cells that were engineered to reexpress one or
both of these proteins into recipient mice via intratibial injection, as described above, and
compared the growth of the resulting primary tumors with those derived from parental

A673 cells. In all four groups (A673 parental; zyxin reexpression, oS5 integrin
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reexpression, or zyxin plus a5 integrin reexpression), 90-100% of the mice formed
luciferase positive tumors within 4 weeks after intratibial injection (Figure 5.4A).
Histological analysis of tissue sections taken at week 4 revealed that all of the tumors
exhibit small round blue cell morphology characteristic of Ewing sarcoma and were
CD99-positive by immunohistochemistry (Supp Fig S.1). Light microscopic examination
revealed no differences among the four tumor groups. Likewise, significant osteolysis
(>Grade 3) was evident in radiographs of the affected tibias at 4 weeks for tumors
derived from all four cell variants (Figure 5.4B).

Although all four tumor cell variants formed palpable tumors and osteolytic
lesions, in vivo luciferase based imaging of tumors derived from A673 cells coexpressing
zyxin and a5 integrin revealed slower tumor growth than tumors derived from either
parental A673 cells or cells expressing just one of the transgenes (Figure 5.4C). This
observation suggests that EWS/FLI mediated downregulation of zyxin and a5 integrin
synergistically facilitates tumor growth.

The reduction in primary tumor growth by Ewing sarcoma cells that expressed
both zyxin and a5 integrin raised the possibility that reexpression of these two focal
adhesion proteins might impact cell proliferation rate. To test this possibility directly, we
measured cell growth in culture (Figure 5.4D). The three reexpression lines displayed
growth curves that were indistinguishable from that of the parental A673 Ewing sarcoma
cells, indicating that anchorage-dependent cell proliferation was not detectably influenced
by altering zyxin or a5 integrin levels. In striking contrast, simultaneous reexpression of
zyxin and a5 integrin in A673 cells results in ~40% reduction in the number of cell
colonies in a soft agar tranformation assay, whereas neither individual protein resulted in

a statistically significant impact (Figure 5.4E). Consistent with our quantitative analysis
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of viable tumor cells by in vivo luciferase monitoring in Figure 5.4C, coexpression of
zyxin and a5 integrin synergistically retards cell growth in soft agar. In particular, the
reduction in zyxin and a5 integrin that occurs in response to EWS/FLI expression
enhances the cells’ capacity to proliferate under anchorage-independent growth

conditions.

EWS/FLI-dependent repression of a5 integrin, expression
abrogates metastatic lung colonization

Because of the impact of cell adhesion in establishing metastatic potential
(Arjonen et al., 2011; Patel et al., 2011), it was of interest to evaluate whether repression
of zyxin and/or a5 integrin expression influences this process. The tibial injection model
we developed, in which metastasis of Ewing sarcoma cells follows the pattern of sites
observed clinically in patients, enabled us to probe the roles of zyxin and/or a5 integrin in
the spatial and temporal regulation of metastasis. A673 parental Ewing sarcoma cells, or
cells engineered to reexpress zyxin and/or a5 integrin were introduced into recipient mice
by intratibial injection and were followed by weekly in vivo luciferase imaging for 4
weeks, to evaluate the rate at which metastasis (positive chest signal) developed for each
A673 sarcoma cell variant (Figure 5.5A). Interestingly, mice injected with Ewing
sarcoma cells that reexpressed a5 integrin alone or in concert with zyxin revealed
positive luciferase signal in the chest earlier than mice injected with Ewing sarcoma cells
harboring empty vector or zyxin only (Figure 5.5A). By 3 weeks after intratibial
injection, intravital imaging revealed evidence of tumor burden beyond the initial site of
tumor cell injection, for Ewing sarcoma cells expressing empty vector. At this time,
differential levels of metastasis were already evident for the different molecular variants

of A673 Ewing sarcoma cells. Metastasis was observed in approximately 20% of animals
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harboring the parental A673 tumor cells or A673 cells programmed to reexpress zyxin,
whereas tumor cells programmed to reexpress a5 integrin either alone or with zyxin,
more than tripled the frequency of evident metastases. By week 4, differences in the
behavior of the tumor cell variants was further accentuated, with metastasis evident in
approximately 90-100% of the animals injected with A673 sarcoma cells that reexpressed
a5 integrin alone or with zyxin, and 40% of animals injected with A673 cells
programmed to reexpress zyxin, and 50% of animals injected with parental A673 cells
(Figure 5.5A-5.5B)

We examined the propensity of the metastatic tumor cells to colonize the lung, a
common site of metastasis in human Ewing sarcoma patients. When animals were
sacrificed at 4 weeks post injection, lungs were isolated by dissection, examined
macroscopically, and prepared for histological staining and immunohistochemistry.
Although dissected lungs had macroscopically visible metastatic lesions, lungs derived
from mice injected with cells expressing a5 integrin either alone or with zyxin were
extensively riddled with lesions at high frequency (Figure 5.5C). Stained sections of lung
tissue displayed small round blue cells that were positive for the Ewing sarcoma marker,
CD99 (Figure 5.5C). When dissected bones and organs of sacrificed mice were
examined for presence of metastasis by luciferase imaging, mice across all four groups
showed presence of bone metastasis in addition to lung metastasis (Figure 5.5D).
Common sites for presence of bone metastasis were uninjected leg, upper limb, spine and
ribs. These results illustrate that in our model EWS/FLI-mediated downregulation of
zyxin and a5 integrin still led to detectable metastasis to lungs and bones, consistent with

metastatic sites reported in the human disease.
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Reexpression of adhesion proteins in Ewing sarcoma cells increases
the cellular adherence to lung parenchyma in vivo

To test if the increased adhesion of Ewing sarcoma cells reexpressing zyxin
and/or a5 integrin (as in Figure 5.2L) could explain the high incidence of lung lesions in
our mouse experiments, we used a lung colonization assay wherein we differentially
labeled Ewing sarcoma cells harboring empty vector using the red lipophilic dye (Dil),
and cells reexpressing zyxin and/or a5 integrin were marked green using the lipophilic
dye (DiO). An equal mix of control cells and cells reexpressing zyxin and/or a5 integrin
were injected into the bloodstream of immunodeficient mice via tail vein (Padua et al.,
2008). Lungs were harvested 24 hours post injection and scanned for the presence of
fluorescently labeled red or green cells adhering to lung parenchyma (Figure 5.6A-C).
Although Ewing sarcoma cells adhered to the lung tissue, they exhibited higher adhesion
when these tumor cells reexpressed zyxin and/or a5 integrin. This was clearly indicated
by increased ratio of green cells in the lung parenchyma compared to red cells (Figure
5.6). Expression of zyxin (Figure 5.6A), a5 integrin (Figure 5.6B), or both zyxin and a5
integrin (Figure 5.6C) significantly increased adhesion of cells to lung parenchyma
(Figure 5.6D). Therefore, Ewing sarcoma cells expressing zyxin and/or a5 integrin
exhibited high adhesion in our in vitro and in vivo experiments, suggesting that EWS/FLI
mediated downregulation of zyxin and a5 integrin reduces tumor cell adhesion which

could determine Ewing sarcoma cell behavior and metastasis.

