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Supervillin Binds the Rac/Rho-GEF Trio and Increases Trio-
mediated Racl Activation
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Department of Cell and Developmental Biology, Program in Cell & Developmental Dynamics,
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Abstract

We investigated cross-talk between the membrane-associated, myosin Il-regulatory protein
supervillin and the actin-regulatory small GTPases Racl, RhoA, and Cdc42. Supervillin
knockdown reduced Racl-GTP loading, but not the GTP loading of RhoA or Cdc42, in HelLa cells
with normal levels of the Racl-activating protein Trio. No reduction in Rac1-GTP loading was
observed when supervillin levels were reduced in Trio-depleted cells. Conversely, overexpression
of supervillin isoform 1 (SV1) or, especially, isoform 4 (SV4) increased Racl activation.
Inhibition of the Trio-mediated Racl guanine nucleotide exchange (GEF) activity with ITX3
partially blocked the SV4-mediated increase in Rac1-GTP. Both SV4 and SV1 co-localized with
Trio at or near the plasma membrane in ruffles and cell surface projections. Two sequences within
supervillin bound directly to Trio spectrin repeats 4-7: SV1-171, which contains N-terminal
residues found in both SV1 and SV4 and the SV4-specific differentially spliced coding exons 3, 4,
and 5 within SV4 (SV4-E345; SV4 amino acids 276 — 669). In addition, SV4-E345 interacted with
the homologous sequence in rat kalirin (repeats 4-7, amino acids 531 — 1101). Overexpressed
SV1-174 and SV4-E345 affected Rac1-GTP loading, but only in cells with endogenous levels of
Trio. Trio residues 771 — 1057, which contain both supervillin-interaction sites, exerted a
dominant-negative effect on cell spreading. Supervillin and Trio knockdowns, separately or
together, inhibited cell spreading, suggesting that supervillin regulates the Racl guanine
nucleotide exchange activity of Trio, and potentially also kalirin, during cell spreading and
lamellipodia extension.
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INTRODUCTION

Cell translocation requires activation of actin-based cell surface extension and adhesion to
the extracellular matrix, processes that are regulated by small GTPases in the Rho family
(reviewed in (Sit and Manser, 2011; Blanchoin et al., 2014; Lawson and Burridge, 2014)).
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Racl, RhoA, and Cdc42 are the best characterized of the cytoskeleton-reorganizing GTPases
(Heasman and Ridley, 2008). Extracellular stimuli increase the activities of guanine
nucleotide exchange factors (GEFs), which activate target GTPases by facilitating the
exchange of GTP for GDP at their nucleotide binding sites (Rossman et al., 2005).
Activation times are limited by the rate of GTP hydrolysis, which is regulated by GTPase
activating proteins (GAPs) (Scheffzek et al., 1998). Downstream effects are cell type-
specific but can be generalized as increased formation of cell processes by GTP-loaded Racl
and Cdc42, increased cell polarity promoted by Cdc42, and RhoA-mediated increases in
stress fibers and myosin Il-based contractility (Jaffe and Hall, 2005).

During lamellipodial extension and associated cell migration, the cytoskeletal machinery is
regulated by cyclical cross-talk between Racl and RhoA signalling pathways (Wertheimer
et al., 2012; Miller et al., 2013; Nayak et al., 2013; Lawson and Burridge, 2014). In murine
fibroblasts, RhoA is activated within 2 pm of the cell edge (Machacek et al., 2009), where
RhoA-GTP promotes the assembly of parallel actin filaments by the formin mDial (Li and
Higgs, 2003); mDial in turn activates Racl (Tsuji et al., 2002). Racl activation reaches a
peak at ~1.8 um behind the advancing edge ~40-s after the peak of RhoA activation (Li and
Higgs, 2003) and leads to the assembly of Arp2/3-nucleated, branched actin filaments
(Ridley et al., 2003). Other avenues of RhoA/Racl cross-talk involve direct and indirect
regulation of each others GEFs and GAPs (Guilluy et al., 2011; Lawson and Burridge,
2014). In general, Racl activation and suppression of RhoA facilitate the formation of early
cell-substrate adhesions, whereas RhoA activation and Rac1 inhibition promote adhesion
maturation and the formation of myosin Il-associated contractile actin bundles (reviewed in
Lawson and Burridge, 2014).

One category of GEFs implicated in promoting cell spreading (van Rijssel and van Buul,
2012; Miller et al., 2013; Schmidt and Debant, 2014) includes the nearly ubiquitous, triple-
function protein Trio (Debant et al., 1996) and kalirin, a related protein most concentrated in
brain (Alam et al., 1997). Trio and kalirin are structurally similar GTPase-activating
proteins; their longest isoforms contain a Sec14 lipid-binding domain, nine spectrin repeats,
two GEF domains (GEFD1 and GEFD2), an immunoglobulin (Ig) domain, and a C-terminal
serine kinase domain (van Rijssel and van Buul, 2012; Miller et al., 2013). The Trio GEFD1
activates Racl and RhoG, whereas Trio GEFD2 activates RhoA (Debant et al., 1996;
Bellanger et al., 1998; Blangy et al., 2000; Medley et al., 2000; Chhatriwala et al., 2007).
Best characterized in the brain, kalirin is required for normal formation of dendritic spines
and neuronal synapses; kalirin variants are associated with schizophrenia, Alzheimer’s
disease, and other disorders (Remmers et al., 2014). Trio/UNC-73 also regulates neuronal
development (recently reviewed by (van Rijssel and van Buul, 2012; Miller et al., 2013)). In
addition, Trio functions in cell growth, cytokinesis, spreading, migration, and matrix
invasion (Bellanger et al., 1998; Bellanger et al., 2000; Bellanger et al., 2003; Debreceni et
al., 2004; Skowronek et al., 2004; Salhia et al., 2008; Fortin et al., 2012; van Rijssel et al.,
2012a; Vaqué et al., 2013; Moshfegh et al., 2014) and is linked to poor outcome in bladder
and breast cancer (Zheng et al., 2004; Lane et al., 2008).

Supervillin is a myosin I1- and actin-binding peripheral membrane protein that regulates
cell-substrate adhesion, cell polarization, and the rates of cell spreading and translocation
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(Pestonjamasp et al., 1997; Chen et al., 2003; Takizawa et al., 2006; Takizawa et al., 2007,
Bhuwania et al., 2012; Edelstein et al., 2012). A hub protein with > 80 interaction partners,
supervillin also functions during cytokinetic furrowing, invadopodia-mediated degradation
of extracellular matrix, survival signalling, and rapid membrane recycling of integrins in a
Rab5/Arf6-associated pathway (Kim et al., 2001; Sampson et al., 2001; Nebl et al., 2002;
Ting et al., 2002; Gangopadhyay et al., 2004; Jin et al., 2004; Crowley et al., 2009; Fang et
al., 2010; Smith et al., 2010; Fang and Luna, 2013; Hasegawa et al., 2013; Smith et al .,
2013). Arf6 is a small GTPase that cross-talks with Racl through interactions with both
Racl GEFs and GAPs (Radhakrishna et al., 1999; Zhang et al., 1999; Santy and Casanova,
2001; Koo et al., 2007; Myers and Casanova, 2008; Kawaguchi et al., 2014). Supervillin-
mediated regulation of cell spreading, cytokinesis, and cell polarization is effected through
increases in myosin Il contractility (Takizawa et al., 2007; Bhuwania et al., 2012; Smith et
al., 2013), which also may underlie supervillin’s effects on matrix degradation (Alexander et
al., 2008; Crowley et al., 2009). However, other cytoskeletal effects are not easily explained
by this mechanism. For instance, supervillin overexpression decreases the extent of
lamellipodia and enhances the appearance of narrow cell surface extensions (Wulfkuhle et
al., 1999; Crowley et al., 2009).

