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ABSTRACT Tractional remodeling of collagen fibrils by fibroblasts requires long cell exten-
sions that mediate fibril alignment. The formation of these cell extensions involves flightless |
(Flil), an actin-binding protein that contains a leucine-rich-repeat (LRR), which binds R-ras and
may regulate cdc42. We considered that Flil interacts with small GTPases and their regulators
to mediate assembly of cell extensions. Mass spectrometry analyses of Flil immunoprecipi-
tates showed abundant Ras GTPase-activating-like protein (IQGAP1), which in immunostained
samples colocalized with Flil at cell adhesions. Knockdown of IQGAP1 reduced the numbers
of cell extensions and the alignment of collagen fibrils. In experiments using dominant nega-
tive mutants, cdc42 activity was required for the formation of short extensions while R-ras was
required for the formation of long extensions. Immunoprecipitation of wild-type and mutant
constructs showed that IQGAP1 associated with cdc42 and R-ras; this association required the
GAP-related domain (1004-1237 aa) of IQGAP1. In cells transfected with Flil mutants, the LRR
of Flil, but not its gelsolin-like domains, mediated association with cdc42, R-ras, and IQGAP1.
We conclude that Flil interacts with IQGAP1 and co-ordinates with cdc42 and R-ras to control
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the formation of cell extensions that enable collagen tractional remodeling.

INTRODUCTION

In fibrous connective tissues, fibroblasts are the predominant cells
that synthesize and remodel collagen fibers to maintain tissue ho-
meostasis. Imbalances of extracellular matrix (ECM) remodeling are
associated with several diseases including congenital disorders
(e.g., heart valve malformations), organ fibrosis, invasive cancers,
and ankylosis of joints or teeth (Bonnans et al., 2014). To enable
ECM remodeling by traction, fibroblasts attach to matrix proteins
using adhesion receptors such as integrins (e.g., 021, o11p1) and
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the discoidin domain receptor 2. For remodeling of collagen fibrils
in vivo, fibroblasts undergo marked changes in cell shape that in-
volve the generation of long cell extensions, which enable collagen
fiber remodeling (Melcher and Chan, 1981). Plasma membrane ex-
tensions, including spike-like filopodia and broader, fan-shaped la-
mellipodia, are generated through the organization and remodeling
of actin filaments, which in turn are regulated by a large array of
actin-binding proteins and associated signal modules including
small GTPases. These extensions in turn play critical roles in the re-
modeling of ECM proteins like collagen (Everts et al., 1996).
Filopodia adhere to the substratum through integrin-based focal
complexes (Nobes and Hall, 1995; Geiger et al., 2009) and in NIH
3T3 cells their formation is dependent on cdc42 (Ridley et al., 1992).
While the regulation of filopodia by cdc42 is well established (Ohta
etal., 1999; Dimchev et al., 2017), the involvement of other GTPases
and their role in the formation of longer cell extensions are not well
defined. One member of the Ras family of GTPases, R-ras, mediates
a diverse range of cellular processes involving cytoskeletal rear-
rangements such as the generation of cell extensions, adhesion, mi-
gration and phagocytosis (Keely et al., 1999; Self et al., 2001; Kwong
etal., 2003; Arora et al., 2018). Small GTPases like R-ras exist in inac-
tive GDP-bound and active GTP-bound states that are regulated by
guanine nucleotide exchange factors, which promote conversion
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from a GDP-bound to a GTP-bound state, and by GTPase-activating
proteins, which accelerate the hydrolysis of GTP to GDP. These regu-
lators ensure that the activation and inactivation of GTPases are con-
trolled spatio-temporally to generate specific, localized responses
(Hall, 1998; Kaibuchi et al., 1999). GTP-bound Ras binds to numer-
ous effectors (e.g., RAF, PI3K, RalGDS, Rin1, Tiam, Afé, PLCe, and
PKCE) to trigger various signaling cascades (Rajalingam et al., 2007),
which in turn modulate a broad range of cellular processes including
proliferation, survival, migration, differentiation, and death.

Ras GTPase-activating-like protein (IQGAP1) is a multidomain
protein critically involved in a broad array of biological processes
including intercellular adhesion, cell migration, growth factor signal-
ing and cancer metastasis (Noritake et al., 2005; Bourguignon et al.,
2005; Hayashi et al., 2010; Brown and Sacks, 2006). IQGAP1 stabi-
lizes the active (GTP-bound state) of cdc42, thereby increasing its
intracellular concentration and stimulating filopodia formation
(Swart-Mataraza et al., 2002). In addition, IQGAP1 is required for
localizing cdc42 to the plasma membrane, which links its activity to
subcortical actin assembly. Distinct structural regions of IQGAP1
mediate its scaffolding functions (Jacquemet and Humphries, 2013),
which facilitate the assembly of protein complexes required for sig-
nal transduction. Currently, it is not known how IQGAP1, when se-
questered in adhesions, enables regulation of small GTPases in-
volved in the generation of cell extensions.

A broad array of actin-binding proteins (e.g., fascin) are highly
expressed in transformed cells to enable generation of membrane
protrusions that promote increased cell motility in invasive cancers.
Flightless | (Flil) is an actin capping and actin severing protein that
has been suggested to play a central role in the generation of cell
extensions (Arora et al., 2015). Originally identified in Drosophila
melanogaster, Flil is a conserved member of the gelsolin superfam-
ily of proteins, which are responsible for actin filament remodeling
and rearrangements of cytoskeletal architecture (Campbell et al.,
1993; Kwiatkowski, 1999). Flil consists of six gelsolin-like domains
(GLDs), which confer actin capping and severing activities; but Flil
also contains an N-terminal leucine-rich-repeat (LRR) (Campbell
et al., 1997). The presence of an LRR domain in Flil may enable in-
teractions with other essential proteins involved in the regulation of
the actin cytoskeleton to mediate cell extension formation and ECM
remodeling (Kopecki and Cowin, 2008). Flil is enriched at nascent
cell-matrix adhesions in fibroblasts (Mohammad et al., 2012) and
colocalizes with Ras (Davy et al., 2001). More recent data show that
R-ras associates with Flil through the N-terminal LRR domain of Flil,
an interaction that enables the generation of plasma membrane ex-
tensions in fibroblasts by an unknown mechanism (Arora et al.,
2018). Here we considered that Flil acts as an adaptor protein to

bind IQGAP1; Flil and IQGAP1 then co-ordinate with cdc42 and R-
ras to control the formation of cell extensions. The formation of
these extensions is important for the remodeling of high abundance
proteins like collagen in the ECM (Melcher and Chan, 1981).