Discussion
Nearly all cases of Ewing sarcoma harbor the t(11;22) chromosomal translocation
and are micrometastatic at presentation. However, very little is understood about how

EWS/FLI expression - which represses many more genes than it activates - affects
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complex cell behaviors that dictate Ewing sarcoma tumor progression and metastasis
(May et al., 1993b; Owen et al., 2008; Smith et al., 2006). In order to dissect the
mechanism by which EWS/FLI affects tumor cell properties such as cytoarchitecture and
cell adhesion, we used patient-derived Ewing sarcoma cell lines to identify the
misregulated genes responsible for the tumor phenotypes.

It should be noted that this is the first study that examines multiple downregulated
targets of EWS/FLI to evaluate tumor cell behavior, revealing that the knockdown of
EWS/FLI leads to compromised cytoskeletal integrity and adhesiveness of Ewing
sarcoma cells. Analysis of the gene expression signature of EWS/FLI using a previously
published microarray (Owen et al., 2008) showed that the targets that were most
downregulated by EWS/FLI were focal adhesion proteins, extracellular matrix (ECM)-
receptor proteins and the regulators of actin cytoskeleton. We therefore proposed that
such genes could play a critical role in modulating tumor cell adhesion, cell spreading,
and interaction of tumor cells with their environment, hence affecting tumor progression
and metastasis. These processes have not been well studied in Ewing Sarcoma, but could
explain unique cellular properties of this micrometastatic tumor. Here, we have dissected
the impact of two such EWS/FLI downregulated targets: zyxin (a focal adhesion protein)
and a5 integrin which, along with B1 integrin subunit, forms the receptor for binding
fibronectin - a prominent bone matrix component. We reexpressed these proteins in
patient-derived Ewing sarcoma cells either alone or in combination with each other to
identify the unique and distinct contributions of zyxin and a5 integrin in Ewing sarcoma
biology.

We propose that downregulation of these adhesion proteins and inhibition of the

ECM-receptor mediated cell signaling is relevant to the transformation of Ewing sarcoma
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cells. In the current study we show that reexpression of a5 integrin in the small round
Ewing sarcoma cells improves cell spreading which could be attributed to increased size
of focal adhesions, but when zyxin is reexpressed in these cells, either alone or along
with a5 integrin, dramatic change in the actin cytoskeleton coincides with increased cell
spreading. This difference could be attributed to the increased number and size of focal
adhesions required for stabilizing the actin stress fiber network in cells. We also report
an increase in the number of focal adhesions when zyxin is expressed in cells, either
alone or with a5 integrin to greatly foster robust actin stress fiber network in Ewing
sarcoma cells with a modest improvement in cell adhesion. This compromised cell
adhesion due to downregulation of zyxin and disruption of a5 integrin-fibronectin
interaction could be critical for Ewing sarcoma tumor growth, as observed by reduction
in number of colonies in soft agar transformation assays when both zyxin and a5 integrin
are reexpressed in Ewing sarcoma cells. Interestingly, similar to increased cell adhesion
and well spread fibroblast-like morphology seen in Ewing sarcoma cells reexpressing a5
integrin, it is well known that expression of a5B1 integrin promotes fibroblast like
morphology of cells (Truong and Danen, 2009). This observation contributes to the
increasing body of evidence that mesenchymal cells could be the cell of origin for Ewing
sarcoma (Riggi et al., 2008; Tirode et al., 2007), potentially by disrupting the interaction
between a5 integrin and fibronectin in the bone.

Knowing that bone is the most common site for occurrence of Ewing sarcoma, in
the present study, we injected the patient derived Ewing sarcoma cells into the mouse
tibia to study tumor growth and metastasis of Ewing sarcoma from long bones of mice.
This mouse model recapitulated several features of the human disease by showing rapid

growth of the tumor with extensive osteolysis and spontaneous metastasis to other bones
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and lungs but not to liver or other vital organs. To our knowledge, this is the first report
that shows spontaneous metastasis of Ewing sarcoma from the primary boney site to
other bones. Using RT-PCR analysis we detected Ewing sarcoma cells in the blood (data
not shown), confirming that these cells metastasized hematogenously similar to that in
human patients. Observations like the tissue specific metastasis of Ewing sarcoma to lung
and bones but not the liver, despite using blood circulation for metastasis highlight the
role of tumor microenvironment in Ewing sarcoma (Kerbel, 1995; Mundy, 2002). We
therefore consider this mouse model highly relevant for studying Ewing sarcoma. For
example, this mouse model will adequately represent the interaction of a5B1 integrin to
the fibronectin matrix, which is so abundantly present in the bone.

Reexpression of a5 integrin and zyxin together (but not alone) in Ewing sarcoma
cells, reduces the rate of growth for tibial tumors, similar to loss of transformation seen in
soft agar assays, but also had increased rate of metastasis. Interestingly though,
reexpression of a5 integrin alone or in combination with zyxin , led to early metastasis of
Ewing sarcoma cells to the chest area consequently leading to larger lesions in the mouse
lungs. These results raise an interesting concept that EWS/FLI mediated repression of
zyxin and a5 integrin affects cellular morphology and cell adhesion to facilitate tumor
cell growth and transformation, but the same repression also appears to compromise at
least one step of metastasis, such as the ability of these cells to adhere and colonize at a
secondary site, such as lungs in the current mouse model. Such uncoupling of tumor
progression and metastasis by an oncogene has been suggested previously by other
researchers as well (Bernards and Weinberg, 2002).

The reasons for the micrometastatic nature of Ewing sarcoma cells could be

many. The EWS/FLI mediated transformation could also simultaneously lead to tumor
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cell dissemination (Chaturvedi et al., 2012), or regulate expression of EWS/FLI based on
growth factors in the tumor microenvironment (Girnita et al., 2000) or even be correlated
to size of the primary tumor (Rodriguez-Galindo et al., 2008). Based on these findings, as
the solid tumor grows, the tumor microenvironment could induce changes in gene
expression or matrix availability. It has been shown that microenvironmental changes
such as hypoxia increases the expression of a5 integrin, which in turn increases the
adhesion of cells to fibronectin affecting downstream signaling and hence cell metastasis
(Indovina et al., 2008). Such a situation is duplicated in our experiments with
reexpression of a5 integrin (either alone or with zyxin) in Ewing sarcoma cells, and that
could explain early metastasis as seen in mice injected with these cell variants. Once in
circulation, the cells show increased adhesion to lung parenchyma, as seen in the in vivo
lung colonization assay by increasing cell adhesion.

The present study identifies a potentially crucial role of actin cytoskeleton and
focal adhesion based cell-ECM interactions in Ewing sarcoma growth and metastasis.
Higher expression of aS5B1 integrin in certain cancer cells improves the actin
cytoskeleton, increases cell spreading and improves the interaction of a5B1 expressing
cells to the available fibronectin and collagen matrix, thereby increasing contractile
forces and cellular invasion (Mierke et al., 2011). In our study, we found that expression
of zyxin significantly improves actin cytoskeleton and makes a modest contribution to
cell adhesion, whereas expression of a5 integrin improves cell adhesion and spreading
without much contribution to the actin cytoskeleton. When these proteins are expressed
together, the Ewing sarcoma cells show higher cell adhesion, spreading and a strong
stress fiber network. We therefore propose that reexpression of zyxin improves the actin

cytoskeleton required for generation of contractile forces through increase in number and
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size of focal adhesions, and expression of a5 integrin improves the interaction to
fibronectin matrix present in the bone.

