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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/FLI.
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/FLI, directly modulates tumor cell features that support metastasis,
such as cell adhesion, cell migration, and cytoarchitecture. We used an RNAi-based approach in patient-derived Ewing sarcoma cell lines. Although
we hypothesized that EWS/FLI might induce classic metastatic features, such as increased cell adhesion, migration, and invasion (similar to the
phenotypes observed when epithelial malignancies undergo an epithelial-to-mesenchymal transition during the process of metastasis), surprisingly,
we found the opposite. Thus, EWS/FLI expression inhibited the adhesion of isolated cells in culture and prevented adhesion in an in vivo mouse lung
assay. Cell migration was similarly inhibited by EWS/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 EWS/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 tumors 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 tumor cell dissemination might be induced by the EWS/FLI oncogene itself rather than via

an accumulation of stepwise mutations.
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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-
ferent 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 tumor 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/FLI,***? 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 for 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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might stimulate the dissemination of
Ewing sarcoma cells by influencing
cell adhesion and raises the possibil-
ity that sarcomas might metastasize
via pathways that are distinct from
epithelial malignancies.

Results

Efficient knockdown of EWS/FLI
using RNA interference. To character-
ize the impact of the EWS/FLI fusion
oncoprotein on cell phenotype and
behavior, we used a model system in
which expression of endogenous
EWS/FLI is knocked down by RNA
interference (RNAi) in patient-
derived Ewing sarcoma cells. Retro-
viral infection was used to introduce
short-hairpin RNAs against lucifer-
ase as a control or against the 3’
untranslated region of EWS/FLI in
A673 Ewing sarcoma cells.”® The
A673 cell line was derived from a
human tumor that was definitively
diagnosed as Ewing sarcoma by
molecular cytogenetic analysis’' and
has been shown to establish tumors
when introduced by subcutaneous
injection into immunocompromised
mice.”® RNAi mediated knockdown
of EWS/FLI resulted in efficient
reduction of EWS/FLI transcript
(Fig. 1A). Because wild-type FLI is
not expressed in Ewing sarcoma
cells,* the oncogenic fusion protein
is the only protein targeted by the
RNAI. Antibody directed against the
carboxyl-terminus of FLI demon-
strated a corresponding reduction in
the level of EWS/FLI protein (Fig.
1B).

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 RNAIi 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.
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Figure 1. Retroviral RNAi mediated knockdown of EWS/FLI in Ewing sarcoma cells. (A) Retroviral
mediated knockdown of endogenous EWS/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-|
antibody detected EWS/FLI fusion protein in A673 cells with control RNAI and significant reduction
of EWS/FLI protein with EWS/FLI RNA.. 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 RNAI but significantly reduced by EWS/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/FLI expression abrogates cell adhesion and spreading. (A) Ewing sarcoma A673 cells
alone or with control or EWS/FLI RNAi 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 RNAi enhanced cell spreading compared with cells with
control RNA.. (C) In a colorimetric adhesion assay of cells plated for 2 hours, the compromised
adhesiveness of cells with control RNAi compared with the EWS/FLI RNAi was quantitated and
shown to be approximately 2-fold. (D) Western immunoblot for EWS/FLI protein in A673 cells with
control RNAi or EWS/FLI RNAi were compared with EWS/FLI RNA: cells reconstituted with Flag-
tagged EWS/FLI*¥ cDNA that is resistant to the RNAi. The 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 RNA: (light
gray) and EWS/FLI RNAi (dark gray) and showed that EWS/FLI knockdown increased cell adhesion
2-fold over control cells. Reconstituted cells programmed to express RNAi-resistant EWS/FLI*
(striped) exhibited adhesion that was not statistically different (ns) than control cells. ***P < 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 retained 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 A673
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 EW'S/
FLI-dependent and not due to an
off-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
vivo cell adhesion. To assess whether
the in vitro 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 RNAI 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 affected by
EWS/FLI expression. Therefore, we
next examined the impact of EWS/
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Figure 3. EWS/FLI expression compromises cell adhesion in vivo. A673 cells with control RNAi
were colored red (Dil) and cells with EWS/FLI RNAi were colored green (DiO), mixed in I:| 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 RNAI (red,
hollow arrows) and EWS/FLI RNAI (green, solid white arrows). Nuclei are stained with DAPI (blue).
(B) Lung sections from additional experiment of mice injected with the cell colors switched to avoid
bias of dyes (green-control RNAI, red-EWS/FLI RNAI). (C) Cell colonies were counted for 4 mm?
sections in |5 representative sections and showed more cells with EWS/FLI RNAi (solid white arrows
in A and B) accumulated in lung parenchyma compared with cells with control RNAi (hollow arrows

in A and B).**P < 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 501nm (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
(DiO 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 um/h for control RNAi expressing cells
compared with 19 pum/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 um for the A673 cells in which EWS/FLI
was knocked down compared with 21 pum 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 RNAi 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 RNAi or EWS/FLI RNAi
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difference. ***P < 0.001, ns is not significantly 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/
FLI, 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 cDNA 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 A673
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 RNAI by indirect
immunofluorescence with primary antibody directed
against the focal adhesion marker protein, paxillin (Fig.