RESULTS

IQGAP1 associates with Flil

We investigated the molecular mechanisms by which Flil regulates
cell extension formation. Flil-interacting proteins were first identified
in immunoprecipitates prepared from 3T3 cells that expressed Flil
(Flil wild type [WT]) or in Flil siRNA-silenced 3T3 cells (Flil KND). Flil
immunoprecipitates examined by mass spectrometry showed that
Flil associated with IQGAP1 (Table 1). As IQGAP1 is a scaffolding
protein that integrates signals from cdc42 to promote filopodia de-
velopment, we considered that the association of Flil with IQGAP1
enables coordination with cdc42 and R-ras to control cell extension
formation from nascent filopodia.

We assessed whether IQGAP1 was the only IQGAP isoform ex-
pressed by Flil WT cells. By immunoblotting we found that Flil WT
and KND cells expressed IQGAP1 but not IQGAP2 or IQGAP3 (Sup-
plemental Figure STA). Lysates from HEPG2 cells and placenta ex-
tracts were used as positive controls for IQGAP2 and IQGAP3,
respectively.

We determined whether the Flil-IQGAP1 association was depen-
dent on the formation of cell adhesions to the ECM. Accordingly, Flil
WT cells were plated on collagen or were deprived of adhesion to
the matrix by maintaining cells in suspensions. Analysis of Flil im-
munoprecipitates showed fivefold enhanced association between
Flil and IQGAP1 in attached cells compared with cells maintained in
suspensions or of cells that were immunoprecipitated with a control
antibody (Figure 1A). In experiments using IQGAP1 immunoprecipi-
tation of Flil WT cells followed by immunoblotting for Flil, there was
2.5-fold greater association between IQGAP1 and Flil in attached
cells versus suspended cells or of cells that were immunoprecipi-
tated with a control antibody (Figure 1B).

We examined whether integrin engagement enabled colocaliza-
tion of Flil and IQGAP1 in cell extensions. In Flil WT cells plated on
collagen, immunostaining showed moderate colocalization of Flil
with IQGAP1 in cell adhesions that localized to the edges of cells
(Figure 1C). Based on quantitative analysis (Pearson colocalization)
of regions of interest (ROI) at cell peripheries that lay beneath the
subcortex and included cell adhesions, there was >2-fold greater
colocalization of Flil and IQGAP1 in cells plated on collagen than in
cells plated on poly-L-lysine (p < 0.01). Further, when plated on col-
lagen substrates, Flil KND cells did not exhibit colocalization of
IQGAP1 with the focal adhesion marker vinculin at cell edges and

Flil Ab: # of tryptic  Irrelevant Ab: # of

Protein name Accession number Molecular weight peptides tryptic peptides
Actin, cytoplasmic ACTG_mouse 42 kDa 1376 794
Vimentin VIME_mouse 54 kDa 568 512
Myosin-9 MYH9_9-mouse 226 kDa 218 110
Ras-GTPase-activating protein G3BP1_mouse 52 kDa 87 49

SH3 domain-binding protein (G3BP1)

Rho GTPase-activating protein 22 RHG21_mouse 78 kDa 59 29

Ras GTPase-activating-like protein IQGAT_mouse 189 kDa 21 11
IQGAP1

Rac GTPase-activating protein RGAP1_mouse 239 kDa 20 17

TABLE 1: Mass spectrometry analysis of Flil immunoprecipitates.
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Association of Flil with IQGAP1 and effect of cell adhesion to collagen. (A) Flil WT cells were plated on
collagen for 3 h (attached) or were maintained in suspension (Susp) to examine the effect of adhesion to collagen on the
association of Flil with IQGAP1. Cell lysates were immunoprecipitated with Flil antibody and the lysates immunoblotted
for IQGAP1. A control antibody (anti-nebulin) was used to assess the specificity of the immunoprecipitation reaction.
Densitometry of immunoblots shows fivefold enhanced association between Flil and IQGAP1 compared with cells in
suspension or by immunoprecipitation with the control antibody (*p < 0.05). Experiments were repeated three times.
(B) Same experimental approach as A, except lysates were immunoprecipitated with IQGAP1 antibody and
immunoblotted for Flil. Densitometry shows 2.5-fold increased association of IQGAP1 and Flil in attached cells
compared with lysates immunoprecipitated with control antibody or preparations from suspended cells (*p < 0.05;

n = 3). (C) Panels on left show representative images of Flil WT cells plated on collagen or poly-L-lysine for 3 h. Cells
were co-immunostained for Flil and IQGAP1. Bar, 10 pm. Panels on right side are higher power magnifications from
dotted line square boxes depicted on left side images. Bar, 4 um. For colocalization analysis, Pearson'’s correlation
coefficient was computed for image pairs of immunostained IQGAP1 and Flil or IQGAP1 and vinculin in WT cells
(ImageJ). Data reported are mean + SD from 50 cells for each condition (*p < 0.01 between two groups). Blue circles
indicate sites for colocalization analysis on pairs of images. (D) Same experimental approach as for panels in C, except
that cells were co-immunostained for vinculin (a focal adhesion marker) and IQGAP1 (*p < 0.01 between two groups;
n =50 cells). Blue circles indicate sites for colocalization analysis on pairs of images.
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Interaction of Flil LRR with IQGAP1. (A) Diagram of domain structure of Flil showing the C-terminal GLDs
and the N-terminal LRR. (B) Pull-down assay shows proteins eluted from GST only, GST Flil GLD, and GST-Flil-LRR
Sepharose beads incubated with Flil WT cell lysates. There is abundant IQGAP1 protein bound to the GST Flil LRR
beads but no detectable IQGAP1 is bound to the GST only or GST Flil GLD beads. Equal amounts of proteins were
loaded on beads (INPUT). These experiments were repeated four times. (C) KND of IQGAP1expression with two

different siRNAs (siRNA 1, siRNA 2) that show 70 and 78% reduction of IQGAP1 protein levels. Confocal images of Flil
WT cells transiently cotransfected with IQGAP1 siRNA 2 and fluorescent dye (siGloDY-547; to identify transfected cells)
show twofold reduction in number of cell extensions compared with nontransfected Flil WT or cells transfected with
control siRNA (*p < 0.05). Data shown in histograms are from three different experiments. Data are reported as mean £

SD, analyzed by ANOVA. Blue arrows show same cell in matching panels that were transfected with siRNAs.

IQGAP1 instead became more abundant in subcortical sites of cell
protrusions. In comparison, Flil WT cells showed threefold higher
colocalization of IQGAP1 with vinculin (p < 0.01; Figure 1D). In the
absence of Flil, the localization of vinculin in collagen adhesions was
poorly aligned and short cell extensions were not as well developed,
indicating that Flil in cell adhesions plays an important role in driving
cell extension formation. These differences were not attributable to
variations of IQGAP1 abundance as Flil WT and KND cells exhibited
similar expression levels of IQGAP1 (Supplemental Figure S1B).