We show here that supervillin cross-talks with the Racl signaling pathway through
interactions with Trio. Supervillin isoform 4 (SV4) interacts with spectrin repeats 4—7 from
both Trio and kalirin, activates Racl GTP-loading by Trio, and coordinates with Trio to
regulate the initial spreading of HeLa cells on fibronectin.

Supervillin increases Racl activation

We screened for functional cross-talk between supervillin and the small GTPases Rac1,
Cdc42 and RhoA in HeLa cells (Figure 1). Unlike many other cell lines, HeLa cells survive
after supervillin knockdown because they contain a supervillin-independent pathway for
maintaining low levels of p53 (Smith et al., 2010; Fang and Luna, 2013; Smith et al., 2013).
As described previously (Fang and Luna, 2013), each of two double-stranded RNAs
(dsRNAs) that target both HeLa cell supervillin splice forms (SV1, SV4) reduced the level
of each isoform by >90% (Figure 1B, D, F). The knockdown of supervillin was
accompanied by a significant (~3-fold) reduction in the amount of GTP-loaded (activated)
Racl (Figure 1A), as assessed in pulldown assays with GST-tagged Pak1-binding domain
(PBD) (Ren and Schwartz, 2000; Benard and Bokoch, 2002). By contrast, no significant
changes were observed in GTP loading of Cdc42 (Figure 1C-D) or RhoA (Figure 1E-F) in
similar experiments. When supervillin expression was allowed to recover to initial levels,
GTP-Racl levels returned to control values (Figure 1G—H).

To determine which major supervillin splice-forms are involved, we analyzed GTP-Racl
levels in HeLa cells expressing EGFP-tagged human SV1 or SV4 (Figure 2). As described
previously (Pope et al., 1998; Fang and Luna, 2013), these proteins are products from a
single gene, with SV4 containing an additional 393 amino acids encoded by the
differentially spliced coding exons 3, 4, and 5 (Oh et al., 2003) (Figure 2A). Overexpression
of EGFP-SV1 resulted in a small, but significant, increase in the amount of GTP-Racl
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(~25%), relative to cells expressing EGFP alone (Figure 2B, 2C). By contrast,
overexpression of EGFP-SV4 resulted in a larger, = 2-fold increase in the relative amounts
of GTP-Racl (Figure 2D, 2E). These results suggested that, while the SV1 isoform had an
effect on Racl activation, the sequence encoded by the SV4-specific exons (SV4-E345; SV4
amino acids 276 — 669) was quantitatively more important for the GTP loading of Racl.

Because a sequence within the N-terminus of the Rac1-GEF Trio emerged as a candidate
interactor for SV4-E345 in a yeast two-hybrid screen (Spinazzola et al., 2015), we carried
out GTP-Racl loading assays in the presence of ITX3 (Figure 2D, 2E). ITX3 is a specific
inhibitor of the membrane ruffling and Rac1 GEF activity attributable to the Trio N-terminal
GEF-D1 domain (Bouquier et al., 2009). Consistent with cross-talk between SV4 and Trio,
ITX3 treatment partially inhibited the SV4-induced increase in GTP loading of Racl (Figure
2D, 2E), suggesting a potential involvement of Trio in supervillin-mediated Racl activation.

Supervillin interacts with the Rac1-GEF Trio

To test for interactions of supervillin with Trio and Rac1, we first looked for co-localization
by immunofluorescence microscopy (Figures 3, 4). Antibodies against the endogenous
proteins were insufficient for immunofluorescence, requiring co-expression of tagged
proteins. In wide-field images of HeLa cells that co-expressed tagged SV4, Racl and full-
length Trio (Figure 3), all three proteins co-localized at areas of ruffling membranes (Figure
3A-D). As originally described (Seipel et al., 1999; Debreceni et al., 2004; van Rijssel et
al., 2012a), exogenous expression of EGFP-Trio amplified the formation of these
lamellipodia (Figure 3A-D, arrowheads) although limited areas of overlap near the
membrane also were observed in the less well-spread cells that overexpressed SV4 and Racl
with the EGFP tag alone (Figure 3E-H).

Due to the potential for artifactual localizations caused by crosslinking of EGFP to F-actin
(Schmitz and Bereiter-Hahn, 2001), which binds directly to supervillin (Chen et al., 2003),
we used confocal microscopy and HA-tagged Trio constructs to determine the co-
localization of Flag-tagged SV4 and SV1 with Trio or the Trio N-terminus (Figure 4). As
described previously (Bellanger et al., 1998; Seipel et al., 1999; van Rijssel et al., 2012a),
the Trio N-terminus is sufficient for the Trio-mediated formation of lamellipodia and is
more readily transfectable due to its smaller size. Signals from both SV4 and SV1
overlapped with Trio in peripheral membrane ruffles, especially in HeLa cells fixed before
permeabilization with detergent (Figure 4A — 4F, arrowheads). A similar SV1 localization
was seen previously with F-actin and Arf6 pathway components at membrane ruffles and
rapidly recycling endosomes (Fang et al., 2010). As observed for SV1 (Wulfkuhle et al .,
1999), much of the signals associated with SV4, Trio, and the Trio N-terminus (Trio1-1559)
remained associated with membranes and the cytoskeleton in cells extracted with Triton
X-100 prior to fixation (Figure 4G — 40’). Prominent areas of co-localization in these pre-
extracted cells included peripheral membranes (Figure 4G — 41, double arrows),
cytoplasmic punctae reminiscent of recycling endosomes (Fang et al., 2010) (Figure 4] — 4L
7 arrows), filamentous nuclear bundles induced by SV1 overexpression (Wulfkuhle et al .,
1999) (Figure 4M — 40/, arrows), and lamellipodial ruffles (Figure 4M — 40/,
arrowheads). These results suggest lamellipodia, plasma membranes, and recycling
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endosomes as sites for functional cross-talk between supervillin and Trio and support the
possibility of an interaction between these proteins.

We used GST-pulldown assays to confirm interactions between supervillin sequences and
Trio protein fragments (Figure 5). The domain organization and contents of each Trio
construct are shown in Figure 5A. A single prey that started with amino acid 751 in Trio
(NP_009049) emerged as one of 59 candidate interactors in a yeast two-hybrid screen with
SV4-E345 as bait. Although no 3’ DNA sequence was obtainable for this clone, prey protein
fragments averaged ~270 residues, suggesting a binding site for SV4-E345 within Trio
751-1021. This sequence encodes spectrin repeats 6 and 7 within Trio and flanking
sequences (Figure 5A, brackets). Consistent with an interaction, full-length HA-Trio
(1-3038) co-sedimented with GST-SV4-E345, but not with GST alone (Figure 5B).
Surprisingly, HA-Trio also co-sedimented with beads containing the myosin I1-binding
region of supervillin GST-SV1-171 (Figure 5B). In addition, myc-Trio 771-1057 co-
sedimented with GST-SV4-E345 and GST-SV1-171, but not with GST alone (Figure 5C).
Other GST-tagged supervillin protein fragments (SV1-171-342, SV1-343-830) were not
pulled down with myc-Trio 771-1057 (Figure 5D). These results suggested the presence of
two Trio-interacting sites, one within SV4 amino acids 448 — 669 (SV4-E45) and one within
the N-terminal 171 residues found in both SV1 and SV4 (SV1-171). We then generated
GFP-tagged truncated Trio proteins containing deletions around and within spectrin repeats
6—7. We found that GST-SV1-171 did not interact with Trio residues 850-923 but did pull
down Trio residues 800-923, indicating that Trio residues 800-850 are required for the
interaction with SV1-171. By contrast, the SV4-E345 interaction site was located within
Trio residues 850 — 923 (Figure 5E), indicating the presence of distinguishable interaction
sites within or near Trio spectrin repeats 6—7. In direct binding experiments, purified
recombinant His-tagged Trio spectrin repeats 4—7 (amino acids 565-1011) co-sedimented
with GST-SV1-171 and GST-SV4-E345, but not with GST alone (Figure 5F). Interestingly,
an interaction with GFP-SV4-E345, but not GFP-SV1-171, also was observed using GST-
tagged spectrin repeats 4—7 from the Trio-like protein kalirin (Figure 5G). Thus, SV4-E345
and SV1-171 each binds directly to sequences containing Trio spectrin repeats 6—7 while
only SV4-E345 interacts with the similar region in kalirin, presumably at a conserved site in
spectrin repeats 6-7.

