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Arfl and Arfé Promote Ventral Actin Structures formed by acute
Activation of Protein Kinase C and Src
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Abstract

Arf proteins regulate membrane traffic and organelle structure. Although Arf6 is known to initiate
actin-based changes in cell surface architecture, Arfl may also function at the plasma membrane.
Here we show that acute activation of protein kinase C (PKC) induced by the phorbol ester PMA
led to the formation of motile actin structures on the ventral surface of Beas-2b cells, a lung
bronchial epithelial cell line. Ventral actin structures also formed in PMA-treated HelL a cells that
had elevated levels of Arf activation. For both cell types, formation of the ventral actin structures
was enhanced by expression of active forms of either Arfl or Arf6, and by the expression of
guanine nucleotide exchange factors that activate these Arfs. By contrast, formation of these
structures was blocked by inhibitors of PKC and Src, and required phosphatidylinositol 4, 5-
bisphosphate, Rac, Arf6 and Arfl. Furthermore, expression of ASAP1, an Arfl GTPase activating
protein (GAP) was more effective at inhibiting the ventral actin structures than was ACAP1, an
Arf6 GAP. This study adds to the expanding role for Arfl in the periphery and identifies a
requirement for Arfl, a “Golgi Arf”, in the reorganization of the cortical actin cytoskeleton on
ventral surfaces, against the substratum.

Introduction

Cell behavior is influenced by environmental stimuli including cellular interaction with
other cells and with the extracellular matrix. Epithelial cells organize into polarized layers,
with cells joined together at the apical surface by adherens junctions and their basolateral
surfaces exposed to the underlying matrix. During development, wound healing and tumor
metastasis, cells in an epithelium undergo an epithelial to mesenchymal transition enabling
cells to break away from their neighbors and rearrange their cell surface and underlying
actin cytoskeleton to facilitate cell migration. Understanding how cells accomplish and
regulate this dramatic change in cytoarchitecture is the focus of much research in cell and
developmental biology. Although members of the Rho family of GTP-binding proteins are
important for this process [Heasman and Ridley 2008], increasing evidence supports roles
for Arf GTP-binding proteins in regulating the membrane traffic and membrane structure
needed to support these events [D'SouzaSchorey and Chavrier 2006; Donaldson and Jackson
2011].
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Arf6 regulates membrane traffic and influences the cortical actin cytoskeleton in the cell
periphery. In HelLa cells, Arf6 is present at the plasma membrane (PM) and on endosomal
membranes that are derived from clathrin-independent endocytosis (CIE). The CIE
endosomal membrane system is distinct from yet intersects with endosomal membranes
derived from clathrin-mediated endocytosis [Grant and Donaldson 2009]. A cycle of
inactivation and activation of Arf6 is necessary for maturation of intracellular compartments
containing internalized membranes and for their recycling back to the plasma membrane,
respectively [Donaldson et al. 2009]. The recycled membrane contains integrins [Powelka et
al. 2004] and other cell adhesion molecules [Eyster et al. 2009; Zimmermann et al. 2005],
and is important for cell adhesion, cell spreading and wound healing [D'Souza-Schorey and
Chavrier 2006]. Arf6-GTP can activate phosphatidylinositol 4-phosphate 5-kinase (PI1P5-
kinase) to generate phosphatidylinositol 4,5-bisphosphate (PIP,) [Aikawa and Martin 2003;
Brown et al. 2001; Honda et al. 1999], phospholipase D (PLD) to generate phosphatidic acid
(PA) [Brown et al. 1993; Cockcroft et al. 1994], and interact with Rac guanine nucleotide
exchange factors (GEFs) [Koo et al. 2007; Santy et al. 2005] to activate Rac, allowing Arf6é
to influence the cell architecture at the PM. The generation of PIP, and activation of Rac can
facilitate the formation of PM ruffles and protrusions. Additionally, cells expressing active
Arf6 can polymerize actin on endosomal membranes leading to vesicle motility [Schafer et
al. 2000]. These combined activities of Arf6 are important for the wide range of functions
ascribed to Arf6 including cell adhesion [Palacios et al. 2001], cell spreading
[Balasubramanian et al. 2007; Song et al. 1998], neurite outgrowth [Hernandez-Deviez et al.
2002; Hernandez-Deviez et al. 2004], podosome formation [Svensson et al. 2008], invasion
[Hashimoto et al. 2004; Tague et al. 2004], migration [Santy and Casanova 2001], and
metastasis [Sabe et al. 2009]. Although Arf6 is ubiquitously expressed, it is not abundant,
raising the possibility that other Arf proteins might augment Arf6 activities.