IQGAP1 interacts with the LRR of Flil and regulates cell
extension formation
The LRR of Flil mediates its interactions with other proteins (Kobe
and Kajava, 2001). Accordingly, we examined whether IQGAP1 spe-
cifically interacts with the LRR region or the GLD of Flil (Figure 2A).
Experiments were conducted with GST only, GST-Flil-GLD, or GST-
Flil-LRR proteins expressed in bacterial expression vectors and
bound to glutathione beads. Cell lysates incubated with washed
beads showed a strong association of IQGAP1 with the Flil-LRR do-
main but not with the other proteins (Figure 2B).

As a major function of the Rho GTPases is the regulation of actin
filament assembly, which is directly involved in the formation of cell
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extensions (Hall, 2005), and we examined the role of IQGAP1 in cell
extension formation. Cells were transfected with two different
IQGAP1 siRNAs and were cotransfected with fluorescent siGlo DY-
547 to identify those cells with IQGAP1 knockdown (KND). Immu-
noblotting for IQGAP1 followed by densitometry analysis and ad-
justed for B—actin showed that for siRNA 2, there was a 70 = 9%
(mean £ SD; 5 replicates) reduction of IQGAP1 protein levels and for
siRNA 2, a 78 + 9% reduction of IQGAP1 protein levels (Figure 2C).
Compared with control siRNA-transfected cells, Flil WT cells trans-
fected with IQGAP siRNA2 and also stained with siGlo DY-547 ex-
hibited twofold fewer numbers of rhodamine phalloidin-stained cell
extensions than control siRNA-transfected cells (Figure 2C, right
panels).

IQGAP1 interacts with R-ras and cdc42 to drive cell
extension formation

IQGAP1 is implicated in cytoskeletal function as it oligomerizes
and cross-links actin filaments and augments the GTPase activity
of cdc42 (Swart-Mataraza et al., 2002). For studying the role of
|IQGAP1 in cdc42 and R-ras activation, we examined IQGAP+/+
and IQGAP1-/- mouse embryonic fibroblasts (MEFs) (Ren et al.,
2007). R-ras, cdc42, and Flil were all expressed in these cells

Molecular Biology of the Cell
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FIGURE 3: Association of IQGAP1 with cdc42 and R-ras. (A) Expression levels of Flil, R-Ras, cdc42, IQGPA2, and
IQGAP3 in IQGAP1-/- and IQGAP1+/+ cells. Note that IQGAP2 and IQGAP3 are not expressed in these cells.

(B) Time-dependent associations of IQGAP1 with cdc42 and R-ras were measured in IQGAP1+/+ cells plated on
collagen-coated tissue culture plates over 0 min (suspended cells) and up to 360 min after plating. Cell lysates were
immunoprecipitated for IQGAP1, which were immunoblotted for cdc42 and R-ras. Densitometric analysis of
immunoprecipitated cdc42 and R-ras were adjusted for IQGAP1 and the time course data are shown in the line plot
(right panel). Data are mean * SD of four independent samples. Abundance of cdc42 and R-ras were different at 60 and
360 min (*p < 0.01 by ANOVA). (C) IQGAP1+/+ cells and IQGAP1-/- cells were plated on collagen from 0 to 360 min.
Activated cdc42 and total cdc42 were measured as described in Materials and Methods and the ratios of their densities
are plotted and displayed in right panel. Data are mean + SD of three independent samples. Differences between
IQGAP1+/+ cells and IQGAP1-/- cells indicated are *p < 0.01 by ANOVA. (D) Similar analysis for activated R-ras and
total R-Ras were conducted as described for C. Data are from three independent experiments.

(Figure 3A). As expected, IQGAP1 was absent in IQGAP1-/- cells;
IQGAP2 and IQGAP3 were not detectable in IQGAP1+/+ or
IQGAP1-/- cells (Figure 3A). For assessing a potential role for
IQGAP1 in the formation of cell extensions, we looked for an as-
sociation between IQGAP1 and cdc42 or R-ras in IQGAP1+/+ cells
that had been plated on collagen over a time course. Immunoblot-
ting of IQGAP1 immunoprecipitates showed that IQGAP1 associ-
ated with cdc42 at 60 min and that IQGAP1 associated with R-ras

Volume 31 July 15, 2020

by 240 min (Figure 3B). In an experiment of similar design,
IQGAP1+/+ type cells plated on collagen showed activation of
cdc42 and R-ras between 20 and 360 min but there was minimal
cdc42 activation (Figure 3C) or R-ras activation (Figure 3D) in
IQGAP1-/- cells. Quantification of these data showed there was
fourfold higher activation of cdc42 (at 60 min) and 2.5-fold higher
activation of R-ras (at 120 min) in IQGAP1+/+ cells compared with
IQGAP1-/- cells.

Flightless-IQGAP1 interactions | 1599
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We examined the involvement of IQGAP1 in the development of
short and long cell extensions in IQGAP1+/+ cells plated on colla-
gen for 60 and 360 min. We first characterized the cell protrusions
and localized nascent adhesions by immunostaining for talin; MYO-
10 was used as a cell extension tip marker. We operationally defined
short extensions as protrusions from the plasma membrane of
1-4.5 pm in length. The longer cell extensions were also immunos-
tained for MYO-10 and we designated long extensions as protru-
sions from the plasma membrane of >4.5 pm in length (Supplemen-
tal Figure S1C). With these operational definitions, we compared the
number of short and long extensions in IQGAP1+/+ and IQGAP1-/—
cells that were plated on collagen, fixed and stained with MYO-10
and phalloidin. Quantification of confocal images indicated that in
comparison with IQGAP1-/- cells, IQGAP1+/+ cells exhibited two-
fold more numerous short extensions per cell (p < 0.01) that formed
more rapidly (in the first 20-60 min after plating) and which gradually
subsided to similar numbers as were seen for IQGAP1-/- cells by
240-360 min (p > 0.2; Figure 4A). In contrast, the number of short
extensions formed by IQGAP1-/- cells did not increase over time
(Figure 4A). In IQGAP1+/+ cells the number of long cell extensions
progressively increased over time (fourfold more extensions at
360 min compared with 20 min, p < 0.01). Further, there were fewer
long extensions in IQGAP1-/- cells and the number of long exten-
sions did not change over time after plating (p > 0.2; Figure 4A).

We studied the roles of cdc42 and R-ras in the development of
small and long cell extensions by transfecting IQGAP1+/+ cells with
dominant negative (DN) HA-tagged cdc42, HA-R-ras DN or control
HA-only vector. Confocal images of control HA-only vector-trans-
fected cells showed moderate numbers of short cell extensions at
20- 60 min after plating that progressively decreased from 60 to 360
min (p < 0.01; Figure 4B). Cells transfected with HA-DN cdc42
showed greatly reduced (p < 0.01) numbers of short extensions com-
pared with controls and these numbers were unchanged over time
after plating (Figure 4B). We also examined the effect of DN-cdc42
on the formation of long cell extensions. Control cells showed time-
dependent increases in the number of long cell extensions (p < 0.01),
whereas cells transfected with HA-cdc42-DN exhibited reduced
numbers of extensions that remained unchanged over time (Figure
4B). These data suggest that shortly after plating, cdc42 is required
for the formation of short extensions and later for the formation of
longer cell extensions (i.e. operationally defined as > 4.5 um). Lysates
prepared from HA-cdc42-DN and HA-vector-only transfected cells
(four different cultures each) that had been plated on collagen were
immunoblotted and the blots were examined for cdc42 and R-ras.
These data showed that as expected, HA-cdc42 DN inhibited cdc42
activation (active cdc42:total cdc4?2 ratio data; for DN group, 0.07 £
0.03; for HA vector group, 0.92 + 0.08; n = 4; p < 0.01) but did not
affect the expression of R-ras (Figure 4B; right panel).