Trio is required for supervillin-mediated increases in GTP loading of Racl

We first explored the functional implications of the interactions between supervillin and
Trio by overexpressing the two Trio-binding supervillin protein fragments in control and
stably Trio-deficient HelLa cells (Figure 6). GTP loading of Racl is increased in control cells
expressing EGFP-SV1-174 and decreased in cells expressing EGFP-SV4-E345, as
compared with cells expressing EGFP alone (Figure 6A, 6B). GTP-Racl loading in cells
expressing both supervillin protein fragments was not significantly different from that of
controls (Figure 6A, 6B). No interaction between SV1-174 and SV4-E345 was detected in
reciprocal GST-pulldown experiments (not shown), suggesting different mechanisms of
action for these two protein fragments on Racl activation. To determine whether these
effects require normal levels of endogenous Trio, we repeated GTP-Racl loading
experiments in HeLa cells stably expressing a Trio sShRNA (Despras et al., 2007). These
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Trio-knockdown cells contain only ~30% as much Trio as a similarly generated control
HeLa cell line stably transfected with a pEBV-based vector encoding a nonspecific ShARNA
(Figure 6C). SV4 and SV1 levels were not detectably affected by the long-term Trio
knockdown (Figure 6C). No significant changes were observed in GTP-Racl levels after
overexpression of either EGFP-SV1-174 or EGFP-SV4-E345 in Trio-knockdown cells
(Figure 6D, 6E). In addition, reduction of supervillin levels in Trio-knockdown cells did not
further reduce the extent of GTP-Racl loading (Figure 6F), in contrast to the results
observed in HeLa cells with endogenous levels of Trio (Figure 1A). These results strongly
suggest that Trio is required for supervillin-mediated effects on GTP loading of Racl.

Supervillin and Trio coordinate to promote initial spreading of HeLa cells

To determine whether the supervillin-Trio interaction functions in vivo, we first looked for
dominant-negative effects of supervillin-interacting Trio protein fragments on early cell
spreading (Figure 7). Based on our prior observations that 30 min after replating is a point of
maximal difference in the diameters of spreading cells (Takizawa et al., 2007; Smith et al.,
2010), we quantified the percentages of spread HelL a cells, defined as cells with lengths >2
times that of the mean diameter of initially plated cells. Overexpression of myc-Trio
771-1057, but not other Trio protein fragments assayed, significantly delayed cell spreading
(Figure 7A, 7B). By contrast, no differences in cell dimensions were observed after 60
minutes of spreading (not shown). These results are consistent with an in vivo effect of the
Trio-supervillin interaction.

We further explored functional cross-talk between supervillin and Trio with a series of
transient single and double protein knockdowns in HelLa cells (Figure 8). When levels of
SV4 and SV1 were reduced with each of two dsRNAs directed against separate sequences,
we found a significant 3.1 £ 1.4 (mean £ s.d., P < 0.01, N = 7) fold increase in Trio levels
(Figure 8A). Similarly, SV4 and SV1 levels tended to increase ~2 fold after a transient Trio
knockdown (Figure 8A) although the variability in supervillin levels precluded statistical
significance (SV4: 2.7 + 2.5; SV1: 2.1 + 1.2; P > 0.05; N = 6) and was not apparent in the
stable Trio-deficient cell line (Figure 6C). The knockdown of supervillin alone, Trio alone,
or both proteins together significantly reduced the percentage of single HeLa cells scored as
spread 30 min after re-plating (Figure 8B, 8C). These results are consistent with functional
cross-talk at the level of protein expression or stability and suggest that supervillin and Trio
function together in vivo to promote the spreading of HelLa cells.

DISCUSSION

We show here that the myosin Il-regulatory protein supervillin promotes GTP loading of
Racl by the Rac1-GEF Trio. Rac1-GTP loading is decreased by supervillin knockdown
(Figure 1A-B), even though Trio levels are increased (Figure 8A). Racl, Trio and both
supervillin isoforms localize near the plasma membrane in cell surface protrusions and
intracellular punctae (Figure 3, 4), sites reminiscent of the locations of early endosomes
associated with Arf6, supervillin and the Trio isoform Solo/Trio8 (Song et al., 1998; Sun et
al., 2006; Fang et al., 2010). Sites within or near Trio spectrin repeats 6 — 7 bind directly to
SV4-specific amino acids 448 — 669 (SV4-E45) and to the N-terminal 171 residues common
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to both SV1 and SV4 (SV1-171); SV4-E345 also interacts with spectrin repeats 4 — 7 from
kalirin (Figure 5). Rac1-GTP loading is increased by overexpression of either SV1, which
contains only one Trio-interaction site, or especially SV4, which contains both sites (Figure
2). The Trio GEF-D1 inhibitor ITX3 reverses SV4-mediated Racl activation (Figure 2D-E).
Furthermore, overexpression of SV4-E345 inhibits Racl GTP loading, as expected for a
dominant-negative disruption of the SV4-Trio interaction (Figure 6A-B). Similarly,
overexpression of the supervillin-interaction site within Trio (Trio 771-1057) inhibits cell
spreading (Figure 7), consistent with dominant-negative inhibition of Trio-, Arf6- and Rac1-
mediated promotion of lamellipodial extension (Song et al., 1998; Guo et al., 2006; van
Rijssel et al., 2012a). Supervillin and Trio cross-talk also is evinced by alterations in each
other’s protein levels during transient RNAi knockdowns (Figure 8A). Trio is required for
supervillin-mediated Rac1-GTP loading because no effects are seen for either supervillin
knockdown (Figure 6F) or overexpression of the individual SV4 Trio-interacting domains
on Racl activation (Figure 6D-E) in stable Trio-knockdown cells. Finally, the conclusion
that supervillin and Trio function in the same pathway is supported by the absence of
significant differences between single and double transient knockdowns of these two
proteins during cell spreading (Figure 8B-C).

The simplest hypothesis to explain the effect of SV1 on Trio-mediated Racl GTP loading is
that SV1-174 binding to the spectrin repeats in Trio promotes increased accessibility or
activity of the Trio GEF-D1 domain for Racl. Overexpression of full-length SV1 or of
SV1-174, each of which contains only a single Trio-interaction site, results in a similar 20%
- 30% increase in Racl GTP loading (Figures 2B-C, 6A-B). About 4-fold increases on Trio
binding to Racl or on Trio GEF-D1 activity have been described after binding of Trio
spectrin repeats 1-4 to the Kidins220/ARMS protein (Neubrand et al., 2010) or to Disrupted
in Schizophrenia 1 (DISC1) (Chen et al., 2011). However, only Trio spectrin repeats 1-4
interact with the Trio GEF-D1 in a GST pulldown assay (Chen et al., 2011). Thus, SV1-174
binding to Trio spectrin repeats 6-7 may be modestly disrupting the auto-inhibition of GEF-
D1 by Trio spectrin repeats 1-4 through steric hindrance or by indirect effects on the
conformation of the GEF-D1 interaction site in the Trio N-terminus.