Arfs 1-5 reversibly associate with the Golgi complex and dissociate into the cytosol in
response to GTP-binding and GTP hydrolysis, respectively. At the Golgi, these Arfs regulate
membrane trafficking within the ER-Golgi system and maintain the structure of the Golgi
complex. In most cells, Arfl is the most abundant Arf and is thought responsible for the
recruitment of the coat proteins COPI to the early Golgi and clathrin adaptor proteins AP1,
AP3, AP4 and the GGAs to the trans Golgi network [Donaldson et al. 2005]. Additionally,
Arfl can recruit and activate Pl 4-kinase at the Golgi [Godi et al. 1999] and it has been
shown to activate phospholipase D on Golgi membranes [Ktistakis et al. 1995]. Since Golgi-
associated Arfs are released into the cytosol when in the GDP-bound form, they could
potentially become activated at other cellular locations. In fact, it has been shown that Arfl
can activate PLD at the plasma membrane in human myeloid cells [Whatmore et al. 1996].
Recently, several studies have caused a shift in the paradigm of Arfs 1-5 working
exclusively at the Golgi and Arf6 acting as the sole Arf functioning at the PM. Arfl has
been implicated in endocytosis of activated G protein-coupled recetors [Boulay et al. 2008;
Daher et al. 2010] and of GPI-anchored proteins in some cells [Kumari and Mayor 2008].
Active Arf6 has been shown to lead to activation of Arfl in the periphery [Cohen et al.
2007]. Sequential involvement of Arf6 and then Arfl is observed during Fc-mediated
phagocytosis [Beemiller et al. 2006]. We propose that some of the peripheral actin
reorganization activities attributed to Arf6 might involve Arfl.
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Arf6 has been implicated in the formation of podosomes and invadopodia [Svensson et al.
2008; Tague et al. 2004], specialized actin-based structures formed at the ventral surface of
cells [Albiges-Rizo et al. 2009; Caldieri and Buccione 2010]. These structures form in
various cell types and act as adhesion sites and sites for degradation of the extracellular
matrix [Block et al. 2008]. The non-receptor tyrosine kinase Src plays a key role in
regulating the formation of podosomes and invadapodia [Gavazzi et al. 1989]. Beas-2b cells,
a lung epithelial cell line, form ventral, podosome-like structures after treatment with
phorbol 12-myristate 13-acetate (PMA) [Xiao et al. 2009], a tumor promoter and known
activator of protein kinase C and Src. Here we examine the role of Arf proteins in formation
of these PMA-induced ventral actin structures in the Beas-2b and HeLa cells. We find that
Arfl, known primarily as a “Golgi Arf” and, to a lesser extent, Arf6 are required for the
formation of the ventral actin structures in both cell types, demonstrating that Arfl can
mediate actin reorganization at the plasma membrane.

Beas-2b cells form PMA-stimulated ventral actin structures in an Arf-dependent manner