IQGAP1+/+ cells transfected with HA-R-ras-DN or control
HA-empty vector were used to examine the role of R-ras in cell

extension formation. Confocal imaging and quantification of cell ex-
tensions showed that the numbers of short cell extensions in HA-R-
ras-DN-transfected cells decreased over time (p < 0.01 at 240 min;
p <0.01 at 360 min; Figure 4C). In contrast, the numbers of long cell
extensions in control cells increased over time (from 20 to 360 min;
p < 0.01), whereas HA-R-ras-DN-transfected cells exhibited greatly
reduced numbers of extensions that remained unchanged over
time. Immunoblotting of the lysates from HA-R-ras-DN and control
HA-empty vector-transfected cells that had been plated on collagen
(Figure 4C, right panel) showed that HA-R-ras DN strongly inhibited
the activity of R-ras (active R-ras:total R-ras ratio data; for DN group,
0.22 £ 0.09; for HA vector group, 0.98 £ 0.10; n=4; p<0.01) but did
not affect the expression of cdc42.

Role of IQGAP1-GAP-related domain [GRD] domain

While the domains of IQGAP1 that are required for its association
with cdc42 were defined earlier (Swart-Mataraza et al., 2002), the
IQGAP1 domains that associate with R-ras are not known (Morgan
et al., 2019). IQGAP1—/- cells were transfected with GFP-tagged,
full-length IQGAP1 WT or with truncated IQGAP1 mutants, namely
IQGAP1 AIQ (745-864 aa deleted), IQGAP1 AGRD (1004-1237 aa
deleted), IQGAP1T AWW (679-712 aa deleted), or GFP-empty vector
(Figure 5A). Transfected cells were plated on collagen for 60 and
240 min and lysed, and the lysates were immunoprecipitated with a
GFP antibody and separated by 10% SDS-PAGE. We selected plat-
ing times of 60 and 240 min because the data above showed that
these were the time points when there would be low or maximal
associations between IQGAP1 and R-ras. When the GFP immuno-
precipitates were immunoblotted for R-ras, we found associations
among IQGAP1, IQGAP1 AIQ (745-864 aa), or IQGAP1T AWW (679-
712 aa) with R-ras at 240 min. In contrast, there was fivefold less as-
sociation with the IQGAP1 AGRD (1004-1237 aa deletion; Figure
5A), indicating that the association of R-ras with IQGAP1 requires
the GRD region of IQGAP1.

We assessed the requirement of the GRD domain of IQGAP1 for
the formation of long cell extensions, which are associated with R-
ras function. GFP-IQGAP1 or GFP-IQGAP1 AGRD was transfected
into IQGAP1—/- cells, which were then plated on collagen-coated,
glass-bottom dishes for 240 min. Confocal microscopy of cells trans-
fected with GFP-IQGAP1-AGRD showed that these cells were
rounded and did not exhibit cell extensions (Figure 5B). Quantifica-
tion of these images showed eightfold reduction (p < 0.01) in the
number of long cell extensions in cells transfected with AGRD
IQGAP1 compared with GFP-IQGAP1 (Figure 5B).

FLil association with cdc42 and R-ras requires the GRD
region of IQGAP1

As described above, IQGAP1 is required for cell extension forma-
tion, associates with the FIil-LRR (but not with the Flil-GLD; Figure
2B), and associates with cdc42 and R-ras to enable the formation of

10 um. Histograms in the right panels show quantification of short and long cell extensions for HA-cdc42 DN-
transfected or HA empty vector-transfected cells. Data are mean * SD of the number of extensions per cell. Twenty-five
cells were sampled for each group and data were analyzed by ANOVA. Differences between groups are indicated as

*p < 0.05; **p < 0.01. Panel at the right shows immunoblots for active cdc42 and for indicated proteins of cell lysates
prepared from transfected cells that had been plated on collagen for 20 min. (C) Left panels: representative images of
cells transiently transfected with HA-R-ras DN show cells after plating on collagen for indicated time intervals. Scale bar,
10 um. Quantification of number of short and long cell extensions shown in histograms was performed as for cells
shown in B. Data are mean * SD of number of extensions per cell. Twenty-five cells were sampled for each group and
data were analyzed by ANOVA. Differences between groups are indicated as *p < 0.05; **p < 0.01. Panel at right shows
immunoblots for active R-ras and for indicated proteins of cell lysates prepared from transfected cells that had been

plated on collagen for 240 min.
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short and long cell extensions. We considered whether Flil performs
an important adaptor function by associating with IQGAP1 at grow-
ing cell protrusions, which would then enable interactions with
cdc42 and R-ras to promote actin filament assembly and further
elongation of cell extensions. Accordingly, we first compared the
activities of cdc42 and R-ras in Flil WT and Flil KND cells in a time
course after plating cells on collagen. We observed time-depen-
dent increases of cdc4?2 activity, which was strongly increased at 60
min in Flil WT cells, whereas FLil KND cells showed no significant
change of activity over time (p > 0.2). Quantification of the blot den-
sities showed twofold higher cdc42 activity at 60 min in Flil WT cells
compared with Flil KND cells (p < 0.01; Figure 6A). We also ob-
served twofold higher R-ras activity in FLil WT cells at 240 min on
collagen compared with Flil KND cells (p < 0.01; Figure 6A).

We assessed whether Flil is required for the association of
IQGAP1 with cdc42 or R-ras. Accordingly, Flil WT and Flil KND cells
were plated on collagen for 60 or 240 min. Immunoblots prepared
from IQGAP1 immunoprecipitates showed associations of IQGAP1
with cdc42 at 60 min and with R-ras at 240 min in Flil WT cells. These
associations were 3- to 5-fold lower in Flil KND cells, suggesting that
Flil enables the association of IQGAP1T with cdc42 and with R-ras
(Figure 6B).