A more complicated hypothesis is necessary to explain the effects of SV4 and SV4-E345 on
Trio-mediated Racl activation. Overexpression of SV4 increases Trio-mediated Racl GTP
loading by >2-fold, whereas overexpression of SV4-E345 decreases Racl activation by
~25% (Figures 2D-E, 6A-B). These results suggest that SV4-E345 acts as a dominant-
negative inhibitor of Trio GEF-D1 activity, perhaps by competing with full-length SV4 for
binding to Trio. In the presence of co-expressed SV1-174, the opposite effects of these two
protein fragments evidently cancel each other out because Rac1-GTP levels are
indistinguishable from controls. By contrast, SV1-174 and SV4-E345 act synergistically to
increase Racl activation when both fragments are present within full-length SV4. This
synergy could be due to increased binding avidity due to the proximity of SV1-171 and
SV4-E345 in the context of the full-length protein, or to the presence of other supervillin
sequences capable of recruiting additional interactors into a complex that enhances Trio
activation.
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Based on the strong interaction of SV4-E345 with kalirin spectrin repeats 4-7, SV4-E345
also may bind to the Trio-like protein kalirin. Primarily investigated for its role in synapse
formation and neuropsychiatric diseases (Mandela and Ma, 2012; Miller et al., 2013;
Remmers et al., 2014), kalirin also is important for normal muscle function (Mandela et al.,
2012). Kalirin-deficient mice exhibit abnormal ultrastructure in skeletal muscles (Mandela et
al., 2012), a tissue with abundant expression of supervillin isoform 2 (archvillin), which
contains the SV4-E345 sequence (Oh et al., 2003). Supervillin isoform expression has not
been investigated in the brain, largely because overall expression levels there are low (Pope
et al., 1998). However, in situ hybridizations for supervillin (SVIL) and kalirin (KALRN)
messages in mouse brains show overlapping, high expression in Purkinje cells within the
cerebellum (Allen Brain Atlas, http://mouse.brain-map.org), suggesting a potential role for
the supervillin-kalirin interaction in motor control.

In addition to the direct binding shown here between supervillin and Trio, additional,
intermediary proteins are likely to be important for in vivo function. Supervillin and Trio are
each hub proteins with numerous interactors, including myosin Il and the lamellipodial
protein filamin, each of which is also a hub for cytoskeletal regulation (Bellanger et al.,
2000; Chen et al., 2003; Lee et al., 2010; Smith et al., 2010; Nakamura et al., 2011; Razinia
et al., 2012; van Rijssel and van Buul, 2012; Miller et al., 2013; Smith et al., 2013). Myosin
Il interactions with GEF domains, such as those in Trio and kalirin, inhibit GEF activity
(Lee et al., 2010; Shin et al., 2014). Therefore, the direct binding of SV1-171 to the myosin
Il heavy chain (Chen et al., 2003; Takizawa et al., 2007) could facilitate Rac1 GTP loading
by alleviating myosin Il inhibition of Trio GEF-D1 activity.

SV1 and SV4 also could regulate the interactions between Trio and the downstream Racl
effector filamin (Bellanger et al., 2000). Both supervillin isoforms contain sequences that
interact with filamin immunoglobulin-like (IgFLN) domains 8-10 and 20-22 (Smith et al .,
2010). The Trio GEF-D1 binds to the nearby IgFLN domains 23-24 (Bellanger et al., 2000).
Filamin is required for Trio-mediated formation of lamellipodia and adhesive leukocyte
docking structures (Bellanger et al., 2000; van Rijssel et al., 2012b). On the other hand, the
kalirin GEF-D1 can regulate lamellipodia formation through Racl-independent protein-
protein interactions (Schiller et al., 2005). The lack of interaction of kalirin with SV1-174,
which predicts a lack of interaction with SV1, may contribute to differential regulatory
requirements for Trio vs. kalirin, especially in cell types that lack SV4-E345-containing
supervillin isoforms.

Cell type-specific differences in supervillin isoforms or their interactors are necessary to
explain the differences observed here on initial spreading behavior in HeLa cells vs.
previous work. Genetic ablation of SV1, the only isoform present, from murine platelets
(Edelstein et al., 2012) or ~90% reduction of all supervillin isoforms in human
adenocarcinoma A549 cells (Takizawa et al., 2007) increased early cell spreading. Because
similar effects were observed after inhibition of nonmuscle myosin Il ATPase activity or
inhibition of myosin light chain kinase and because all three of these proteins interacted
directly (Chen et al., 2003; Takizawa et al., 2007), the previous conclusion was that
supervillin’s primary function during cell spreading was regulation of myosin 1l
contractility. Our results here with HeLa cells agree with the prior results showing the
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importance of Trio for early cell spreading (van Rijssel et al., 2012a) and suggest that
supervillin’s role in cell spreading is more nuanced than previously realized. In some
cellular contexts, effects on Trio GEF-D1 activation take precedence over myosin Il
activation. Consistent with this possibility, overexpression of myosin Il isoforms has been
shown to have opposite effects in HeLa cells vs. monkey fibroblastic COS-7 cells (Betapudi,
2010).

We speculate that the molecular ratios and localizations of supervillin, Trio vs. myosin Il
and their interactions with other direct and indirect regulators are important for full
mechanistic understanding. Supervillin cross-talk with Racl, Trio and filamin during
lamellipodia formation is supported by the effects on lamellipodia observed after
overexpression of EGFP-tagged SV1 in COS-7 cells (Crowley et al., 2009). In these cells,
filamin is displaced away from the plasma membrane, lamellipodia formation is suppressed,
and the SV1 interactor cortactin is redistributed with exogenous SV1 to other membrane
sites (Crowley et al., 2009). The loss of lamellipodia in the presence of excess supervillin
may be a dominant-negative effect because lamellipodia are retained in cells that co-
overexpress Trio with supervillin (Figure 3).

In addition to potential effects on the Trio-filamin interaction, high levels of supervillin may
alter the association between filamin and its binding partners (Nakamura et al., 2011). For
example, the supervillin interaction with IgFLN domains 8-10, which decrease HelLa cell
spreading (Smith et al., 2010), could affect the binding between IgFLN domains 10-13 and
the regulatory protein migfilin/FBLP-1 (Takafuta et al., 2003). The interaction of supervillin
with IgFLN domains 20 — 22 could influence filamin interactions with migfilin/FBLP-1 at
IgFLN domain 21 (Lad et al., 2008) or with the Racl GAP FilGAP at IgFLN domain 23
(Nakamura et al., 2009). In conjunction with the Racl-activation activity described here,
localized effects on Rac1-GAP activity could contribute to the spatiotemporal coordination
of Rac activation within lamellipodia (Machacek et al., 2009; Hinde et al., 2013).