Beas-2b cells, immortalized human bronchial epithelial cells, are reported to form ventral,
podosome-like structures after treatment with phorbol esters [Xiao et al. 2009]. In order to
examine whether Arf proteins were involved in cortical actin structures, we incubated
Beas-2b cells with PMA and observed that the cells, which normally exhibit extensive actin
stress fibers, formed large ventral actin structures upon PMA treatment (Fig. 1A). We
hypothesized that since Arf6 has a role in actin reorganization at the plasma membrane,
expression of constitutively active forms of Arf6é may augment the basal level of activity
present in this cell type. We found that expressing Arf6Q67L caused more PMA-treated
cells to exhibit ventral actin structures (80% of cells compared to 42% of control cells) and
the structures formed were more numerous (Fig. 1B) than those formed in untransfected
cells (Fig. 1A) (see also Fig. S1 in Supplementary Materials). Remarkably, expression of
activated Arfl, Arf1Q71L, also increased the percentage of cells making ventral actin
structures, to 75% (Fig. 1C) and the structures were more numerous than in control cells
(Fig. S1 in Supplementary Materials) but expression of a constitutively active form of Arf5
did not (unpublished observations). We also found that we could localize endogenous Arfl
and Arf6 to the ventral actin structures formed in PMA-treated Beas-2b cells (Fig. S2 in
Supplementary Materials). It was notable in particular that endogenous Arfl could be
localized to the ventral actin structures (arrowhead) over its cytosolic distribution. Arf6, on
the other hand, is present all along the cell surface and is only weakly enhanced on the
ventral structures. Thus, in Beas-2b cells, the ability to form ventral actin structures in
response to PMA is sensitive to the level of active Arfl and Arf6 present in the cell.

To examine these PMA-induced ventral actin structures more closely using live cell
imaging, we expressed LifeAct-RFP to label the actin and the GFP-tagged membrane
marker (Mem-GFP), which we have previously used to mark the plasma membrane and
endosomes associated with Arf6 and clathrin-independent endocytosis [Brown et al. 2001;
Porat-Shliom et al. 2008]. Upon PMA addition, arcs of actin appeared on the ventral surface
while stress fibers were diminished. The membrane marker, Mem-GFP, was not
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concentrated with these actin structures; instead, it was evenly distributed along the ventral
cell surface (Fig.1D and Moviel in Supplementary Materials). Although actin accumulated
along the ventral surface, there was no membrane fold or ruffle. These actin structures thus
resembled ventral actin waves, first described in Dictyostelium where their formation and
propagation has been linked to formation of phagocytic cups [Bretschneider et al. 2004].
More recently these actin waves have been observed in mast cells as either “standing” or
“traveling” waves [Wu et al. 2013] and in some cells to be coupled to cycles of integrin
engagement and detachment [Case and Waterman 2011].

We also examined Beas-2b cells expressing Arf6Q67L or Arf1Q71L in live cell imaging
experiments. Cells expressing Arf6Q67L and Lifeact-RFP to visualize actin were imaged
before and after PMA treatment. Expression of Arf6 Q67L was confirmed by co-expressing
Mem-GFP, which marked the vacuole structures typical of Arf6 Q67L expression. LifeAct-
RFP was seen in small actin polymerization foci at the ends of stress fibers prior to PMA
treatment. After PMA was added (Fig. 1E, arrow) these small activities grew, and pushed
radially out from their center. These structures were circular, and they grew outward away
from their center (Fig.1E and Movie 2 in Supplementary Materials). Similar to Arf6Q67L,
cells expressing ArfLQ71L-RFP and actin-GFP have increased nascent actin polymerization
activities mostly near the ends of stress fibers and when treated with PMA these structures
stabilized and grew, and numerous new structures formed (Fig. 1F and Movie 3 in
Supplementary Materials). Notably, Arf1Q71L-RFP itself was recruited to the PM, and the
membrane surrounding the actin structure when the Beas-2b cells were treated with PMA
(Fig. 1F and Movie 3 in Supplementary Materials). The ventral actin structures that formed
with either Arf6Q67L or Arf1Q71L were more numerous (see Fig. S1 in Supplementary
Materials) and less dynamic than those formed in Beas-2b cells alone (Fig. 1D and Movie 1
in Supplementary Materials), likely reflecting the fact that these constitutively active Arfs
were not normally cycling through GTP- and GDP-bound forms.

PKC and Src are required for PMA induced ventral ruffles

Phorbol esters activate PKC, which has been shown to lead to activation of Src in a number
of cases [Brandt et al. 2003; Tatin et al. 2006.] To test whether PKC activity was required
for ventral ruffle formation, we treated Beas-2b cells with PMA and the PKC inhibitor,
GF109203x. The presence of the inhibitor during PMA treatment completely blocked
ventral ruffle formation (Fig. 2A and B). These findings are consistent with others that
showed PKC involvement in podosome formation upon phorbol ester treatment in human
vascular endothelial [Tatin et al. 2006] and in Beas-2b [Xiao et al. 2010] cells.