Our findings illustrate that the causative oncogene for Ewing sarcoma
simultaneously affects both cell proliferative capacity as well as a wide range of cellular
phenotypes that could influence tumor cell dissemination or metastatic colonization.
Understanding how EWS/FLI mediated downregulation of adhesion genes, integrins and
cytoskeletal proteins affects early and late tumor cell dissemination or affects tumor cell
adhesion and colonization at secondary sites, through its effects on the actin cytoskeleton
and cell adhesion invasion and metastasis is critical to understanding the micrometastatic
nature of this disease. The loss in cellular adhesion observed in EWS/FLI transformed
cells could prevent formation of multilayer foci required for formation of solid tumors
(Taverna et al., 1998, Hynes 1998), and it could simultaneously promote early
dissemination of tumor cells (Chaturvedi et al., 2012). We also suggest that Ewing
sarcoma cells and/or EWS/FLI expression is especially sensitive to microenvironmental
cues and through changes in downstream gene expression influences tumor cell behavior
to establish successful metastatic lesions. Evaluating the effect of adhesion proteins on
the rate of tumor cell dissemination will be the focus of future studies in which a higher
degree of temporal resolution and detection of circulating tumor cells is possible.

These studies illustrate the need to study tumors in their relevant
microenvironment to understand how the tumor cell behaviors observed in cell culture
experiments affect disease progression. In addition, our findings demonstrate the
existence of ‘tradeoffs’ that occur within oncogenic programs. For example, in the case
of Ewing sarcoma, downregulation of zyxin and a5 integrin expression confers an

apparent advantage to the tumor by enhancing anchorage independent cell growth, while
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at the same time reducing the capacity for metastatic lung colonization. These findings
illustrate the multifactorial complexity of tumor biology and remind us that not all gene
expression changes observed in tumors are advantageous for all aspects of tumor

initiation and progression.

Materials and Methods

Reagents and antibodies

Antibodies were used for Western immunoblots, indirect immunofluorescence
microscopy, and inmmunohistochemistry as per manufacturer’s instructions: paxillin
mouse antibody (Transduction Laboratories P13520), FLI-1 rabbit antibody (AbCam
15289), zyxin rabbit antibody (Beckerle Lab B71), a5 integrin (BD Bioscience), B-actin
AC-74 mouse antibody (Sigma-Aldrich), P-tubulin mouse antibody (Developmental
Studies Hybridoma Bank 12G10), CD99 (clone 0-13) mouse antibody (Signet #620-01).
Secondary antibodies were HRP-conjugated antibodies for immunoblots (GE
Healthcare), the Alexa-Fluor antibodies and phalloidin for microscopy (Molecular
Probes/Invitrogen), and biotinylated rabbit antimouse antibody (Dako #E0413) for
immunohistochemistry. Fibronectin to coat coverslips and Mowiol to mount coverslips
(Sigma-Aldrich), Vybrant Cell-Labeling solutions Dil and DiO (Molecular
Probes/Invitrogen) were used as per manufacturer’s instructions. D-Luciferin (Gold
Biotech #Luck) was injected for bioluminsescence detection. Prolong Gold antifade
reagent with DAPI (Invitrogen/Gibco Life Technologies #P-36931) was used for

mounting lung sections.
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Cell culture
Ewing sarcoma cell lines A673 and EWS502 were grown in DMEM media with
10%FBS, and RPMI media with 15% FBS, respectively, as previously published (Owen
and Lessnick, 2006). Selection antibiotics puromycin (Sigma), neomycin (Gibco),
hygromycin (Invitrogen) were used at (puromycin 2pg/ml, neomycin 300ug/ml,

hygromycin 100pg/ml).

Constructs and retroviruses

Knockdown experiments used the luciferase-RNAi (as control RNAi), and EF-2-
RNAi (as EWS/FLI RNAi) constructs in pSRP retroviral vector with a puromycin
resistance marker previously described (Chaturvedi A et al., 2012; Smith et al., 2006).
For expression constructs, the human zyxin ¢cDNA was cloned into pMSCV-neomycin
retroviral vector (Clontech). The a5 integrin ¢cDNA cloned in pMSCV-puromycin
retroviral vector was a kind donation from Dr. Christopher Stipp (University of lowa).
For luciferase expression in mice, pMMP-LucNeo or pMMP-LucHygro retroviruses were
used as previously described (Owen and Lessnick, 2006). Following retroviral infection
for 2 days, cells were selected (puromycin, neomycin, or hygromycin) for 2 days prior to

use and maintained for up to 5 weeks.

Western blots
Whole cell lysates in RIPA buffer (10 mM Tris-HCI pH7, 100 mM NaCl, 1 mM
ETA, 1% TritonX-100, 0.5% Na-Deoxycholate, 0.1% SDS) with Complete Mini-EDTA
free protease inhibitor cocktail tablets (Roche Diagnostics GmbH, Cat#11836153001)
were electrophoresed (15-30 pg/lane) on 10% SDS-PAGE gels and transferred onto

nitrocellulose membranes. Proteins were detected with antibodies for FLI-1 (1:2,000),
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zyxin (1:10,000), o5 integrin (1:5,000), tubulin (1:10,000) and HRP-conjugated
secondary antibodies followed by Enhanced ChemiLuminescence detection (GE

Healthcare).

Immunofluorescence microscopy

The staining, microscopy, imaging and analysis of fluorescently labeled cells was
done as previously described (Chaturvedi A et al., 2012). A673 cells (75,000 cells) were
plated on fibronectin-coated (10 pg/ml) coverslips in 12 well plates for 24 hrs, fixed in
3.7% formaldehyde for 15 min. and permeabilized in 0.2% Triton X-100/PBS for 5 min.
Cells were incubated with paxillin antibody (1:100) for 1 h at 37°C, washed (PBS),
stained with AlexaFluor antimouse antibody (1:200), AlexaFluor phalloidin (1:100) and
DAPI (1:600) for 1 h at 37°C, washed (PBS) and mounted in Mowiol medium. Cells
images were captured with a Zeiss Axioskop2 mot plus microscope with a 40X objective
(NA 0.75 NeoFluor), Axiocam MR camera, and Axiovision v4.8.1 software (Carl Zeiss
Microlmaging, Inc.) or with a Nikon AIR Ti inverted microscope, 60X oil objective

(NA1.4 Plan Apo DIC N2) and Nikon Elements v3 software) .

Cell area, number and size of focal adhesions

To quantify these cellular features, Ewing sarcoma cells stained with paxillin
antibody and phalloidin were analyzed using immunofluorescent images (Nikon A1R Ti
inverted microscope with 60X Oil objective) as previously described (Chaturvedi et.al,
2012). Briefly, using the trace tool the boundaries of phalloidin-stained cells were
outlined and area of the selected region measured (Metamorph v7.5 software). To count
and measure the size of the paxillin-rich focal adhesions, single-cell images were first

processed (despeckle, remove noise, background subtracted with rolling ball) in NIH
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freeware Image J. Image threshold was set in single cell images and the area of the
thresholded region represented the size of focal adhesions (Metamorph imaging v 7.5

software). At least 35 cells were analyzed for each cell type.