Localized, potentially cyclic, control of Trio’s Racl-activating GEF-D1 and RhoA-
activating GEF-D2 activities could contribute to the oscillations observed in lamellipodial
protrusion and at podosome-type cell-substrate adhesions (Machacek et al., 2009; Deakin et
al., 2012; Hinde et al., 2013; van den Dries et al., 2013; Labernadie et al., 2014). Trio,
supervillin, myosin I1, filamin and cortactin are all implicated in the regulation of dynamic
cell-substrate interactions at focal adhesions, podosomes and invadopodia (Medley et al.,
2003; Sandquist et al., 2006; Takizawa et al., 2006; Zhou et al., 2006; Clark et al., 2007;
Alexander et al., 2008; Crowley et al., 2009; Bhuwania et al., 2012; Guiet et al., 2012;
Tomar et al., 2012; van den Dries et al., 2013; Moshfegh et al., 2014). Trio binds to focal
adhesion kinase and the LAR transmembrane protein tyrosine phosphatase (PTPRF) at focal
adhesions (Debant et al., 1996; Medley et al., 2003). Supervillin binds to the focal adhesion
proteins TRIP6 and LPP (Takizawa et al., 2006) and is recruited to podosomes and focal
adhesions by myosin Il activation (Kuo et al., 2011; Bhuwania et al., 2012). Increased
myosin |1 activation promoted by supervillin leads to disassembly of cell-substrate
adhesions (Takizawa et al., 2006; Bhuwania et al., 2012), and Trio-mediated increases in
Racl activity drive invadopodia disassembly (Moshfegh et al., 2014). Thus, RhoA-mediated
myosin 11 assembly could recruit a supervillin-Trio complex, followed by supervillin
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stimulation of Trio GEF-D1 activity and locally high Rac1-GTP levels that could facilitate
local actin reorganization. To complete Rho/Rac cycling during oscillatory force generation
(van den Dries et al., 2013; Labernadie et al., 2014), it has recently been shown that Abl
tyrosine kinase in dorsal ruffles phosphorylates Trio and activates RhoA-GTP loading by the
Trio GEF-D2 (Jin and Wang, 2007; Sonoshita et al., 2014). Therefore, our discovery of
supervillin-Trio-Racl cross-talk contributes to the evolving understanding of Rac/Rho
regulatory pathways during cell spreading.

MATERIALS AND METHODS

Antibodies and Reagents

Rabbit anti-Trio polyclonal antibodies (raised against spectrin repeats or Ig/kinase domain)
were generous gifts from Dr. Betty A. Eipper, University of Connecticut (Farmington, CT)
(McPherson et al., 2005). Rabbit polyclonal anti-supervillin (H340) has been described
previously (Nebl et al., 2002; Oh et al., 2003). The following mouse primary antibodies
were used: anti-Racl (Cytoskeleton, Denver, CO); anti-actin monoclonal (clone C4) and
anti-Rac1 (clone 23A8) (EMD-Millipore, Billerica, MA); monoclonal (6E2) anti-HA (Cell
Signaling Technology, Beverly, MA); anti-GST (Santa Cruz Biotechnology, Dallas, TX); a
mix of monoclonals (clones 7.1 and 13.1) to GFP (Roche Life Science, Indianapolis, IN);
and anti-Flag M2 monoclonal antibody (Sigma-Aldrich, St. Louis, MO). The following
rabbit primary antibodies were used: anti-RhoA monoclonal (Cytoskeleton); monoclonal
anti-Cdc42 (11A11), -Myc (clone 71D10), -GFP (D5.1 XP), and -Flag M2, and polyclonal
anti-His (Cell Signaling Technology). A C-terminally targeted goat anti-Trio polyclonal
antibody (C20) was from Santa Cruz Biotechnology. Secondary antibodies conjugated to
AlexaFluor 488 and 568, as well as Texas Red-X phalloidin, were from Life Technologies
(Grand Island, NY). Secondary goat anti-rabbit IR 680 and IR 800, goat anti-mouse IR 680
and IR 800, and donkey anti-goat IR 800 antibodies were purchased from Li-Cor (Lincoln,
NE). Secondary donkey anti-mouse, anti-rabbit, and anti-goat antibodies conjugated to HRP
were from Jackson ImmunoResearch (West Grove, PA). Glutathione-Sepharose 4B was
from GE Healthcare BioSciences (Piscataway, NJ), and the Trio-specific inhibitor ITX3 was
from Chembridge (San Diego, CA). Restriction enzymes were from New England Biolabs
(Beverly, MA), oligonucleotides were from Integrated DNA Technologies (Coralville, 1A)
and other chemicals were from Sigma-Aldrich.

Yeast Two-Hybrid Screen

The yeast two-hybrid screen was performed by Hybrigenics Services, S.A.S. (Paris, France),
as described previously (Spinazzola et al., 2015). Briefly, SV4-E345 was PCR-amplified
and cloned into pB27 as a C-terminal fusion to LexA and into pB66 as a C-terminal fusion
to Gal4 DNA-binding domain, and used as bait to screen for interacting sequences in a
random-primed human adult and fetal skeletal muscle cDNA library in pP6. Mating
approaches were used to generate and confirm candidate prey colonies (Fromont-Racine et
al., 1997).
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Plasmids encoding GFP-tagged human Trio residues 1 — 3038 (Trio “full length”), 1281 —
1609 (Trio-D1) and 1854 — 3038 (Trio C) were generously provided by Dr. J. D. van Buul
(University of Amsterdam, The Netherlands) (van Rijssel et al., 2012a). Plasmids encoding
HA-tagged Trio residues 1-3038 and 1-1559 (Trio 196) were gifts from Dr. Quintus G.
Medley (Pfizer, Boston, MA) (Medley et al., 2000). The pcDNA3.1-myc-Trio 771-1057
(Trio spectrin repeats 5-8) was kindly provided by Dr. Ira Pastan (NIH, Bethesda, MD) (Liu
et al., 2012). The plasmid encoding GST-tagged rat kalirin spectrin repeats 4—7 (amino acids
517-976) was generously supplied by Dr. Betty A. Eipper (Vishwanatha et al., 2012). The
GST-human Pak1-binding domain (GST-PBD) construct was a generous gift from Dr. Gary
Bokoch (The Scripps Research Institute, CA) (Benard and Bokoch, 2002). GST-rhotekin
binding domain (GST-RBD, plasmid 15247) was purchased from Addgene (Cambridge,
MA) (Ren et al., 1999).

We generated the plasmid encoding EGFP-tagged Trio 800-923 (spectrin repeats 6-7) by
digesting pcDNA3.1-myc-Trio 771-1057 with Xhol and BamHI and ligating the fragment
into the corresponding sites in pEGFP-C3 (Clontech Laboratories, Mountain View, CA). We
produced the plasmid encoding EGFP-Trio 850-923 by deleting a Bglll-digested fragment
from pEGFP-Trio 800-923. We generated pEGFP-Trio 923-1057 (spectrin repeats 7-8) by
digesting pcDNA3.1-myc-Trio 771-1057 with BamHI and cloning the fragment into BamHI-
digested pEGFP-C2 (Clontech Laboratories). EGFP-Trio 2673-3097 was generated by
deleting N-terminal sequences from EGFPC3-Trio C with Hindlll. The His-Trio-SR4-7
(6xHis-tagged Trio spectrin repeats 4-7, amino acids 565-1011) used for direct binding was
created through PCR using the primers listed in Table I. The resulting fragment was cloned
in-frame to the EcoRI and HindlIl sites in pET30a (EMD-Millipore) as described (Takizawa
et al., 2007), and verified by sequencing. The numbering for Trio amino acids shown here is
that used originally; older sequences begin with what is now accepted as Met-60. For the
Trio 771-1057, Trio 565-1011, and derived protein fragments, we use the numbering in the
more recent NCBI Reference Sequence (NP_990949.2).