Next, we checked whether the activity of Src or other Src family kinases were required for
this response. Src family members phosphorylate and modulate the function of many
proteins involved in regulating focal adhesions and particularly the linkage between focal
adhesion structures and the actin cytoskeleton [Albiges-Rizo et al. 2009]. To determine if
Src is involved in regulating the formation of PMA-induced ventral structures, we treated
cells with PMA and the Src inhibitor PP2 and observed inhibition of ventral ruffle
formation, while treatment with the related, but inactive, compound PP3 had no effect on
ventral ruffle formation (Fig. 2A and B).
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Ventral actin structures are blocked by inhibitors of Rac, Arfl and Arf6 but not by BFA

Activated Arf6 leads to activation of Racl [Koo et al. 2007; Santy et al. 2005] and PIP5-
kinase [Aikawa and Martin 2003; Brown et al. 2001; Honda et al. 1999]. Since many PM
cortical actin rearrangements depend upon the activities of Rac [Boshans et al. 2000; Koo et
al. 2007; Santy and Casanova 2001] and also the activities of PIP5-kinase to generate PIP,
[Aikawa and Martin 2003; Brown et al. 2001], we examined whether inhibition of Rac or
loss of PIP, would block the PMA stimulation of ventral actin structures. Expression of
dominant negative Rac (RacT31N) or a 5-phosphatase, which depletes cells of PIP,, blocked
the formation of ventral actin structures (Fig. 2C and D). In addition, expression of either
Arf6T27N or ArfAT31N blocked ventral actin structures (Fig. 2C and D). Since the
expression of ArfLT31N leads to the disassembly of the Golgi complex and an impairment
in function of the secretory pathway over 24 h [Dascher and Balch 1994], we also treated
cells for short periods with brefeldin A (BFA), which blocks activation of Arf proteins by
BFA-sensitive GEFs at the Golgi [Donaldson and Jackson 2011]. Remarkably, cells treated
with BFA, which disrupted Golgi structure as evidenced by GM130 distribution, still formed
ventral actin structures upon PMA stimulation (Fig. 2E), demonstrating that this role for
Arfl in the periphery is likely due to a BFA-insensitive peripheral GEF.

We next decided to examine whether expression of BFA-insensitive GEFs would increase
the percentage of cells exhibiting ventral actin structures similar to what we observed upon
expression of active forms of Arfl and Arf6. EFAG is an Arf GEF that localizes to the cell
surface and primarily activates Arf6 [Brown et al. 2001; Cohen et al. 2007; Franco et al.
1999; Macia et al. 2001]. Expression of EFAG led to a greater than 2-fold increase in the
proportion of cells making the ventral actin structures (Fig. 3A and B). ARNO is another
BFA-resistant Arf GEF, which can activate either Arf6 or Arfl to varying degrees
depending upon the assay and cellular context [Cohen et al. 2007; Santy et al. 2001]. ARNO
family members (which also include Cytohesin and Grpl) are cytosolic GEFs that are
recruited to membranes through their pleckstrin homology (PH) domains [Casanova 2007].
The PH domains bind to PIP, or phosphatidylinositol 3,4,5-trisphosphate (P1P3) depending
upon splice variants determined by the presence of 3 glycine or 2 glycine residues in the PIP
binding pocket, respectively [Klarlund et al. 2000]. Remarkably, we found that expression
of ARNO-3G (the splice form containing a PH domain which preferentially binds to PIP,)
was diffusely associated with the membrane but did not appreciably enhance formation of
the ventral actin structures (Fig. 3A and B). In contrast, expression of ARNO-2G, the form
recruited by PIP3, was specifically present on the ventral structures and dramatically
enhanced formation of the actin structures to over 90% of the cells in the population (Fig.
3A and B). This suggests that it is PIP3, and the ability of ARNO-2G to be recruited to the
membrane that enhances the response.