Cell growth assays

3T5 Cell growth assays were performed as described in (Smith et al., 2006).
Briefly, 5x10° cells were seeded into 10 cm dishes for growth in tissue culture and
counted every third day to determine the rate of cell proliferation and population

doubling time calculated.

Soft agar transformation assays

These assays were performed in triplicates as previously described (Chaturvedi A
et al., 2012; Lessnick et al., 2002). In short, 1x10° cells were seeded in 0.35% agarose
made in Iscove’s modification Eagle’s media, penicillin/streptomycin and glutamine with

or without selection, grown for 3-4 weeks, imaged and colony count noted.

Adhesion assays

Adhesion assays were performed in triplicates for each cell type following
previously published protocols (Chaturvedi A et al., 2012; Hoffman et al.,2006). Ewing
sarcoma cells (300,000) were seeded in triplicate onto a non-ECM coated 24 well plate
for 2 hrs at 37°C, fixed in 3.7% formaldehyde (15 min), stained with 1% Toluidene Blue

for 1 h, washed, air dried and dissolved in 2% SDS. O.D. is measured at 620nm.

In vivo mouse model

All animal protocols were approved by the Institutional Animal Care and Use

Committee at the University of Utah. Male 5-6 weeks old NOD/SCID mice (Charles
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River Labs strain code #394) were obtained and housed at Utah for 1 week prior to
experiments. The intratibial model studies were modified from a previously published
method (Guan et al., 2008). Mouse tibias were predrilled with a 26g needle, x-rayed to
validate needle placement, then Luciferase expressing Ewing sarcoma cells (2.5x10° cells
in 10ul Matrigel; control A673 cells with empty vectors, A673 cells engineered to
express zyxin, or a5 integrin or both zyxin and a5 integrin together) were injected with a
glass Hamilton syringe and 45°bevel 26g needle. Tumor growth was monitored weekly
for 4 weeks by injecting mice intraperitoneally with Luciferin, anesthetizing (Isoflurane)
the mice and measuring the emitted photons/sec (Xenogen IVIS 100 Imager and Living
Image v2.50.2 software). Tumor volume was measured with calipers and calculated using
the formula 0.5x a x b x ¢, where a, b and c are the three maximum diameters. Weekly
X-rays were recorded (Kodak DXS4000) and osteolytic destruction of injected tibias
were scored in a blind study by an independent analyst (L.R.). Bone lysis was graded on
a scale of 0 to 4 where grade 0 represented no bone loss, grade 1 minimal but visible,
grade 2 moderate (no cortex affected), grade 3 severe (cortex disrupted) and grade 4
signifies massive bone destruction (Guan et al., 2008). After 4 weeks the mice received a
final luciferin injection, were sacrificed, the lungs were perfused intratracheally with 4%
paraformaldehyde, the bone tumors and lungs were removed, imaged for ex vivo
luciferase signal and fixed in neutral buffered formalin. Ex vivo luciferase signal of
organs (lung, liver, spleen, kidney, heart, testes, injected tibias and uninjected bones) was
used to evaluate other sites of metastasis. Prior to paraffin embedding, the fixed lungs

were photographed (whole lung images) to evaluate macroscopically visible lesions.
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Immunohistochemical analysis

The fixed bone tumors were decalcified for 7 days before embedding in paraffin.
The embedded tibias and lungs were sectioned and stained with H&E, or IHC with CD99
(ARUP Laboratories, Salt Lake City UT). The expression of CD99 was detected using
clone O-13 antimouse antibody (1:200 dilution) for 2 hrs at 37°C. Biotinylated secondary
antibody (1:100) was applied for 32 min at 37°C. Signals were detected with a
Streptavidin-HRP  system, utilizing DAB (3-3' diaminobenzidine) as the
chromogen (Research DAB detection kit; Ventana Medical Systems). The slides were
counterstained with hematoxylin (Ventana Medical Systems) for 8 min, gently washed in
dH,O/DAWN mixture, placed in iodine for 30 seconds, then dipped in sodium
thiosulfate, dehydrated in graded alcohols (70%, 95% x2 and 100% x2), cleared in
xylene, and then coverslips mounted (Sheryl Tripp at ARUP and YCL at HCI). The tibia
and lung sections were evaluated by an independent clinical pathologist (A.G.) in a blind

study.

In vivo lung adhesion assay

These assays were performed as previously described (Chaturvedi et al. 2012;
Padua et al., 2008). Briefly, A673 cells with empty vector were labeled with Vybrant Dil
(red) and A673 cells with expression of zyxin, or a5 integrin, or with both zyxin and a5
integrin were labeled with Vybrant DiO (green). The red and green cells were mixed in a
1:1 ratio and 1 million cells were injected into the tail-vein of NOD/SCID mice (Jackson
Labs #1303) and allowed 24 hrs to circulate in the mouse. Mice were sacrificed after 24
hrs, lungs were perfused intratracheally with 4% paraformaldehyde, removed and

cryopreserved in OTC freezing medium. Lungs were cryosectioned into 16 pm sections
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and examined on a Nikon A1R laser scanning confocal microscrope (9 2 um optical
sections, PlanFluor 40X oil DIC H N2 objective). A 3 field by 3 field (2mm X 2mm)
mosaic image was created (NIS Elements v3 software) and red versus green colonies
counted in 15 representative fields from 3 mice. Two such biological replicates were

done.

Microarray analysis

Previously published microarray data set was reanalyzed for downregulated
targets of EWS/FLI (Owen et al., 2008). Expression data was filtered for a 1.8-fold
change across samples and significant changes were identified using permutation testing
with a p-value of 0.01 after Benjamini and Hochberg correction and significant z-score in

GeneSifter analysis software.