The cDNAs encoding EGFP- and Flag-tagged human supervillin isoforms 1 and 4 were
generated by PCR and ligated into pEGFP-C2 between EcoRI and Xbal (Pope et al., 1998;
Fang and Luna, 2013). GST-SV4-E345 (aa 277-669) was a gift from Dr. Zhiyou Fang, and
generated by PCR with the primers listed in Table I. The PCR product was cloned into the
pCR2.1 TOPO-TA vector (Life Technologies), and the insert was transferred with EcoRI
and Sall into both pGEX-5X-1 (GE Healthcare Bio-Sciences) and pEGFP-C2 (Clontech
Laboratories) for bacterial and mammalian expression, respectively. PCR and subcloning
added a two-residue linker (AL) and resulted in an L517P point mutation, which was
subsequently repaired using the QuikChange site-directed mutagenesis kit (Agilent
Technologies, Santa Clara, CA, USA). GST-SV4-E34 (aa 277-449) was generated by
deleting an SV450-669 fragment from GST-SV4-E345 with Xhol. We made GST-SV4-E45
(aa 448-669) by digesting GST-SV4-E345 with Xhol and ligating the SVV448-669 fragment
into Xhol-digested pGEX-5X-1. GST-SV1-171, GST-SV171-342, GST-SV343-830, EGFP-
SV343-571, and both GFP tagged SV-1-174 constructs were described previously (Chen et
al., 2003; Smith et al., 2013).
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Fusion proteins and GST pulldown assays

Cell Culture

GST fusion proteins were produced and purified as described previously (Ren and Schwartz,
2000; Benard and Bokoch, 2002; Chen et al., 2003; Smith et al., 2010; Vishwanatha et al .,
2012). The GST-PBD and GST-RBD peptides were stored bound to the glutathione
Sepharose 4B (GE Healthcare Life Sciences) in 10% (v/v) glycerol at —80°C until use. HeLa
cells were transfected with myc- or GFP-tagged Trio fragments for 24 hours, washed twice
with ice-cold PBS, and extracted in ice-cold lysis buffer (25 mM Tris, 150 mM NacCl, 10
mM MgCl,, 2 mM EDTA, 0.02% SDS, 0.2% deoxycholate, 1% Igepal CA-630, 1 mM 4-(2-
aminoethyl)-benzenesulfonyl fluoride, 10 pg/ml leupeptin, 10 pg/ml aprotinin, pH 7.5).
Lysates were mixed with GST or GST-fusions for 2 h at 4°C, and bound proteins were
recovered by sedimentation of the glutathione-Sepharose beads. The beads were rinsed 4
times with ice-cold wash buffer A (25mM Tris, pH 7.5, 40 mM NaCl, 30 mM MgCl,), and
the bound proteins were eluted by 2x Laemmli sample buffer (Laemmli, 1970) before being
resolved by SDS-PAGE.

For binding experiments with His-tagged Trio spectrin repeats 4—7 (His-Trio-SR 4-7), the
recombinant protein was produced in Rosetta BL21 cells (EMD-Millipore Biosciences) and
purified as described previously (Takizawa et al., 2003). Briefly, the cleared bacterial lysate
was incubated with 1 ml slurry volume of NiNTA agarose (Qiagen, Valencia, CA) for 2 h at
4°C and transferred to a 10ml poly-prep chromatography column (BioRad, Hercules, CA).
The beads were washed five times with 10 ml of wash buffer B (10 mM phosphate buffer,
pH 7.5, 60 mM NaCl, 2% glycerol, 0.01% DTT) with 20 mM imidazole. Five 1-ml fractions
were eluted using wash buffer B containing 250 mM imidazole and stored at —80°C.
Previously frozen GST and GST-supervillin fusion proteins were thawed and approximate
molar equivalents were diluted to 200 pl in MOPS buffer (20 mM MOPS, 60 mM KCI,
1mM DTT, 0.1 mM EGTA). The GST proteins were then pre-bound to 50 ul (slurry
volume) of MOPS buffer-rinsed glutathione Sepharose 4B beads by incubation at 4°C for 1
hour before collection and removal of the buffer by aspiration. The thawed recombinant His-
Trio-4-7 solution was modified to contain 90 mM NaCl, 2 mM DTT, 10 mg/ml BSA, and
1% Tween-20 and clarified by centrifugation at 15,000 x g for 15 minutes. The supernatant
was transferred to a fresh tube and 100 pl aliquots were added to the GST or GST-
supervillin Sepharose beads, and incubated for 1.5 hours at 4°C with rotation. The beads
were collected by centrifugation, and the supernatants saved as the unbound fractions. Beads
were washed five times with 500 pl of 0.5x TBST (83.5 mM NaCl, 5 mM Tris, 0.025%
Tween-20, pH 7.5); at the second wash, the bead slurry was moved to a fresh tube. Bound
fractions were eluted with 100 pl of 1x Laemmli sample buffer (Laemmli, 1970).

and Transfection

HelLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM-HG with sodium
pyruvate, Life Technologies) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS), 300 pg/ml L-glutamine, and 100 U/ml penicillin and streptomycin at 37°C and
5% CO». Transient transfections were performed using Lipofectamine 2000 (Life
Technologies) according to the manufacturers’ instructions. Control and stable Trio
knockdown HeLa SilenciX cells (tebu-bio, Peterborough, United Kingdom) were kindly
provided by Dr. J. D. van Buul (University of Amsterdam, The Netherlands). These cells
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were cultured in Iscove’s modified Dulbecco’s medium (IMDM, Life Technologies)
supplemented with 10% (v/v) heat-inactivated fetal calf serum, 1% glutamine and and 100
U/ml penicillin and streptomycin (van Rijssel et al., 2012b). For transient knock down of
supervillin and Trio, HeLa cells were transfected for 2 days with Stealth dSRNAs and
Lipofectamine RNAIMAX (Life Technologies) as described previously (Smith et al., 2010;
Fang and Luna, 2013; Smith et al., 2013). All Stealth dsRNA (Life Technologies) sequences
are listed in Table 1. The first supervillin dsSRNA (SVKD1) targeted a 3’-UTR sequence,
beginning with nucleotide 6016 (Smith et al., 2010). The second and third supervillin
dsRNAs (SVKD2 and SVKD3) were designed against coding exon 16, starting with
nucleotides 2468 and 2473, respectively (Smith et al., 2010; Fang and Luna, 2013). The two
Trio dsRNAs (TrioKD1 and TrioKD2) were targeted to separate sequences in the C-
terminus, and a scrambled sequence was used as Control.

RhoA, Cdc42 and Rac1l Activation Assay

GTP loading assays were carried out as described (Ren and Schwartz, 2000; Benard and
Bokoch, 2002). Briefly, HeLa cells were extracted in lysis buffer (25 mM Tris, 150 mM,
NaCl, 10 mM MgCls, 1 % Igepal CA-630, 5% glycerol, 10 pg/ml leupeptin, 10 ug/ml
aprotinin, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 1 mM NazVQy, 20 mM NaF,
pH 7.5) at 4°C and centrifuged for 10 min at 14,000 x g. Supernatants were immediately
flash frozen in aliquots and stored at —80°C until assay. Aliquots were thawed at room
temperature and incubated with GST- RBD or GST-PBD pre-bound to glutathione—
Sepharose beads for 1 h at 4°C. GST-peptide beads were centrifuged, washed three times in
washing buffer A (25 mM Tris, 40 mM NaCl, 30 mM MgCl,, 10 ug/ml leupeptin, 10 pg/ml
aprotinin, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, pH 7.5), boiled in 1x Laemmli
sample buffer, and resolved by SDS-PAGE.

Immunoblot Analyses

Full-length Trio was assayed using 4-8% gradient SDS-PAGE; 10 or 12% gels were used
for lower molecular mass proteins. The Odyssey Infrared Imaging system (Li-Cor Inc.) was
used for detection and analysis of signals in GTP loading and the Trio pull down assays.
Resolved proteins were transferred to 0.25 um nitrocellulose membranes and blocked with
Odyssey blocking buffer (both from Li-Cor Inc.), before overnight incubation with primary
antibodies. Protein sizes were estimated using Full-Range Rainbow Molecular Weight
Markers (GE Healthcare Life Sciences). Band intensities were quantified using the Odyssey
Software after subtracting the calculated average background value and multiplying by the
area of the band. The resulting active G-protein values for each experiment were first ratioed
to the amount of total G-protein in the sample, and then normalized to the control value.
Statistics were calculated using InStat 3 software (GraphPad Software, Inc., La Jolla, CA).