HeLa cells form ventral actin structures if cells have increased levels of Arf activation

Next, we wanted to determine whether other cells would also make ventral actin structures
in response to PMA treatment so we tested this in HeLa cells, which we have used for many
of our studies on Arf6 function. As in Fig. 1D, we expressed the GFP-tagged membrane
marker (Mem-GFP) to mark the PM. Treatment of HeLa cells with PMA did not result in
the formation of ventral actin structures as we had observed with Beas-2b cells (Fig. 4A and
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B, top row and C), although there was a loss of actin stress fibers after PMA treatment.
However, in cells expressing EFA6, PMA treatment caused a dramatic shift in the actin
cytoskeleton from peripheral protrusions along the cell margins (Fig. 4A, second row) to
actin structures along the ventral (bottom) surface, next to the substratum (Fig. 4B, second
row). These actin structures appeared as ventral ruffles with EFA6 present on the membrane
and F-actin behind the fold of membrane (Fig. 4B, second row, inset). This was a robust
response with 67% of cells expressing EFA6 showing clear evidence of ventral ruffle
formation as scored by phalloidin staining of fixed cells (Fig. 4C). In the absence of PMA,
EFAB6-expressing cells rarely formed ventral ruffles (Fig. 4A and C). The effect of EFA6 on
ventral actin structures required a functioning GEF domain since expression of a
catalytically inactive form of EFA6 (EFA6-EK), did not form ventral ruffles in response to
PMA (Fig.4A and B, third row). We could also promote ventral actin structures in HeLa
cells expressing ARNO, and as we saw in the Beas-2b cells, it was ARNO-2G (the PIP3
binding form) that supported ventral structures to the same extent as EFA6 did, whereas
ARNO-3G (the PIP, binding form) only weakly supported their formation (Fig. 4C).

Since HeLa cells did not make the ventral actin structures constitutively upon PMA
treatment, they were an advantageous model system to test what factors could induce the
actin ruffles. Given that expression of the BFA-insensitive Arfé GEFs promoted these actin
structures, we wondered whether active forms of Arf6 or Arfl could also be involved. As
was observed in Beas-2b cells, expression of activated forms of Arf6 or Arfl could support
robust ventral actin structures (Fig. 4B and C). The localization of these structures to the
ventral surface of the cells could be clearly seen in Z-sections from stacked images of PMA-
treated cells expressing EFA6 (Fig. 4D). While the actin and membrane marker were
primarily distributed along the dorsal surface and protrusive edges of untreated cells, the
cortical actin shifted down to the ventral surface of PMA-treated cells. Taken together,
PMA-induced ventral ruffles formed in HeLa cells that had elevated Arf-GTP levels.

As was observed in Beas-2b cells, the ventral actin structures that formed in HelLa cells in
response to PMA were dependent upon both PKC and Src activation. Treatment of HeLa
cells with inhibitors of PKC (GF 109203x) or Src (PP2) blocked the formation of ventral
structures in EFAB-expressing HeLa cells (see Fig. S3 in Supplementary Materials). In
addition, the ventral structures were not formed in cells co-expressing EFA6 and RacT31N,
Arf6T27N, Arf1T31N or the 5-phosphatase to eliminate PIP, (see Fig. S4 in Supplementary
Materials) suggesting that the activities of Rac, Arf6, Arfl and PIP, were required for
formation of these actin structures. Another downstream effector of activated Arf6,
phospholipase D [Brown et al. 1993; Cockcroft et al. 1994], was inhibited by addition of
butanol [Jovanovic et al. 2006], and yet PMA-induced ventral ruffle formation was not
blocked (unpublished observations), suggesting that PLD activity was not required.