Statistical analysis

Graphs were made in and analyzed using Prism 5 software (Graph Pad, San

Diego).
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Figure 5.1: EWS/FLI-dependent changes in the actin cytoskeleton and contributions
of cytoskeletal regulators. (A) Widefield fluorescent images of A673 Ewing sarcoma
cells stained with phalloidin to visualize the actin filament network. A673 cells with
EWS/FLI RNAI had robust actin cytoskeletons and were more spread than A673 cells
with control RNAi. Scale bar 20 um. (B) Western immunoblot of parent Ewing sarcoma
A673 cells (lane 1), A673 cells with control RNAi (lane 2) or EWS/FLI RNAI (lane 3)
were probed with antibodies for FLI-1, zyxin, a5 integrin and tubulin (loading control).
EWS/FLI knockdown resulted in increased zyxin and a5 integrin protein. (C) Western
immunoblot of Ewing sarcoma cells engineered to express empty vector, zyxin, a5
integrin, or both a5 integrin + zyxin were probed with antibodies for FLI-1, zyxin, a5
integrin, and tubulin (loading control). Expression of zyxin or a5 integrin above the
endogenous levels in A673 cells did not affect the level of the other protein. (D-QG)
Widefield fluorescent images of phalloidin-stained A673 cells engineered to express
empty vector (D), zyxin (E), a5 integrin (F) or both a5 integrin + zyxin (G) suggest
increased actin cytoskeleton and cell spreading in cells that re-express these proteins.
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Figure 5.2: Zyxin and o5 integrin contribute to the actin cytoskeleton, focal
adhesions, cell spreading and cell adhesion in Ewing sarcoma cells. (A-H) A673 cells
engineered to express empty vector (A, E), zyxin (B, F), a5 integrin (C, G) or both a5
integrin + zyxin (D, H) were stained for actin filaments (phalloidin, A-D) and focal
adhesions (paxillin, E-H) followed by immunofluorescent microscopy. Control A673
cells were small and round with minimal actin stress fibers and few focal adhesions. Cells
that express zyxin, a5 integrin, or both a5 integrin + zyxin were well spread with
prominent focal adhesions. Focal adhesion size (I) and number per cell (J) were
quantitated and compared between control and EWS/FLI RNAi cells and cells that
express zyxin, oS5 integrin, or both a5 integrin + zyxin. EWS/FLI knockdown and
expression of zyxin and a5 integrin increased the size of focal adhesions. (K) Total cell
area was measured in phalloidin-stained cells with either RNAi (control and EWS/FLI) or
that express zyxin, a5 integrin, or both a5 integrin + zyxin. Cell spreading and size
increased with EWS/FLI knockdown and with expression of zyxin and a5 integrin. (L)
Cell adhesion was evaluated by plating cells for 2 hrs, followed by colorimetric detection.
Cells with control RNAi or empty vector adhered less than cells with EWS/FLI RNAi or
cells that express zyxin, a5 integrin, or both a5 integrin + zyxin. (M) Model of Ewing
sarcoma cell phenotypes. The actin cytoskeleton and focal adhesions, cell spreading and
cell area are changed by these proteins in unique and distinct ways. EWS/FLI expression
compromises Ewing sarcoma cell adhesion by influencing the actin cytoskeleton, cell
morphology and spreading, perhaps due to the downregulation of cell adhesion proteins
in general and of zyxin and a5 integrin in particular. ***p < 0.001, other comparisons
were not statistically different.
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Figure 5.3: Intratibial orthotopic mouse model for Ewing sarcoma recapitulates
features of the human disease. (A) Schematic diagram of the orthotopic mouse model
wherein A673 Ewing sarcoma cells engineered to express luciferase were injected into
the tibia, then monitored weekly for 4 weeks for tumor growth and metastasis, followed
by ex vivo analysis and histopathology. (B) Tibial tumor growth and proliferation of
Ewing sarcoma cells was measured by in vivo luciferase bioluminescent imaging. (C)
Osteolysis (white arrows indicating regions of bone loss) increased compared to the same
mouse tibia at week 1. (D) Qualitative analysis of mouse radiographs by an independent
analyst revealed ~85% of mice had high grade osteolysis (Grades 3 or 4) in the injected
tibias. (E) Histopathological analysis of tibial tumors showed highly invasive tumor in
the tibia (5X Panel 1) and closer examination (20X-panel 2, 400X-panel 3) revealed the
presence of typical small round blue Ewing sarcoma cells. Membranous staining for
Ewing sarcoma marker CD99 (brown staining in panel 4) confirmed Ewing sarcoma cells
in the tibial tumor. (F) Mouse lung with metastatic lesions sectioned and stained by H&E
(panel 1, 2) also contained small round blue cells typical of Ewing sarcoma and the lung
was positive for Ewing sarcoma marker CD99 (brown staining in panel 3). (Q)
Representative ex vivo luciferase imaging to evaluate metastasis in lungs and bones at
harvest.
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Figure 5.4: Zyxin and a5 integrin coexpression in Ewing sarcoma cells reduce
tumor growth while osteolytic degradation of bone persists. (A) In vivo luciferase
imaging 4 weeks after mice were injected intratibially with Ewing sarcoma A673 cells
engineered to express empty vector, zyxin, a5 integrin, or both a5 integrin + zyxin. Every
cell type was capable of inducing tibial tumors. (B) Radiographs of tibias 4 weeks
following injections with cells that express empty vector, zyxin, a5 integrin, or both a5
integrin + zyxin revealed high grade osteolysis (white arrows) regardless of which cell
type was injected. (C) In vivo luciferase imaging of tibial tumors for 4 weeks.
Bioluminescent signals restricted to the tibial tumor region were quantitated
(photons/sec) and graphed over time. Expression of a5 integrin + zyxin in Ewing
sarcoma slowed the tumor growth compared to the other groups. (D) 3T5 cell growth
assay of A673 Ewing sarcoma cells with empty vector, zyxin, a5 integrin or both a5
integrin + zyxin did not detect a difference in growth and proliferation in culture. (E) Soft
agar transformation and colony formation of cells with empty vector, zyxin, or oS
integrin alone were not different. However, colony formation in soft agar was inhibited in
A673 cells that expressed both a5 integrin and zyxin. *p<0.001, ***p<0.0001.
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Figure 5.5: Ewing sarcoma cells that express zyxin and oS5 integrin metastasize to
lungs and bones. (A) Metastasis-free survival curve of mice evaluated by in vivo
luciferase imaging of the four cell-type groups at weekly intervals. Metastasis was
defined as appearance of bioluminescent signal other than at injection site, primarily the
chest area. The mice injected with Ewing sarcoma A673 cells that expressed a5 integrin,
alone or with zyxin, developed chest signal as early as week 2 or 3, while mice injected
with control or zyxin-expressing cells developed chest signal at week 3 or 4 or not at all.
(B) Week 4 endpoint images of in vivo luciferase signal were examined for metastasis.
Almost all mice injected with Ewing sarcoma cells that expressed a5 integrin, either
alone or in combination with zyxin, had significant metastasis by in vivo imaging, while
only half the mice injected with empty vector control cells or with zyxin-expressing cells
had in vivo chest signal at 4 weeks. Dissection of the mice revealed the chest signals were
due to heavy involvement of lungs. (C) Lungs exhibited macroscopically visible lesions
(column 1) that were obvious in every mouse. Paraffin-embedded lungs were sectioned,
and H&E staining identified multiple metastases characterized by the presence of small
round blue cells (columns 2,3). Immunohistochemistry for the Ewing sarcoma marker
CD99 on lung sections (column 4, brown signal) confirmed the presence of Ewing
sarcoma cells. (D) Immediately following dissection, ex vivo luciferase signals of
multiple organs and skeletal regions were examined for each mouse. The number of mice
displaying positive luciferase signal in bones, lungs, or other organs were scored and
results are presented as % mice in each group. For all groups of mice, the preferred
metastatic sites were bones and lungs.