We examined further the role of Flil in the formation of short and
long cell extensions. For these experiments, cdc42 or R-ras immu-
noprecipitates were prepared from Flil WT or Flil KND cells that had
been plated for 60 min (cdc42) or 240 min (R-ras) on collagen or had
been maintained in suspension without attachment to the collagen
matrix. IQGAP1 associated with cdc42 in Flil WT cells, but this as-
sociation was >6-fold weaker in Flil KND cells, suspended cells, or in
immunoprecipitates prepared with a control antibody (p < 0.01;
Figure 6C). Similarly, R-ras immunoprecipitates prepared from ly-
sates collected at 240 min after plating showed an association be-
tween R-ras and IQGAP1 in Flil WT cells, but not in Flil KND cells or
cells maintained in suspension (Figure 6D).

Arising from the apparently central role of Flil in enabling the
function of cdc42 in the formation of cell extensions, we examined
the formation of short and long cell extensions in Flil WT and Flil
KND cells. Confocal images showed reduced numbers of small and
long cell extensions in Flil KND cells compared with Flil WT cells
(Supplemental Figure S2A). These results were similar to the data
obtained with IQGAP1+/+ and IQGAP1-/- cells (Figure 4A). We
next examined the role of cdc42 in the formation of short exten-
sions in Flil cells. In Flil WT or KND cells transfected with HA-cdc42
DN or control vector, there was enhanced development of short cell
extensions at 20-60 min, which in cells transfected with control vec-
tor, gradually decreased at 240 min (p < 0.01) and 360 min (p <
0.01). Cells that were transfected with HA-cdc42-DN consistently
exhibited reduced numbers of short extensions throughout the
sampling period (Supplemental Figure S2B). In control cells there
was a gradual, time-dependent increase of the number of long cell
extensions, whereas cell extension development was markedly re-
duced in HA-cdc42-DN cells. Cells that were transfected with HA-R-
ras-DN or the control vector exhibited similar numbers of short cell
extensions over 20-360 min (Supplemental Figure S2C), suggesting
that R-ras is not involved in the formation of short extensions. In
contrast, the number of long cell extensions progressively increased
over time in control cells compared with cells transfected with HA-
R-ras-DN that showed limited formation of long extensions (p <
0.01; Supplemental Figure S2C). These data indicate that in Flil
cells, the collective activities of cdc42 and R-ras are required for the
development of short cell extensions which then develop into long
cell extensions.
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Requirement of IQGAP1 for Flil interactions with cdc42

and R-ras

We determined whether IQGAP1 is required for Flil interactions
with cdc42 or R-ras. IQGAP1+/+ and IQGAP—/- cells were plated on
collagen and lysed. The lysates were immunoprecipitated with a Flil
antibody and the immunoprecipitates were immunoblotted for
cdc4?2 or R-ras. In the absence of IQGAP1 expression, there was >
5-fold reduced association of Flil with cdc42 or R-ras at 60 min or
240 min after plating (p > 0.01; Figure 7A).

Since we had observed that the LRR of Flil (but not the GLDs) of
FLil interacts with IQGAP1 (Figure 2), we examined whether the LRR
of Flil is also necessary for interactions with cdc42 and R-ras.
IQGAP1+/+ or IQGAP1-/- cells were transfected with HA-FLil LRR or
HA-empty vector and the transfected cells were then plated on col-
lagen. Lysates were collected at 60 and 240 min after plating and im-
munoprecipitated with HA antibody. In these experiments, IQGAP1+/+
cells transfected with HA-Flil-LRR showed associations of the Flil-LRR
with cdc4?2 and R-ras, whereas HA-Flil-LRR-transfected IQGAP—/- cells
showed fourfold lower associations (p < 0.01; Figure 7B).

Collagen remodeling

When plated on collagen, fibroblasts form extensions that tunnel
through collagen pores (Martins and Kolega, 2006) and by applica-
tion of tractional forces, compact and align the collagen fibrils that
surround the cell. For quantification of this process, 5 h after plating
of cells, collagen matrices were imaged by reflectance confocal mi-
croscopy. Collagen compaction in ROl around cell extensions and
cell-induced collagen fiber alignment was measured as described
(Mohammadii et al., 2014). Flil KND cells showed 1.5-fold (p < 0.01)
lower compaction of collagen fibrils (measured in the ROI around
cells) and 1.5-fold (p < 0.01) reduction of collagen fibril alignment
compared with WT cells (Figure 8A). Similarly, IQGAP null cells show
1.2-fold (p < 0.01) and 1.5-fold (p < 0.01) reduction in collagen com-
paction and collagen alignment (Figure 8B).

In a rescue experiment in which IQGAP1-/- cells were trans-
fected with GFP-IQGAP1, there was a 1.1-fold increase (p < 0.01) in
collagen compaction and a 1.5-fold (p < 0.01) increase in collagen
alignment in those IQGAP1-/- cells that were transfected with GFP-
IQGAP1 (Figure 8C). For assessing the impact of cdc42 and R-ras on
collagen remodeling we transfected IQGAP1+/+ cells transfected
with GFP-cdc42 DN or GFP-R-ras DN. When these cells were plated
on fibrillar collagen, there was a 1.6-fold (p < 0.01) and 1.5-fold (p <
0.01) reduction in collagen compaction and collagen alignment in
those cells transfected with the DN GFP-cdc42 or the DN GFP-R-ras
(Figure 8D).

DISCUSSION

The molecules that regulate the formation of the cell extensions re-
quired for the remodeling of collagen are not defined. Flil, by virtue
of its multidomain structure (Liu and Yin, 1998), performs two quite
separate functions (Arora et al., 2018). The GLDs are involved in ac-
tin cytoskeletal rearrangements while the LRR region may regulate
signal transduction through its association with R-ras. Here we show
that Flil also acts as an adaptor protein to bind IQGAP1 and co-or-
dinates with cdc42 and R-ras (Figure 9) to control cell extension for-
mation from nascent cell extensions. In fibroblasts, these cell exten-
sions enlarge over time and are involved in binding and remodeling
collagen by application of tractional forces.

IQGAP1 and cell extensions
We found that in fibroblasts, IQGAP1 associates with Flil and
colocalizes at cell adhesion sites to regulate the development of
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actin-rich cell extensions. IQGAP1 contains several protein-interact-
ing domains and acts as a scaffolding protein, which enables bind-
ing to a diverse array of signaling and structural molecules to inte-
grate cytoskeletal and adhesion mechanisms with signaling networks
(Briggs and Sacks, 2003; Mateer et al., 2003). IQGAP1 modulates
cross-talk between diverse pathways that mediate signaling by Rho
family GTPases and calmodulin (Li and Sacks, 2003). Similar to previ-
ous reports, we found that in cells spreading on collagen, IQGAP1
associates with and activates cdc42 to induce filopodia formation
(Swart-Mataraza et al., 2002). Further, the GRD of IQGAP1 (Mataraza
et al., 2003) is required for these activities. In this context, IQGAP1,
through its actin filament-binding site, regulates filopodia formation
in spreading cells by modulating the organization and assembly of
actin filaments (Fukata et al., 1997). In addition, we found that
IQGAP1 expression is required for the association of the LRR do-
main of Flil with cdc42 and R-ras. Evidently, IQGAP1 and Flil, which
both play important adaptor functions in cells, also require each
other and their mutual binding to ensure appropriate spatio-tempo-
ral control of actin assembly and, as a result, the formation of cell
extensions.