In HeLa cells, ventral actin structures formed in cells transfected with constitutively active
forms of Arfl or Arf6. Both Arfl and Arf6 can promote activation of Rac [Boshans et al.
2000; Koo et al. 2007; Lewis-Saravalli et al. 2013; Santy and Casanova 2001] and PIP5-
kinase [Aikawa and Martin 2003; Brown et al. 2001; Honda et al. 1999]. Since formation of
ventral actin structures was inhibited by expression of dominant negative form of Racl
(T31N) or expression of a PIP 5-phosphatase that would deplete cells of PIP,, we next asked
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whether expression of constitutively active Racl or PIP5-kinase were sufficient to form
these structures in HeLa cells in response to PMA. When HeL a cells were transfected with
Rac1Q71L and treated with PMA, the cells did not form ventral actin structures, although
untreated cells formed circular dorsal ruffles as expected (Fig. 5A). Cells transfected with
PIP5-kinase did accumulate small endosomes but did not form ventral ruffles upon PMA
treatment (Fig. 5B). Thus the activities of Racl and PIP5-kinase were necessary, but not
sufficient, for HeLa cells to make ventral ruffles in response to PMA.

To obtain an appreciation of how these structures form over time in HelLa cells, cells
expressing unlabeled EFAG, LifeAct-RFP to label F-actin, and Mem-GFP to mark the PM
were imaged live before and after PMA treatment (Fig. 5C and Movie 4 in Supplementary
Materials). In the absence of PMA treatment, actin was visible in active areas of protrusion
at the lateral edge of the cell. Occasionally ventral actin structures formed in the untreated
cells expressing EFAB6, but these structures were short-lived and quickly dissipated (data not
shown). After PMA addition (at time 0), it is clear that the membrane, labeled with Mem-
GFP, was being pushed by the band of actin assembling behind it (Fig. 5 and Movie 4 in
Supplementary Materials). This membrane ruffle distinguishes the ventral actin structures in
the HeLa cells from those in the Beas-2b cells, which had no membrane associated with the
actin wave. Most of the ventral ruffles that form in the PMA-treated cells formed within the
first 10 min after treatment, and were persistent for the length of the movie (30 min). In
EFAG6-expressing cells, these ventral ruffles often had a crescent appearance, and were seen
growing out radially away from the center of the crescent.

Although the requirements for PMA-induced actin structures were the same in HeLa and
Beas-2b cells, the resultant ventral actin structures formed showed differences in membrane
association. To further distinguish the ventral actin structures formed in HeLa and Beas-2b
cells, we examined the distribution of cortactin and proteins associated with focal adhesions
in cells making ventral actin structures. Cortactin was associated with both the ventral
ruffles formed in EFA6-expressing HelLa cells (see Fig. S5A in Supplementary Materials)
and the ventral actin waves in Beas-2b cells (see Fig. S5B in Supplementary Materials).
Interestingly, in HeLa cells phospho-paxillin was not associated with the ruffle, but rather
was moved to either side of the ruffle while in Beas-2b cells, phospho-paxillin was
associated with the actin wave (see Fig. S5 in supplementary materials). Similarly,
phosphorylated FAK was also moved to either side of the ventral ruffle in HeLa cells but
was present in the actin wave in Beas-2b cells (see Fig. S5 in Supplementary Materials).
These images also emphasize that both the ruffles and waves form on the ventral surface and
that focal adhesion proteins present in the same focal plane are shifted out of the region of
the ruffle in HeLa cells and incorporated into the wave in Beas-2b cells.

of Arfl inhibits ventral actin structures in Beas-2b and HelLa cells

We had observed that ArfLT31N could block ventral ruffle formation and active forms of
Arfl could enhance ruffle formation, however, overexpression of these mutant constructs
could nonspecifically alter how other Arfs function in the cell. To garner support for a direct
role of Arfl in ventral wave formation, we depleted Beas-2b cells of Arfl using siRNA. In
Arfl-depleted cells PMA-induced ventral waves were reduced by 60% when compared to
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control cells (Fig. 6B and C). Although Arfl depletion impaired ventral wave formation, p-
COP, a Golgi coat protein recruited by Arf-GTP, remained associated with the Golgi
complex (Fig. 6A) in agreement with others [Volpicelli-Daley et al. 2005], suggesting that
the Golgi and secretory pathway remained intact in cells depleted of Arfl (Fig. 6A). This
suggests that Arfl plays a critical role in the actin re-arrangements that lead to ventral wave
formation. In contrast, depletion of Arf6 caused a modest 30% decrease in the number of
cells forming ventral waves when compared to control cells (Fig. 6C). We repeated the
knockdown experiments in HeLa cells and observed similar results. Cells depleted of Arfl
showed a 60% inhibition in the ability to form ventral ruffles compared to control cells
while cells depleted of Arf6 exhibited only a modest decrease (33%) in cells making ventral
actin structures (see Fig. S6 in Supplementary Materials). Interestingly, cells depleted of
Arf6 and expressing EFAG still exhibited a loss of stress fibers, typically observed in EFA6-
expressing cells [Franco et al. 1999], suggesting that EFA6 may affect other Arfs besides
Arf6. Indeed although Arf6 is a preferential substrate for EFAG, a number of studies have
shown that EFAG6 can also activate Arfl [Cohen et al. 2007; Franco et al. 1999; Macia et al.
2001].