In vive luciferase signal
in the chest (% mice)

Empty
vector

ag integrin Zyxin

g integrin
+ zyxin

-
f=]
(=]

Metastasis-free survival

=]
m]

@ o
o o

40

o 3

) ; &
SEF & S
o

in vivo Luciferase Imaging

100
804 T
— Empty
8 %01 __ vector e AR ma ahan Ranba
R (il Ty TS
bt — agintegrin H ]
209 as integrin + zyxin i p=0.0028
0
0 7 14 21 28

Days

Mice with metastasis to chest
Mo metastasis detected

Ty ke

Whole H&E lung met H&E lung met CD99 lung
lung image

ex vivo luciferase Empty ; ] _ agintegrin
imaging of the dissected animal vector Zyxin ag integrin + zyxin

MNumber of mice / Total mice (%)

Bones (uninjected tibia,
upper limbs, rib-cage, spine) MM5(73%) 5/9 (56%) 7/M0(70%) 6/10 (60%)

Lungs

75 (47%) 419 (44%) T/10 (70%) 9/10 (90%)

109



110

(=]

(2]

-y

- N

o8]

Number of colonies ©
per 2 x 2 mm? section

- L
500 i

HGU g, L * . 0 T T

Zyxin o5 integrin a5 integrin S &
. szyxin Q}CS‘E_\@ 4

o

Figure 5.6: Ewing sarcoma cells that express zyxin and a5 integrin exhibit increased
adhesion to lung parenchyma. In vivo lung adhesion assay of Ewing sarcoma cells that
express empty vector (colored red Dil) and cells that express zyxin, a5 integrin, or both
aS integrin + zyxin (labeled green DiO). Red and green cells were combined 1:1, 1
million cells were injected into the tail vein and given 24 hrs to circulate in the mouse. At
24 hrs, lungs were harvested, fixed, and cryosectioned. The numbers of red cell colonies
and green cell colonies were evaluated by confocal microscopy of lung sections. (A-C)
Maximum intensity projection of representative confocal images of lung sections,
showing red cell colonies (empty vector, yellow arrowheads) versus green cell colonies
(expressing zyxin and/or a5 integrin, white block arrows) for all groups of mice. Nuclei
are stained blue using DAPI. (D) Cell colonies were counted for 15 representative
sections 4 mm? in area. Cells expressing zyxin or a5 integrin accumulated more in the
lung parenchyma compared to empty vector control cells. Also, cells expressing both
zyxin and a5 integrin were the most adherent group of cells with high affinity for lung
parenchyma.
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Table 5.1: Categories of downregulated target genes of EWS/FLI oncoprotein. The
KEGG pathway groups of genes that are downregulated at least 1.8 fold by EWS/FLI are
shown. The top three categories modulated by EWS/FLI are genes encoding focal
adhesion-related proteins, ECM and receptor interaction proteins, and regulators of the
actin cytoskeleton. The KEGG analysis therefore suggests the importance of cell
adhesion and cytoskeletal pathways and components for EWS/FLI-dependent changes in
Ewing sarcoma.

EEGG Pathway Number Gene Set | z-score
of zenes
1 Focal adhesion 4 180 i3
2 ECM-receptor mteraction 14 &0 il
3 Rezulation of actin cytoskeleton 13 187 36
4 Amoebiasis 12 100 3.7
g Protein processing in endoplasmic reticulum 12 144 42
B Lyvzozome 11 109 41
7 Phagosome g 139 2.7
2 Anbythmogeme nght ventmeular cardiomvopathy (ARVC) 8 68 46
3 Cell adhesion molecules (CAMZ) 8 116 23
10 Antigen proceszing and presentation T 61 42
11 MNataral killer cell mediated cytotoxioity 7 117 22
12 Protein dizeztion and absorption 7 0 37
13 Toxoplasmosis ) 118 21
14 Viral myocardifis ) 63 4.0
15 Adherens junction 6 7l 30
16 Bactenal nvasion of epithehal cells 6 64 33
17 Dhlated cardiomyopathy 6 82 23
13 Hyperirophic cardiomvopathy (HCM) 6 79 27
13 Small cell lung cancer 6 83 235
20 Complement and coagulation cascades 5 67 14
21 Pron diseases 5 4 43
22 Shigellosis 5 53 29
23 Allograft rejection 4 12 34
24 Amine sugar and nucleonide sugar metabolism 4 42 27
25 Autoimmune thvrond disease 4 48 24
26 Bladder cancer 4 41 23
27 Graft-versus-host disease 4 13 33
28 NOD-like receptor siznalmz pathway 4 34 21
29 Tvpe [ diabetes mellitus 4 17 3.0
30 Glyveosamunoglvean hosvathesis - chondroitin sulfate 2 16 14
31 Glycosaminoglyean degradation 2 18 22
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Supplemental Table S.1: List of EWS/FLI downregulated target genes.

Fold

Category Gene Identifier Gene ID change p-value ‘
Focal Adhesion-Related Genes
1 Collagen. type VI, alpha 1 AA202373 COL6AL 15.0 0.00039
2 | Collagen. type I alpha 1 K01228 COL1Al 7.2 0.01781
3 | Collagen. type I, alpha 2 NM_000089 COL1A2 6.3 0.00027
4 | Placental growth factor BC001422 PGF 4.7 0.00009
5 | Baculoviral IAP repeat-containing 2 NM_001166 BIRC2 3.7 0.00002
6 | Collagen. type V. alpha 1 AT130969 COL5SA1 4.3 0.00391
7 | Collagen. type I1I, alpha 1 AU144167 COL3Al 3.9 0.00192
8 | FYN oncogene related to SRC. FGR. YES M14333 FYN 3.0 0.00017
9 | Cadherin 2. type 1. N-cadherin (neuronal) M34064 CDH2 2.7 0.00253
10 | Laminin. beta 1 NM_002291 LAMBI 2.6 0.00034
11 | Protein kinase C, alpha AT471375 PRKCA 2.5 0.00676
12 | Laminin. gamma 1 (formerly LAMB2) NM 002293 LAMCI1 2.5 0.00407
13 | Filamin C. gamuma (actin binding protein 280) NM_001458 FLNC 23 0.00464
14 | Integrin-linked kinase NM_004517 ILK 2.1 0.00215
15 | Zyxin NM 003461 ZYX 2.1 0.00134
16 | Calpain 2. (m/II) large subunit M23254 CAPN2 2.0 0.00003
17 | Collagen. type IV, alpha 2 AA909035 COL4A2 2.0 0.04317
18 | Catenin (cadherin-associated protein). alpha 1 NM_001903 CTNNA1 1.9 0.00001
19 | Vinculin NM 014000 VCL 1.9 0.00085
20 | Actinin. alpha 1 AT082078 ACTNI1 1.9 0.00071
21 | LIM and senescent cell antigen-like domains 1 AL110164 LIMS1 1.9 0.00443
22 | Protocadherin gamma subfamily C. 3 AKO026188 PCDHGC3 1.9 0.02201
23 | Fermitin family homolog 2 (Drosophila) Z24725 FERMT2 1.8 0.00040
24 | Mitogen-activated protein kinase 1 NM_002745 MAPKI1 1.8 0.00067
Extracellular Matrix (ECM) and Receptors
1 | CD44 molecule (Indian blood group) Al493245 CD44 27.0 0.00012
2 | Lysyl oxidase NM_002317 LOX 18.8 0.00030
3 Periostin. osteoblast specific factor D13665 POSTN 14.0 0.00038
4 | Transforming growth factor. beta-induced, 68kDa NM_000358 TGFBI 8.7 0.00007
5 GTP binding protein overexpressed in skeletal muscle NM 005261 GEM 6.6 0.00001
6 Tenascin C NM_002160 TNC 4.3 0.00035
7 | Activated leukocyte cell adhesion molecule AA156721 ALCAM 3.4 0.00011
8 | Fibulin 1 NM_006486 FBLNI1 3.3 0.01797
9 | CD151 molecule (Raph blood group) NM 004357 CDI151 3.0 0.00006
10 | Integrin. beta 5 NM_002213 ITGBS 2.7 0.01539
Integrin, alpha 5 (fibronectin receptor,
11 | alpha polypeptide) NM 002205 ITGAS 2.4 0.00012
12 | Fibronectin 1 BCO005858 FN1 2.0 0.00016
Integrin. alpha V (vitronectin receptor.
13 | alpha polypeptide. antigen CD51) AT093579 ITGAV 1.9 0.00030
14 | G protein-coupled receptor 161 AT703188 GPR161 1.9 0.00054
Regulators of Actin Cytoskeleton
I | Tropomyosin 1 (alpha) NM_000366 TPM1 3.8 0.01856
2 | Actin related protein 2/3 complex, subunit 1B. 41kDa NM_005720 ARPC1B 3.6 0.00076
3 | Gelsolin (amyloidosis, Finnish type) NM_000177 GSN 3.1 0.00272
4 | Destrin (actin depolymerizing factor) BF697964 DSTN 3.0 0.00107
5 | Coagulation factor IT (thrombin) receptor NM 001992 F2R 2.6 0.00041
6 | TRIO and F-actin binding protein AF281030 TRIOBP 2.4 0.02048
7 | Guanine nucleotide binding protein (G protein). gamma 12 BG111761 GNGI12 2.3 0.00005
8 | Sperm specific antigen 2 NM_006751 SSFA2 2.2 0.00077
9 | Caldesmon 1 AL583520 CALDI 2.2 0.00061
10 | CDC42 binding protein kinase alpha (DMPK-like) NM_003607 CDC42BPA 2.1 0.03035
11 | Supervillin NM 003174 SWVIL 2.1 0.01868
12 | Myosin, heavy chain 9. non-muscle AT827941 MYH9 2.1 0.01912
13 | IQ motif containing GTPase activating protein 1 NM_003870 IQGAP1 2.0 0.00718
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Empty vector