It is thought that cdc42 regulates the formation of thin, fragile,
and long cell extensions (20-30 pm) (Kornberg and Roy, 2014).
These particular extensions, which resemble cytonemes and are in-
volved in developmental processes, are sensitive to chemical and
physical stress, are devoid of actin bundles, assist spreading cells in
adhesion, and are involved in long-distance intercellular signaling
(Koizumi et al., 2012; Yamashita et al., 2018). In contrast to the fea-
tures of these cytoneme-like structures, we found actin-rich, physi-
cally robust extensions 4-20 pym in length that develop in spreading
fibroblasts and contribute to collagen remodeling. We used Myo-10
as a tip marker (Berg et al., 2000; Berg and Cheney, 2002) to facili-
tate the measurement of the lengths of these cell extensions. Nota-
bly, molecular motors such as myosin-X maintain the stability of filo-
podia, help to transport proteins long distance, and probe the
pericellular microenvironment (Jacquemet et al., 2015). The mor-
phology and function of these extensions are consistent with earlier
in vivo data from rodent models (Melcher and Chan, 1981; Everts
et al., 1996), which show the importance of long cell extensions in
collagen remodeling. Until the conduct of the current experiments,
the signaling molecules that regulate the formation of these cell
extensions have not been well defined.

We found that IQGAP1 interacts with R-ras to promote the for-
mation of long extensions, which arise by maturation from shorter
extensions, a process that is regulated by an association between
IQGAP1 and cdc42. This previously unrecognized association in-
volving IQGAP1 and R-ras (Morgan et al., 2019) in fibroblasts sug-
gests that IQGAP1 provides a scaffolding function needed for acti-
vation of R-ras (but not K-Ras, H-Ras, or N-Ras), which in turn is
required for the formation of long cell extensions. Notably, when
R-ras is recruited to the leading edge of migrating cells, it regulates
cell adhesion to collagen by modulating B1 integrin affinity and
avidity (Keely et al., 1999; Wozniak et al., 2005; Conklin et al., 2010).
While IQGAP1 is clearly essential for cell extension formation, Flil
evidently provides critical adaptor functions that link IQGAP1, R-ras,
and cdc42 in space and time.

Requirement for Flil

We examined the role of Flil in enabling IQGAP1 interactions with
cdc4?2 and R-ras using fibroblasts from mice with stable KND of Flil.
These cells showed equivalent expression levels of IQGAP1, cdc42,
and R-ras. Flil colocalized with IQGAP1 in immunostaining and
bound in co-immunoprecipitation studies; pull-down experiments
showed specific associations between IQGAP1 and the Flil-LRR but
not the Flil-GLD domain. These findings are consistent with the mul-
tifunctional nature of Flil (Liu and Yin, 1998; Arora et al., 2018), a
member of the gelsolin family of proteins. Whereas the actin cap-
ping activity of Flil regulates actin remodeling through its GLD, its
LRR region acts as an adaptor to integrate the functions of proteins
involved in signaling. Notably, the LRR of Flil exhibits an amino acid
sequence that is similar to the amino acid sequences of LRR do-
mains in other proteins that are involved in functions that regulate
cell adhesion and Ras signaling (Campbell et al., 1993). Thus, while
Flil is a very low abundance actin-binding protein, knockout of Flil in
mice is embryonic lethal (Campbell et al., 2002). Accordingly, adap-
tor functions played by Flil in cell signaling may be relatively more
important than its GLDs in the context of mammalian connective
tissue development and remodeling.

We found that in Flil WT cells plated on collagen, there was in-
creased cdc42 and R-ras activity at 60 and 240 min, which was con-
temporaneous with maximum growth of short and long cell exten-
sions, respectively. A consistent finding in our experiments was the
Flil-dependent association between IQGAP1 and cdc42, a process

FIGURE 6: Involvement of Flil and IQGAP1 in mediating association with cdc42 and R-ras. (A) Flil WT and KND cells
were plated on collagen from 0 to 240 min. Top panels, active and total cdc42. Bottom panels, active and total R-ras.
Densitometric analysis of active and total cdc42 and R-ras were expressed as ratios. Time course data are shown in the
line plot (right panels). Data are mean * SD of four independent samples. Activation of cdc42 and R-ras was different
between Flil WT and Fli KND cells at 60 min (for cdc42) and 360 min (for R-ras; *p < 0.01 by ANOVA). (B) Effect of Flil
expression on association of IQGAP1 with cdc42 or R-ras. Flil WT and Flil KND cells were plated on collagen for 60 or
240 min. Lysates were immunoprecipitated with IQGAP1 antibody. IQGAP1 immunoprecipitates were immunoblotted
for cdc42 or R-ras and analyzed by densitometry. Data in histograms in right panels are ratios of blot densities of cdc42
to IQGAP1 or of R-ras to IQGAP1. Data are mean + SD of four independent samples. Differences in ratios of cdc42 and
R-ras to IQGAP1 were analyzed by ANOVA. Differences between cdc42 or R-ras groups are shown by horizontal lines
above histogram bars (*p < 0.01). (C) Effect of cell attachment to collagen and Flil expression on association of IQGAP1
with cdc42 and R-ras. Left panels: Flil WT or Flil KND cells were plated on collagen for 60 min or maintained in
suspension to prevent matrix interactions. Lysates were immunoprecipitated with cdc42 antibody or a control antibody
(nebulin). The immunoprecipitates were immunoblotted for IQGAP1. Right panels: Flil WT or Flil KND cells were plated
on collagen for 240 min or maintained in suspension to prevent matrix interactions. Lysates were immunoprecipitated
with R-ras antibody or a control antibody (nebulin). The immunoprecipitates were immunoblotted for IQGAP1. (D) Data
in histogram are ratios of blot densities of IQGAP1 either to cdc42 or to R-ras for Flil WT or Flil KND cells. Data are
mean * SD of four independent samples for each experimental condition. Differences in ratios were analyzed by
ANOVA. Differences within cdc42 or R-ras groups are shown by horizontal lines above histogram bars (**p < 0.01;

*p < 0.05).
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that requires integrin engagement with collagen. Evidently, in addi-
tion to providing temporo-spatial control of the associations of
IQGAP1, R-Ras, and cdc42, Flil also links these proteins spatially to
nascent cell adhesions, which thereby focuses their actin-regulating
activities at sites of developing cell extensions. Indeed, the forma-
tion of these extensions was greatly attenuated in Flil KND cells.
Thus, Flil acts as an integrin-dependent adaptor that promotes the
functional associations of IQGAP1 with cdc42 and R-ras. Therefore
Flil, like other actin capping proteins that are involved in controlling
the stochastic dynamics of actin-rich cell extensions and which are

1606 | P.D.Aroraetal.

used by cells to probe their microenvironment (Zhuravlev and
Papoian, 2009), also plays fundamental roles in linking cell adhesion,
cell extension formation, and collagen remodeling into an integrated
series of processes (Kopecki et al., 2007; Mohammad et al., 2012).