As another approach to demonstrate the role of Arfland Arf6 in ventral wave formation we
expressed GAP proteins specific for either Arfl or Arf6. ASAP1 is a GAP that is localized
to focal adhesions and works preferentially on Arfl [Brown et al. 1998; Liu et al. 2002].
ACAP1 is a GAP with specificity towards Arf6 [Jackson et al. 2000]. Expression of ASAP1
in Beas-2b cells significantly reduced the number of cells exhibiting ventral waves from
40% to less than 10% (Fig. 7A and B), while expression of the GAP-dead, arginine mutant
of ASAP1 (ASAP1-RK) had only a modest effect (Fig. 7B). Expression of ACAP1 also
inhibited the number of cells exhibiting ventral waves (from 40% down to 20%) whereas the
GAP-dead mutant showed no significant effect (Fig. 7B). Indeed, a statistically greater
inhibition of ventral waves was achieved by expression of ASAP1, an Arfl GAP, as
compared to ACAPL, an Arf6 GAP (P=0.0175). These differential effects confirm what was
observed in Arfl and Arf6-depleted cells and underscore the primary importance of Arfl
function in mediating changes to cortical actin on the ventral cell surface.

Discussion

Until recently, Arf cellular function has been thought to involve Arfs 1-5 acting at the Golgi
complex and Arf6 acting at the cell surface [D'Souza-Schorey and Chavrier 2006;
Donaldson and Jackson 2011]. Here we provide evidence for a direct role of a Golgi Arf,
Arfl, at the PM, in generating cortical actin structures on the ventral cell surface. Acute
treatment of cells with PMA to activate PKC and Src led to the generation of ventral actin
structures, and active forms of Arfl or Arf6 enhanced this process. The collective data
suggest that Arfl and Arf6 can form these structures independently using common effectors
but the requirement for Arfl in forming these structures is notable and was observed in both
Beas-2b and HeLa cells. These findings reveal how cell signaling through the activation of
PKC and Src can marshal the shared activities of Arfl and Arf6 to re-organize the cortical
actin cytoskeleton.
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PKC and Src activity are required for induction of the ventral actin structures. Src is not
sufficient to form these structures because expression of an activated mutant of Src in HeLa
and Beas-2b cells did not generate the phenotype (unpublished observations) indicating
perhaps an additional function for PKC in this process. We think that PKC and Src
activation are responsible for altering the actin organization in cells that have sufficient
levels of active Arfl or Arf6. It is especially striking how PMA treatment re-positions and
re-purposes Arf1Q71L and Arf6Q67L. Expression of ArflQ71L leads to the assembly of
stable Golgi-associated coated vesicles [Teal et al. 1994] while Arf6Q67L leads to the
accumulation of actin-coated endosomal vacuoles [Aikawa and Martin 2003; Brown et al.
2001]. PMA, and therefore PKC and Src activation, re-orient these activated Arfs and bring
them to the ventral surface to initiate acute formation of these structures.