Zyxin

asg integrin

ag integrin + zyxin

Supplemental Figure S.1: Mouse tibial tumors of Ewing sarcoma cells engineered to
express zyxin and oS integrin maintain Ewing sarcoma histopathology (H&E and
CD99).
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CHAPTER 6

SUMMARY AND PERSPECTIVES

Presence of metastatic disease is the most concerning aspect of cancer
management and treatment. Most cancer-associated deaths are due to emergence of
metastatic lesions in sites away from the primary tumor. Several factors, intrinsic or
extrinsic to the tumor, could govern and contribute to the dissemination and colonization
of tumor cells (Hanahan and Weinberg, 2011). The focus of my dissertation work has
been to investigate the role of cytoskeletal features and, cell-substratum adhesions in
determining tumor progression and metastasis of cancer cells. For this study I used a
particularly metastatic pediatric tumor called Ewing sarcoma, which is a paradigm to
investigate and understand sarcoma biology.

Ewing sarcoma is the second most common primary bone tumor in children and
adolescents with ~25% of all patients presenting with metastasis at diagnosis (Gurney et
al., 1999; Spraker et al., 2012). Persistent expression of EWS/FLI is necessary for
maintenance of the transformed phenotype in Ewing sarcoma (Prieur et al., 2004). This
fusion protein operates as an aberrant transcription factor that dysregulates the expression
of a large number of target genes, many of which are crucial for malignant
transformation, and several others whose relevance in Ewing sarcoma biology is not yet
fully recognized (Lessnick et al., 1995; May et al., 1993a; May et al., 1993b). Therefore

for my dissertation, I focused on studying the role of EWS/FLI and its downregulated
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targets in affecting tumor cell behavior and cell-substratum interactions in Ewing
sarcoma.

A loss-of-function approach via RNA interference was used for targeted
knockdown of EWS/FLI in multiple patient-derived Ewing sarcoma cell lines which led
to dramatic changes in Ewing sarcoma cell behavior. The presence of the EWS/FLI
oncoprotein compromised the actin cytoskeleton, reduced cell adhesion and spreading
and reduced integrin-based adhesions in a EWS/FLI-dependent manner which result in
Ewing sarcoma cells maintaining low basal levels of cellular adhesion, migration and
invasion in vitro (Chaturvedi et al., 2012). These results were consistent with other
studies which described that modulation of cellular features is significant to Ewing
sarcoma biology (Amsellem et al., 2005; Cerisano et al., 2004). In support of these
phenotypes the transcriptional profiling data for EWS/FLI in Ewing sarcoma cells
revealed the significant downregulation of focal adhesion proteins, extracellular matrix or
ECM and receptor proteins, and cytoskeletal proteins (Chaturvedi et al., manuscript in
preparation).

This dissertation primarily focused on characterizing the roles of two such
EWS/FLI downregulated targets: zyxin (a focal adhesion protein) and a5 integrin, which
when dimerized with B1 subunit forms the receptor for binding fibronectin. I report in
this work that zyxin and a5 integrin make unique and distinct contributions to Ewing
sarcoma cell behavior both in vitro and in vivo (Chaturvedi et al., manuscript in
preparation). Interestingly, in addition to the receptor (a5f1), its corresponding ligand
fibronectin was also downregulated by EWS/FLI highlighting the vital role of receptor-
matrix interactions in Ewing sarcoma biology. However, experiments directed at

understanding how changes in surrounding matrix environment drives changes in Ewing
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sarcoma cell morphology and behavior are crucial in answering many important
questions specific to Ewing sarcoma pathogenesis: Why do Ewing sarcoma cells have a
predilection for long bones and bone marrow as the primary site of tumorigenesis? And
why do Ewing sarcoma cells prefer lungs and bones for metastasis? As the next step
towards answering these questions, a microarray based comparative analysis of the bulk
tumor and its surrounding tissue at the primary site and secondary site will provide vital
information pertinent to tumorigenesis, dissemination and colonization of Ewing sarcoma
cells.

My experimental data when taken together with what we know about Ewing
sarcoma from the literature and the model of “parallel tumor growth and dissemination”
that I have proposed during the course of this work could help elucidate some as yet
unknown mechanisms in the pathogenesis of Ewing sarcoma. For example, Ewing
sarcoma is a bone malignancy and the cells therefore have easy access to the vasculature.
This led me to speculate that aggressive migratory or invasive features may not be very
necessary for Ewing sarcoma cells to actively metastasize from the primary site. Instead,
based on low adherence of Ewing sarcoma cells I have proposed a novel mechanism for
early metastasis wherein reduced cell adhesion potentially facilitates enhanced
dissemination of cancer cells into the surrounding vasculature. However, future in vivo
experiments looking at the presence of circulatory tumor cells in the bloodstream even
before the presence of a detectable tumor will be a way to test this hypothesis. The
realization that a “passive/stochastic” mechanism may be followed by mesenchymal
tumors in contrast to the “active” multistep processes of metastasis that epithelial cancer
follow is a novel contribution of this dissertation to the field of cancer research. Although

the work described in this dissertation was performed on Ewing sarcoma, it lays a
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foundation to verify this paradigm and define molecular mechanisms that could regulate
metastasis in similar malignancies.

Although EWS/FLI largely inhibits cellular adhesion proteins, these tumor cells
still need to maintain low basal levels of adhesion to be able to form tumors, and attach to
and colonize secondary sites for successful metastatic lesions. Based on this discussion
we can propose crucial roles for cytoskeletal proteins and receptor-matrix interactions to
regulate early as well as late metastasis in Ewing sarcoma. An examination of these target
genes dysregulated by EWS/FLI could point towards the molecular mechanisms required
for these steps in tumor growth and metastasis.