5A,B,C,E,F).”> Quantitative analysis of focal adhesion
number revealed that control A673 cells expressing EWS/
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
focal adhesions, with average focal adhesion areas of 1.3
um? + 0.3um’ compared with an average focal adhesion
area of 1.8 um” + 0.3 um? 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 um” after 24 hours of plating, compared with an
area of 2218 pm® 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 RNA, 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 confirm 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, TC71 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 TC71
and EWS502 cells increased upon knockdown of EWS/
FLI, illustrating that EWS/FLI expression abrogates both
cell adhesion and motility. As we observed for A673
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
immunofluorescent images of A673 cells with (A) control RNAi or (B) EWS/FLI RNAi stained for
focal adhesions (paxillin antibody) and for actin filaments (phalloidin) showed a striking EWS/FLI-
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 EWS/FLI
knockdown were analyzed. Both the number (E) and size (F) of focal adhesions were lower in A673
cells with control RNAi compared with cells with EWS/FLI RNA, consistent with the compromised
adhesion phenotype of Ewing sarcoma cells. (G) Cell area was measured in cells with control RNAi
or EWS/FLI RNA. plated for 24 hours and then fixed and stained with phalloidin. Cell 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 RNAi, EWS/FLI RNAI, or EWS/FLI RNAi plus
reconstituted Flag-EWS/FLI* showed that the loss of actin stress fibers is EWS/FLI-dependent. **P
<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 A673
cells. We performed an independent
biological validation of 2 of these
genes, N-cadherin and Slug, using
qRT-PCR (Fig. 7A). 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
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Figure 6. Ewing sarcoma cells TC7| and EWS502 exhibit EWS/FLI-dependent loss of adhesion,
migration, and cytoarchitecture. (A) Cell lysates from Ewing sarcoma cell lines TC71 and EWS502
with retroviral mediated RNAi knockdown for control or EWS/FLI were evaluated by western
immunoblot with FLI-I antibody, and significant decreases in EWS/FLI expression were confirmed. (B)
Ewing sarcoma cells with control RNA: (light gray bar) or EWS/FLI RNAI (dark gray bar) were seeded
onto tissue culture plastic (uncoated (EWS502) or precoated with 10 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/mITC71; | pg/ml EWS502)
and seeded with cells that were allowed 24 hours to migrate through the insert pores. EWS/FLI
knockdown enhanced the number of migratory cells in both cell lines. (D) TC71 and (E) EWS502
cells with EWS/FLI or with EWS/FLI knockdown were stained for paxillin-rich focal adhesions and
actin stress fibers (phalloidin). Cells with EWS/FLI RNAi 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, EWS/
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



Role of EWS/FLI in Ewing sarcoma cell behavior / Chaturvedi et al.

A N-cadherin Slug
I 1 1 1
ns

. ns ke ke

8) 8- *hk Hkk

a2

© 64

O

2

T 4]

8

g 24

5]

= 0. %
EWS/FLIRNAI - + i = g +
EWS/FLI* cDNA - - + - = +

B ‘ Untransformed Cell

—"

Ewing Sarcoma

11
EWS/FLI \\j W
=g Expression ¥ % . ~
1 \

e -l - ;. . —i
. PN EWSIFLI R \__‘2, -

Knockdown \-,

« >100 genes repressed

« Mesenchymal phenotype
(N-cadherin & Slug expression) (decreased mesenchymal markers)
* Decreased adhesion

* Robust adhesion
« Loss of stress fibers

* Abundant stress fibers
« Well-established focal adhesions « Loss of focal adhesions
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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 initial 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
scenario, 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,™?** little 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 results). 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 QIAgen RNeasy mini kit (QIAgen, 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 5'-GAG-
CAGTGAGCCTGCAGATTTTAAG G-3' and reverse
primer  5-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 x 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%CO, 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
(A673 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 1
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 dyes Vybrant Dil (red) and DiO (green) and
diluted to 1 x 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 pul) 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 um), mounted on slides using Prolong Gold anti-fade
reagent with DAPI, and examined by fluorescent micros-
copy (Nikon AIR laser scan confocal acquisition on a Ti
inverted microscope and Plan Fluor 40x Oil DIC H N2
objective). A large 3 field x 3 field (2 mm x 2 mm) mosaic
image was created with each field having nine 2-um 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 x 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 TE300 microscope, Plan Fluor ELWD 20x objec-
tive) and by Ludl XY stage (Ludl Electronic Products).
Images were captured with Andor DV885 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
ImagelJ 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 8-um pores (Becton
Dickinson, San Jose, CA). These inserts were precoated
overnight at 4°C with 1 pg/ml fibronectin solution. For
TC-71 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 1X70 micro-
scope, Luc Plan 20x phase objective, NA = 0.45, 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-um 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.

Immunofluorescence 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.).

Andlysis of adhesions and cell spreading. Immunofluores-
cence microscopy of fixed cells used Nikon A1R 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 arecas 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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