Direct binding assays and co-sedimentations of EGFP-tagged supervillin constructs with
GST-kalirin were resolved on 12% SDS-PAGE gels, transferred to 0.45 pm nitrocellulose
(Whatman GmBH, Dassel, Germany), and probed with rabbit anti-His (1:1000) or rabbit-
anti GFP (1:1000), respectively. The blots were developed by chemiluminescence with
either SuperSignal West-Pico or -Femto reagents (Thermo Scientific, Rockford, IL) and
imaged using a BioRad Gel Doc Molecular Imager and Image Lab 4.1 software (BioRad).
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Cell-spreading Assay

The cell-spreading assays were performed as described previously (Smith et al., 2010).
Briefly, HeLa cells were transfected for 24 hours, trypsinized for passaging and plated onto
fibronectin-coated coverslips. Cells were allowed to settle and spread for 30 minutes before
being fixed with 4% paraformaldehyde and stained for tagged protein and phalloidin.

For the spreading experiments requiring knockdown of both supervillin and Trio, HeLa cells
in antibiotic-free medium were reverse transfected in 6 well dishes with 10 nM each of two
dsRNAs (see Table 1), for a total of 20 nM dsRNA per well, or 20 nM total for Control only.
After incubation for 48 hours, cells were either lifted with trypsin and plated on fibronectin-
coated coverslips for 30 minutes as above, or harvested using RIPA buffer (150 mM NaCl,
50 mM Tris pH 7.5, 1.0 % Igepal CA-630, 0.5% deoxycholic acid, 0.1% SDS) and analyzed
on 5-15% SDS-PAGE gels (Laemmli, 1970) to assess knockdown efficiencies as described
previously (Smith et al., 2013). Cells were also allowed to spread for > 1 hour to assess
assay viability. Immunoblots were separated below the 76 kDa molecular weight marker and
probed for supervillin (1:1000) and actin (1:2000), followed by probing for Trio (C20,
1:500). Immunoblots were imaged and analyzed on a BioRad Gel Doc Molecular Imager
using Image Lab 4.1 software (BioRad), and relative protein amounts were calculated using
the Volume Tools with local background subtraction and Microsoft Excel (Redmond, WA)
software.

Immunofluorescence Microscopy

Cells were plated, fixed, and stained as previously described (Chen et al., 2003; Smith et al .,
2010Takizawa, 2006 #40). Briefly, cells were plated on glass cover slips overnight,
transfected for 24—48 hours, rinsed in 1x PBS, fixed in 4% formaldehyde in PBS for 10 min,
and permeabilized with 0.1% Triton X-100 in PBS for 5 min before staining. In some
experiments, cells were permeabilized for 5 min at 0°C with 0.1% Triton X-100 in a
cytoskeleton stabilizing buffer (50 mM NaCl, 3 mM MgCl,, 30 mM sucrose, 10 mM PIPES,
pH 6.8) (Adams et al., 1996) before washing with PBS and fixation with 4% para-
formaldehyde. Cells were incubated with anti-Flag (1:800) and anti-HA (1:100) antibodies,
and subsequently stained with fluorescently labeled secondary antibodies. Wide field images
for Figure 3 were obtained on a Axioskop fluorescent microscope using a 100X (NA 1.3)
Plan-NeoFluor oil immersion objective (Carl Zeiss Microscopy, LLC, Thornwood, NY), a
RETIGA 1300 CCD camera (QImaging, Surrey, BC, Canada), and OpenLab 3.5.2 software
(Improvision, Waltham, MA). Cells in Figure 4 were imaged in the UMASS Cell &
Developmental Biology Three-Dimensional Microscopy Laboratory using a 63X (NA 1.4)
HCX PL APO CS oil immersion objective with a 1.4X zoom on a Leica SP5 (II) AOBS
laser scanning confocal microscope (Leica Microsystems, Exton, PA). Image stacks were
obtained sequentially using laser lines at 405 nm and 488 nm. Optical sections of 0.25 nm
were acquired for the basal ~2 um of each cell, and maximum point projection images were
generated using Leica Confocal Software (Leica Microsystems). For the spreading
experiments, micrographs of 15 random fields were taken from each of 2 coverslips per
condition per experiment on a Leica DMI 6000B using Leica Application Suite Advanced
Fluorescence 3.2.0.9652 software and a HCX PL Fluotar 40X/0.60 corrected lens. Cells
were scored as spread if they were more than twice the width of an unspread cell in any
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linear direction (> 40 pm), as visualized by Texas Red-X phalloidin stain (Life
Technologies). Means, standard deviations, and ANOVA results were all calculated using
InStat 3 (GraphPad Software, Inc.). Images were assembled and labeled using Adobe
Photoshop software (Adobe Systems Inc., San Jose, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Supervillin knockdown decreases GTP loading of Racl, but not Cdc42 or RhoA
HelLa CCL-2 cervical adenocarcinoma cells were transfected with control or supervillin-

specific dsSRNAs for 2 days, and lysates were assayed for the relative amounts of GTP-
loaded (activated) (A, B) Racl, (C, D) Cdc42, and (E, F) RhoA. (G, H) HeLa cells that had
been treated with dSRNAs to control or supervillin dsSRNAs were allowed to recover
expression of supervillin isoforms 1 (SV1) and 4 (SV4) before assay for GTP-Racl levels.
(A, C,E, G) Means £ s.e.m., N = 4. * P <0.05; ** P < 0.01, as assessed using a one-way
analysis of variance assay (ANOVA). (B, D, F, H) Representative immunoblots of active
(GTP-bound) and total Racl, Cdc42, and RhoA.
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Figure 2. GTP loading (activation) of Racl increases after overexpression of supervillin,
especially isoform 4 (SV4)
(A) Schematics of the differentially spliced full-length (FL) SV1 and SV4 proteins and

protein fragments. SV4 (2183 amino acids, ~245 kDa) contains an additional 393 amino
acids (E345, residues 276—669), as compared with SV1 (1788 amino acids, ~201 kDa)
(Fang et al., 2010). (B) Quantification of values normalized to those for cells expressing
EGFP alone and (C) representative immunoblots of GTP-Rac1 from HelLa cells expressing
EGFP or EGFP-SV1 for 2 days. Means + SEM; N = 3; *, P = 0.019 (two-tailed Student t-
test). (D) Quantification of normalized values and (E) representative immunoblots of GTP-
Racl from HeLa cells expressing EGFP or EGFP-SV4. Transfected cells were incubated
with either the carrier (DMSO) or 50 uM ITX3 for 1 h before lysis and GST-PBD
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pulldowns. Levels in each experiment were normalized to those for DMSO-treated cells
expressing EGFP. Means £ SEM; N = 5; ns, not significant; P: * < 0.05; *** < 0.001
(ANOVA).
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Flag-SV4

HA-Rac1
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Figure 3. Co-localization of Trio, SV4, and Racl at lamellipodia
HelLa cells were transfected with Flag-tagged SV4 (A, E), HA-Racl (B, F) and either

EGFP-Trio-1-3038 (C) or EGFP (G). Flag-SV4 is red, HA-Racl is blue, and EGFP-Trio
and EGFP appear in green in the merged images (D, H). Cells were fixed before detergent
permeabilization. Cells expressing EGFP-Trio-1-3038 are larger, with extensive
lamellipodia containing all three proteins (E-H, arrowheads). Bar, 20 pm.
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Figure 4. Supervillin co-localization with Trio in HeLa cells fixed before and after detergent
permeabilization