We conclude that in addition to its role as an actin capping and
severing protein, Flil acts as an adaptor protein to bind IQGAP and
co-ordinate with cdc42 and R-ras to control cell extension formation
from nascent, short extensions. These longer cell extensions play an
important role in binding to and remodeling fibrillar ECM proteins
like collagen.

Molecular Biology of the Cell
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FIGURE 8: (A) Summed projection of optical sections (nominal 2 pm in thickness) obtained by confocal imaging show
collagen remodeling by tractional forces from Flil WT and Flil KND cells plated on fibrillar type | collagen for 5 h. Scale
bar, 40 pm. Histograms to the right of images show mean collagen fluorescence intensity in the ROI (2 pm x 2 pm
sampling grid) measured around cell peripheries from reflectance confocal images (mean intensity; left histogram) and
the collagen alignment index was measured along cell extensions (right histogram). All data are mean + SD of intensities
of collagen fluorescence or of collagen alignment indices, as described in Materials and Methods. Data comparisons
between two groups were analyzed by Student’s t test. For comparisons between three groups (D, below), ANOVA was
used. Differences between groups are shown by *p < 0.05 or **p < 0.01. (B) IQGAP1+/+ and IQGAP1-/- cells were
plated for 5 h on collagen and analyzed identically as described for A. (C) IQGAP1-/- cells were transfected with
GFP-IQGAP1 or GFP empty vector and analyzed as described above. (D) IQGAP1+/+ cells were transfected with GFP
empty vector or GFP-cdc42 DN or GFP-R-ras DN and plated on fibrillar collagen for 5 h and analyzed as described

above.

MATERIALS AND METHODS

Reagents

Rabbit monoclonal antibody to Flil was from Epitomics (Burlington,
CA). The protease inhibitor cocktail, nebulin antibody, RIPA buffer,
B-actin antibody (clone AC-15), myosin10 antibody, and fluorescein

Volume 31 July 15, 2020

isothiocyanate—conjugated goat anti-mouse antibody and tetra-
methyl rhodamine isothiocyanate-phalloidin were obtained from
Sigma-Aldrich (Oakville, ON, Canada). Monoclonal antibodies to
Flil and IQGAP1 were purchased from Santa Cruz. As additional
monoclonal antibody to IQGAP1 and polyclonal antibodies to
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FIGURE 9: Diagram showing the proposed interaction between Flil and IQGAP1 and Flil and
R-Ras that co-ordinates cdc42 and R-ras in controlling the formation of cell extensions from
nascent adhesions. 1) IQGAP1 regulates cdc42 to mediate cdc42-induced formation of short cell
extensions, which later develop into long cell extensions. 2) IQGAP1 co-ordinates with R-ras to
enable the growth of short extensions into longer cell extensions, which is dependent on the

LRR of Flil.

IQGAP2 and IQGAP3 were obtained from Abcam. Protein G beads
and protein Sepharose glutathione beads were purchased from Dy-
named. Glutathione Sepharose beads were from Sigma, Aldrich
(Oakville, ON, Canada). On-Target siRNA to IQGAP1 was purchased
from GE Dharmacon (Mississauga, ON, Canada). Type 1 bovine col-
lagen was purchased from Advanced BioMatrix (Carlsbad, CA).

Cell culture
WT and knock-down (KND) Flil mouse fibroblasts were obtained
from 3T3 fibroblasts as we described (Mohammad et al., 2012).
Briefly, for preparation of Flil stable cell lines, the following
oligonucleotides were synthesized: top strand-5-gatccGAAGATA
CACACTATGTTATTCAAGAGATAACATAGTGTGTA-
TCTTCTTTTTTA CGCGTg-3" and bottom strand-5"aattcACGCGTA
AAAAAGAAGATACACACTATGTTATCTCTTGAATAACATAGTGT-
GTATCTTCg-3

These sequences correspond to the sense 5’-GAAGATACACAC-
TATGTTA-3" and antisense 5-TAACATAGTGTGTATCTTC-3" for
mouse Flil; they were annealed and inserted into an RNAi-Ready
pSIREN-RetroQ-DsRed-Express vector (Clontech) at BamHI/EcoRI
sites. Insert sequences were confirmed by sequencing. The plasmid
was cotransfected with pVSV-G into GP-293 cells for retrovirus pro-
duction. NIH-3T3 cells were infected with the virus; 2 wk later, the
transfected cells were sorted in phosphate-buffered saline
(PBS)/0.5% fetal bovine serum (FBS) (Beckman-Coulter Altra flow
cytometer/sorter). Cells with strong red fluorescence were cloned
by limiting dilution. Oligonucleotides (top strand 5’-gatccgtgegttge-
tagtaccaacttcaagagattttttacgcgtg-3 and bottom strand 5’-aattcac-
gcgtaaaaaatctcttgaagttggtactagcaacgcacg-3” containing only the
sense strand of WT Flil 5-GTGCGTTGCTAGTACCAA-3’) were an-
nealed and inserted into the same vector to establish control cell
lines. Flil KND and control cell lines were subsequently established.
Flil KND cell lines were confirmed by immunoblotting for Flil.

IQGAP+/+ (WT) and IQGAP1—/- (null) MEFs cells were provided
by one of us (D.B.S.) (Li et al., 2000; Ren et al., 2007). Briefly, MEFs
were isolated from 14-day embryos of IQGAP—/- mice (Li et al.,
2000) and normal littermate controls. For immortalization, primary
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cultures of MEFs were transfected with
simian virus 40 large T antigen, and cultured
to grow single colonies. Cells were cultured
at 37°C in complete DMEM containing
10% FBS and 10% antibiotics (124 U/ml pen-
icillin G, 50 pg/ml gentamicin sulfate, and
0.25 pg/ml Fungizone). Cells were main-
tained in a humidified incubator containing
95% air and 5% CO; and passaged with
0.01% trypsin (Life Technologies, Burlington,
ON).

Colocalization of proteins

Fibroblasts were plated on Glass Bottom
Microwell dishes (35 mm petri dishes,
14 mm microwell No. 1.5 cover-glass;
MatTek Corp.) and incubated for 2.5 hrs at
37°C. Cells were fixed with 4% paraformal-
dehyde in PBS for 10 min, permeabilized
with 0.3% Triton X-100 for 10 min, and
blocked with CAS-Block (Life Technologies)
for 20 min at room temperature. Cells were
incubated with appropriate primary and flu-
orescent secondary antibodies diluted in
0.03% Triton X-100, both for 1 h at 37°C.
Confocal microscopy (x40 oil-immersion lens; Leica TCS SP8, Hei-
delberg, Germany) was used to localize proteins of interest in spe-
cific regions within cells that are outlined for specific experiments.
For quantification of the immunostained proteins, the Pearson coef-
ficient of double-stained samples was computed using ImageJ to
quantify the extent of colocalization (Bolte and Cordelieres, 2006).