Although future experiments are required to test the various aspects of these
models this dissertation lays the foundation for techniques that enable in vitro and in vivo
studies for understanding Ewing sarcoma. An important accomplishment of my
dissertation work was the development of an orthotopic mouse model to study growth
and progression of Ewing sarcoma in bone. This model system permitted the study of
Ewing sarcoma in its most relevant tissue microenvironment (a long bone or tibia of
NOD/SCID mice) that truly represented the cell-substratum interactions we intended to
study. This mouse model for the first time shows Ewing sarcoma cell metastasis from a
long bone to other boney sites such as bone of the upper limb, spine and ribs in addition
to lungs (Chaturvedi et al., manuscript in preparation). As part of this study, a new
method was developed in collaboration with Kendall Cooper to detect the presence of
Ewing sarcoma cells in the blood circulation of mice using human Alu primers
(unpublished results). The presence of circulating tumor cells indicated that, similar to

human disease, tumor cells metastasized hematogenously. Therefore these tumors in mice
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recapitulated characteristic features of the human disease and validate this orthotopic
mouse model as a relevant system to study human Ewing sarcoma.

Until now, most research in Ewing sarcoma was performed in sites other than the
bones. Through my research I have shown the metastasis of Ewing sarcoma tumor cells
from long bones to other bones and lungs. Collaborative studies are currently underway
to test the roles of genes involved in regulating the osteolytic behavior of Ewing sarcoma
using this model system. Extensive osteolysis is observed in Ewing sarcoma patients and
was also seen in our tibial mouse model. Future studies identifying the pathways critical
to osteolysis are necessary as most patients have significant osteolysis at presentation
(Spraker et al., 2012). This model can be used to test drug targets that reduce or prevent
osteolysis in patients, thereby improving disease management and may lead to more
effective targeted therapies for patients with this devastating disease.

After establishing the Ewing sarcoma intratibial mouse model, I used it to assess
the contributions of EWS/FLI mediated downregulation of zyxin and/or a5 integrin in
affecting tumor growth and metastasis. My results suggested that to promote tumor
growth EWS/FLI upregulates some genes like NKX2.2 or NROB1 (Kinsey et al., 2006;
Smith et al., 2006) and also downregulates other genes such as zyxin and a5 integrin
(Chaturvedi et al., manuscript in preparation). Interestingly, reexpression of a5 integrin
either alone or along with zyxin in Ewing sarcoma cells increased the incidence of
metastasis and the lesions appeared sooner in mouse lungs as well. This observation led
me to propose another interesting aspect of Ewing sarcoma biology that the same
oncogenic event (EWS/FLI) that downregulates genes to promote tumorigenesis could
also compromise metastasis. Therefore, using my research I have proposed a mechanism

by which EWS/FLI potentially uncouples tumorigenesis and metastasis, a theory that has



125

been speculated by some researchers in the field of tumor progression for years (Bernards
and Weinberg, 2002). Alternatively, it could be deduced that not all gene expression
changes caused by EWS/FLI are intentional or beneficial. This theory impresses an idea
that EWS/FLI fusion gene has not yet fully evolved as an oncogene.

The cell biology techniques and the intratibial mouse model that have been
developed as part of this dissertation have already been proven useful in several
collaborative studies. In one such collaboration, the role of another cytoskeletal protein,
the intermediate filament protein called keratin 17 (KRT17) was shown to be crucial for
oncogenic transformation (Sankar et al., submitted for review). In another collaboration
that employed these techniques in addition to other methods, we were able to suggest
how Ewing sarcoma cells could maintain a balance between their epithelial-like and
mesenchymal-like features (Wiles et al., submitted for review). This study reinforced the
idea that Ewing sarcoma cells are largely undifferentiated cells. When taken together
with the observations in this dissertation, it can be said that this undifferentiated nature of
Ewing sarcoma cells facilitates their growth at primary and secondary sites and also
explains the highly micrometastatic nature of Ewing sarcoma cells.

Furthermore, I describe that upon knockdown of EWS/FLI, the cells exhibited
what we called a tumor-to-mesenchymal transition (TuMT), not only phenotypically
(such as increased cell adhesion and spreading, robust actin filaments) but also in their
transcriptional program (Chaturvedi et al., 2012). The loss of the characteristic round cell
morphology in Ewing sarcoma cells in the absence of EWS/FLI suggests that
morphological features are attributable to the presence of EWS/FLI oncogene. The
appearance of more mesenchymal features upon EWS/FLI knockdown suggested that the

Ewing sarcoma cells were probably being “normalized” to their original phenotype.
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These findings add to the growing body of evidence and are consistent with the current
school of thought that progenitor cells or mesenchymal stem cells are the most likely cell
of origin for Ewing sarcoma (Riggi et al., 2008; Tirode et al., 2007).

My dissertation work is based on an important assumption that EWS/FLI
expression is stable and does not change over the course of tumor growth, progression
and metastasis. But at least in a couple of published reports it has been reported that the
expression levels of EWS/FLI transcript changes in response to the constantly changing
tumor microenvironment (Aryee et al., 2010; Girnita et al., 2000). Therefore, an
alternative model needs to be considered and tested where the levels of EWS/FLI change
in response to hypoxia, or tissue microenvironment or changes in matrix composition. It
can then be implied that corresponding changes in the transcripts of several downstream
targets of EWS/FLI will follow further influencing the behavior of Ewing sarcoma cells.
Although this alternative “variable EWS/FLI expression” model needs to be tested, it
could potentially account for deficits in the “stable EWS/FLI expression” model.

This “variable EWS/FLI expression” model could explain the increased rates of
metastasis at both early and later stages of disease progression. For example, it is possible
that upon early dissemination of the less adherent tumor cells, the cells enter circulation,
where the changing composition of serum and growth factors could transiently affect
EWS/FLI expression, thereby changing its transcriptional signature to increase
expression of these adhesion proteins. EWS/FLI expression has been shown to be
sensitive to changes in the tumor microenvironment, such as the presence of growth
factors (Girnita et al., 2000). Another scenario which could result in modulating the
expression of EWS/FLI is that of hypoxia, which is observed in a growing Ewing

sarcoma tumor and has also been reported to change the transcriptional signature of
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EWS/FLI, such as the expression of several integrins including a5 integrin (Knowles et
al., 2010).

In conclusion, my PhD dissertation work has identified a novel role for the
repressed targets of EWS/FLI in Ewing sarcoma tumor progression and metastasis.
Future work will be required to identify which proteins and cell-ECM interactions are
critical for oncogenesis and metastasis, and how these tumor cells disseminate and
generate metastases. In this study I have defined the need for coordinating both
oncogenic transformation and cellular adhesion in Ewing sarcoma. This work impresses
the need to study the change in tumor cell behaviors in the context of its relevant micro-
environment to understand mechanisms that affect disease progression. It needs to be
determined if these mechanisms are specific to Ewing sarcoma or widely applicable to all
bone tumors or to sarcomas or other tumors of uncertain origin in general. In addition,
our findings highlight the complexity of oncogenic programs and remind us that not all
gene expression changes observed in tumors are advantageous for all aspects of tumor

initiation and progression.
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