Hela cells co-expressing Flag-tagged SV4 (A-C, C’, G-L, L) or SV1 (D-F, F/, M-O, O)
with HA-tagged Trio (Trio 1-3038) (A-1") or the Trio N-terminus (Trio 1-1559) (J-O’) were
fixed with 4% paraformaldehyde. (A—F’) Cells fixed before detergent permeabilization; (G-
O’) cells permeabilized prior to fixation, as described in Methods. Supervillin isoforms
appear green, Trio signals appear magenta, and areas of co-localization appear white in
merged images (C, F, I, L, O). Areas of signal overlap include membrane ruffles
(arrowheads), cell surface extensions (G-I", double arrows), cytoplasmic punctae (J-L’,
arrow) and supervillin-induced nuclear bundles (J-L’, arrow); bar, 20 um. Outlined areas
are shown as five-fold enlargements (C’, F/, I/, L/, O); bar, 5 um.
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Figure 5. The Trio and kalirin N-termini both interact with the SV4-specific sequence, SV4-
E345; Trio contains a second binding site for N-terminal residues common to both SV1 and SV4

(A) Domain structure of Trio constructs used in this study. Full-length Trio (Trio FL, ~342
kDa) contains a Sec14 homology domain (aa 8-145), followed by nine spectrin repeats (aa
161-1187), tandem DH-PH-SH3 domain combinations with GEF activity for Racl (aa
1234-1533) and RhoA (aa 1911-2213), an immunoglobulin (Ig)-like domain (aa 2626—
2717) and a catalytic kinase domain (aa 2737-2979) (Debant et al., 1996; Medley et al.,
2000). Brackets in the first line indicate the location of the Trio prey sequence recovered in a
yeast two-hybrid screen, using SV4-E345 (SV4 residues 276 — 669) as bait. *The numbering
for Trio amino acids is that used in the literature; Trio 771-1057, Trio 1281-1609, Trio
2673-3097 and smaller fragments correspond to the current NCBI Reference Sequence
(NP_990949.2) (Liu et al., 2012), whereas the larger constructs begin at Met-60 in this
sequence. (B) Immunoblots of pull down assays with HA-tagged Trio FL and GST-tagged
SV4-E345 and SV1-171. (C, D) Immunoblots showing the interactions between myc-Trio
771-1057 and GST-tagged sequences unique to SV4 (SV4-E345; SV4-E34, amino acids
276-449; SV4-E45, amino acids 448 — 669) and GST-tagged SV1 sequences (SV1-174,
SV171-342, SV343-830). (E) Immunoblots of GFP-tagged Trio N-terminal protein
fragments from (A) and GST-tagged SV4-E345 and SV1-174, the N-terminus of both SV1
and SV4. Immunoblots showing the corresponding amounts of column-bound GST proteins
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are shown in Supplemental Figure S1A. (F) Immunoblots of purified recombinant His-
tagged Trio spectrin repeats 4—7 (His-Trio-SR 4-7; amino acids 565-1011) show direct
binding to GST-SV1-171 and GST-SV4-345, but not to GST alone. (G) Immunoblots of
pull down assays with GFP-tagged SV4-E345 or SV1-171 and GST-tagged rat kalirin
spectrin repeats 4-7 (GST-Kaln-SR 4-7; amino acids 517 — 976) or GST alone. Locations of
molecular mass markers, in kDa, are indicated to the right in panels in B-G.
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Figure 6. Trio is required for supervillin-dependent effects on Racl activation
(A)Quantification and (B) representative immunoblots of GTP-Rac1 from control HelLa

SilenciX cells after a 24-h transfection with EGFP or EGFP-tagged Trio-binding sequences
in supervillin, as shown. Activated Racl levels were normalized to those for cells expressing
EGFP alone. Means £ s.d.; N =6. *, P <0.05; **, P <0.01; ***, P < 0.001 (ANOVA). (C)
Immunoblots showing the ~70% reduction in Trio levels in TRIO HeLa SilenciX cells (Trio
KD) and unchanged supervillin (SV) levels; actin used as loading control. (D)
Quantification and (E) representative immunoblots of GTP-Racl from Trio KD cells after a
24-h transfection with EGFP, EGFP-SV1-174, and/or EGFP-SV4-E345 constructs. Levels
were normalized to those for cells expressing EGFP alone. Means £ s.d.; N = 4. (F)
Quantification of GTP-Racl loading in Trio KD cells treated for 2d with control (Con) or
supervillin-specific dsSRNAs (SVKD1, SVKD2). Means +s.d.; N = 3.
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Figure 7. Inhibition of cell spreading by Trio 771-1057
(A) Percentages of transfected cells that were spread 30 minutes after plating onto

fibronectin-coated coverslips. HelLa cells were transfected with plasmids encoding either
myc (Control), myc-Trio-771-1057, EGFP, EGFP-Trio-800-923, EGFP-Trio-850-923, or
EGFP-Trio-2673-3097. “Spread” cells were defined as cells with longest dimensions > 40
um, which is twice the mean diameter of the initially plated cells (Smith et al., 2010). Means
+ s.d. of three experiments; N >150 cells counted per condition in each experiment. **, P <
0.01 (ANOVA). (B-F) Representative fields of cells counted for panel A. Cells expressing
tagged proteins, shown in green, are indicated with arrowheads. F-actin stained with
phalloidin shown in magenta, with overlaps appearing white. Bar, 40 um.
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Figure 8. Inhibition of cell spreading by knockdown of supervillin and Trio
(A) Immunoblots showing knockdown of Trio and the supervillin isoforms SV4 and SV1.

Actin was used as loading control. Locations of molecular mass markers, in kDa, are
indicated to the right for supervillin and actin blots; the estimated kDa is shown for Trio.
Levels of Trio, SV4 and SV1 were normalized to the amounts in cells treated with control
dsRNA (lane 1) for each experiment (N = 3); the mean fold increase or decrease is shown
for each experimental condition. Lane 2, Control + SVKD3; lane 3, Control + SVKD1; lane
4, Control + TrioKD1,; lane 5, Control + TrioKD2; lane 6, SVKD3 + TrioKD1; lane
7,SVKD3 + TrioKD2; lane 8, SVKD1 + TrioKD1; lane 9, SVKD1 + TrioKD2. (B)
Percentages of cells treated with dsSRNAs, as shown in panel A, that were spread 30 minutes
after plating onto fibronectin-coated coverslips. Cells were treated with dSRNAs for 48
hours before being lifted for assay; only single cells unattached to others were scored.
Quantification of the percentage of spread transfected cells assayed as described in Figure 6.
Means + s.d. of three to five experiments; N > 95 cells counted per condition in each
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experiment. ***, P < 0.001 (ANOVA). (C) Representative fields of phalloidin-stained cells
counted for panel B. Control (a), Control + SVKD3 (b), Control + SVKDL1 (c), Control +
TrioKD1 (d), Control + TrioKD2 (e), SVKD3 + TrioKD1 (f), SVKD3 + TrioKD2 (g),
SVKD1 + TrioKD1 (h), SVKD1 + TrioKD2 (i). Cells considered to be spread are indicated
with arrowheads. Bar, 40 um.
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Primers and dsRNAs.

Name Sequence

PCR primers:
SV4-345-F 5-TACAGGGAAACCCAAACATG
SV4-345-R 5-GTCGACCTAATCCGATTCCTTTCGTTC

EcoRI-Trio565F

HindllI-Trio1101R
dsRNAs:

Control

SVKD1

SVKD2

SVKD3

TrioKD1

TrioKD2

5-GAATTCAGGCTGCAGCTGTGTGTTTTCCAGCAG
5-AAGCTTGTTGACGAGCTTGAGGCGATCTTCCATC

5-GAACUAUGAAGGACCACCAGAGAUA
5-GCGAAUCAACCUUUCUACCUUAAUA
5-CCCCUGGAAGAUAUCGAAGCCAGAC
5-GAAGAUAUCGAAGCCAGACCAGAUA
5-GCUUAGACUUUAGCUUCCCAGAUGA
5-AAGAACUUCUGGAUAGGUCAAACUC

PCR primers and Stealth dsSRNAs used. Underlined bases indicate embedded restriction sites.
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