PBD and RBD pull downs

In pull-down experiments for measuring active cdc42 and R-ras,
we used GST-PBD and GST-RBD beads. Experiments were per-
formed by lysing adherent or suspended fibroblasts in buffer
(50 mM Tris, pH 7.6, 500 mM NaCl, 1% Triton X-100, 0.1% SDS,
0.5% deoxycholate, 10 mM MgCl,, 200 mM orthovanadate, and
protease inhibitors). In one of the experiments GFP-immunopre-
cipitates were eluted with elution buffer (50 mM Tris, pH 7.6, 1.5%
Triton X-100, 10 mM MgCl,, 0.5 mM deoxycholate, and 0.1% SDS
with protease inhibitors). Lysates were clarified by centrifugation,
equalized for total volume and protein concentration, and rotated
for 30 min with 30 pg of purified GST-PBD or RBD bound to gluta-
thione Sepharose beads. The bead pellets were washed in a buf-
fer solution (50 mM Tris, pH 7.6, 150 mM NaCl, 1% Triton X-100,
10 mM MgCl,, protease inhibitors) and the proteins were sepa-
rated by SDS-PAGE.

Purification of Flil recombinant proteins

GST-tagged proteins expressed in bacterial expression systems
were isolated and purified by adapting earlier methods (Frangioni
and Neel, 1993). Briefly, BL21 (DE3) cells were transformed with Flil-
LRR and Flil GLD constructs. Luria broth (250 ml) containing ampicil-
lin (100 pg/ml) was inoculated at 1:50 ratio from overnight bacterial
culture containing the Flil construct. The culture was grown at 37°C
followed by induction with IPTG (1 mM) for 3.5 h. Proteins isolated
from inclusion bodies in STE buffer (10 mM Tris, pH 8.0; 150 mM
NaCl, T mM EDTA, 1.5% Sarkosyl, and 5 mM dithiotheitol) were dia-
lyzed overnight and incubated with glutathione Sepharose beads
(Pharmacia) followed by washing 3x with STE buffer without
Sarkosyl.
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Immunoblotting and immunoprecipitation

Cell extracts were prepared by scraping cells into lysis buffer
(50 mM Tris, pH 7.5; 150 m1M NaCl; 1% Triton X-100; 0.1% SDS;
1% sodium deoxycholate, and a 1:50 dilution of protease in-
hibitor cocktail; Sigma). The homogenate was centrifuged at
10,000 rpm for 4 min and the supernatant was separated for
analysis. BCA analysis was conducted to ensure equal amounts of
protein, which was separated on SDS-PAGE gels and transferred
to nitrocellulose membranes. Membranes were blocked with 1%
bovine serum albumin in TBS overnight and incubated with ap-
propriate primary and secondary antibodies diluted in Tris-buff-
ered saline (TBS) with 0.01% Tween-20 for 1 h at room tempera-
ture. For immunoprecipitation, Flil WT and KND were plated on
collagen for an hour. Washed samples were scraped into RIPA
buffer (Sigma). The supernatants of centrifuged samples were in-
cubated with Flil antibody (Epitomics) or IQGAP antibody
followed by the addition of equivalent amounts of protein A
Sepharose beads (Pierce, Thermo Scientific). Immunoblotted
samples were probed with appropriate antibodies and secondary
antibodies and blots were imaged with a Li-Cor imaging system
(Mandel, Toronto, ON, Canada).

Collagen remodeling and quantification

For analysis of collagen remodeling by tractional forces, we used
coverslips (25 mm, VWR) that were sterilized with UV light (10 min),
submerged in 2% 3-aminopropyltrimethoxysilane (Sigma-Aldrich)
for 15 min, washed three times with distilled water, immersed in
0.1% glutaraldehyde (Caledon Laboratories, ON, Canada) for
15 min, washed three times with distilled water, air-dried for 10 min,
and coated with collagen, which polymerized for an hour at 37°C.
Cells were plated on these collagen-coated substrates for 5 h be-
fore fixation with 4% paraformaldehyde for 10 min and permeabi-
lized with 0.3% Triton X-100 for 10 min. Coverslips were inverted on
to glass bottom dishes with mounting medium. Confocal reflec-
tance microscopy was used to visualize and subsequently quantify
collagen fiber orientation as described (Mohammadi et al., 2015).
Images of fibrillar collagen were quantified to provide estimates of
the remodeling activity using reorganization (alignment index) of
collagen fibers around cell extensions.

The abundance of collagen fibrils immediately surrounding cell
extensions (i.e., a measure of collagen compaction) was determined
by creating 2 pm x 2 pm square sampling grids in the ROl and the
fluorescence intensity attributable to the reflected collagen fibrils
was analyzed using ImageJ. Altogether, 20 cells were measured for
each experimental condition. Collagen fiber alignment with respect
to cell extensions was quantified in ROl in fixed areas around cell
extensions (in vitro) using Fast Fourier Transform and Oval Profile
(ImageJ plug-in) as described earlier (Mohammadi et al., 2014). The
alignment index was defined based on higher pixel intensities in a
specific angle, which were related to the orientation of collagen fi-
bers in the corresponding direction. These signals were quantified
by calculation of area under the intensity curve within +10 degrees
of the peak using an in-house written C++ code.

Mass spectrometry

For mass spectrometry analysis of Flil immunoprecipitates, cells
were lysed on ice and supernatants from centrifuged samples were
incubated with Flil antibody for 1 h followed by the addition of pro-
tein A Sepharose beads (Pierce, Thermo Scientific). Proteins associ-
ated with beads were eluted with 50 mM glycine buffer (pH 2.3-2.5).
The pH of the eluted proteins was increased to near physiological
pH by dialysis for 36 h in carbonate buffer (25 mM NH4HCO;3;
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pH =7.5). The dialyzed samples were treated with trypsin (0.1 pg/pl,
Roche, Indianapolis, IN) and rotated overnight at 37°C overnight.
Subsequently, 0.1% acetic acid was added to the sample followed
by air-drying with an evaporator. Lyophilized samples were analyzed
by LC-MS/MS (SPARC Mass Spectrometry Facility, Hospital for Sick
Children, Toronto, ON, Canada).

Statistical analysis

For all continuous variable data, means, standard deviations, and in
some instances, standard errors of the means, were computed.
When appropriate, comparisons between two samples were made
by Student’s t test with statistical significance set at p < 0.05. For
multiple comparisons, ANOVA was used followed by Tukey’s test for
assessment of individual differences. All experiments were per-
formed at least three times on different days and each experiment
was conducted in triplicate.
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