The use of the two cell lines in this study helped us define the requirements and role for
Arfl in this process. The Beas-2b cells formed these structures directly in response to PMA
treatment but this was inhibited when Arfl levels were depleted. The HeLa cells, in contrast,
did not form the structures unless active forms of Arfl or Arf6, or specific Arf GEFs were
expressed. EFAG is a BFA-resistant GEF that localizes to the cell surface [Macia et al. 2008]
and efficiently activates Arf6 [Franco et al. 1999] but can, to some extent, activate Arfl
[Cohen et al. 2007; Macia et al. 2001]. Consistent with earlier work demonstrating a role for
ARNO in relocalizing actin to the edge of HelLa cells upon PMA stimulation [Frank et al.
1998], we also found effects of expression of ARNO in both cell types. However, it is the
expression of ARNO-2G that efficiently promotes the formation of these ventral actin
structures whereas ARNO-3G does so poorly. Given that ARNO family GEFs are mostly
cytoplasmic [Casanova 2007], it would appear that PIP3 is required for ARNO to support
this activity.

Although the requirements for forming ventral actin structures were identical for Beas-2b
and HelL a cells, the structures took on different forms. In HeLa cells the ventral structures
took the form of ventral ruffles as folds of membrane were present. By contrast, in the
Beas-2b cells, the structures lacked a folded membrane component and thus appeared to be
more like ventral actin waves, similar to those reported by others [Bretschneider et al. 2004;
Case and Waterman 2011; Wu et al. 2013]. The ventral actin events are clearly distinct from
dorsal ruffles generated in response to growth factor signaling, which are dependent upon
Arfl and Arf5 and ARAP1, an Arf GAP [Hasegawa et al. 2012]. Indeed, in the Beas-2b
cells it is notable that these actin waves appear to form at focal adhesions, sites where Src
and the Arfl GAP ASAP are present.

Several studies have implicated Arfl in playing a direct role in rearrangements of cortical
actin. Arfl can cooperate with Racl to promote actin polymerization in vitro [Koronakis et
al. 2011] and they appear to be involved in cell migration in an invasive breast cancer cell
line [Lewis-Saravalli et al. 2013]. Arfl through its interaction with Pickl was shown to
regulate actin turnover in dendritic spines [Rocca et al. 2013]. Furthermore, the Arfl
homologue in Drosophila has been shown to be important for the formation of
lamellipodium by recruiting the WAVE regulatory complex to the plasma membrane
[Humphreys et al. 2012]. At the cell surface, Arfl could be organizing actin in a manner
similar to its ability to organize actin at the Golgi by engaging pools of actin associated with
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cortactin or drebrin [Cao et al. 2005; Fucini et al. 2000]. Indeed both cortactin and drebrin
are associated with the ventral structures observed here (Supporting Information Fig. S5 and
unpublished observations). Additionally, human Arfl can recruit ARHGAP10, a GAP for
Cdc42 [Dubois et al. 2005], which may relate to roles for Cdc42 that have been reported in
formation of podosomes and invadopodia in some cells [Albiges-Rizo et al. 2009]. Arfl
could also be engaging its GAP, ASAP1 at these sites; consistent with this notion, actin
wave formation was inhibited in Beas-2b cells upon over-expression of ASAP1. ASAP1
localizes to focal adhesions [Brown et al. 1998] and promotes invadopodia formation [Bharti
et al. 2007]. Since Arfl and Arf6 share many common effectors, including PIP5-kinase and
PLD, the acute recruitment of additional Arf (Arfl) at the site where ventral actin structures
form might augment Arf6 function. Thus PMA treatment of HeLa or Beas-2b cells reveals a
new activity for Arfl at the PM reorganizing cortical actin at ventral surfaces. Nonetheless,
we cannot rule out a critical role for Arf6 in this process.

Present at the cell surface, Arf6 is poised to participate in the formation of PMA-induced
ventral ruffles, which is not surprising based on the literature linking Arf6 to changes in cell
surface architecture [D'Souza-Schorey and Chavrier 2006]. The ventral actin waves and
ruffles that we observed in Beas-2b and HeLa cells resemble classic v-src-induced
podosomes formed in NIH 3T3 cells and the PMA-induced structures in various cell lines
[Block et al. 2008]. Arf6 is involved in podosome formation in dendritic cells [Svensson et
al. 2008], invasive capacity in melanoma [Tague et al. 2004] and glioma cells [Hu et al.
2009], and invasion, degradation and migration of breast cancer cells [Hashimoto et al.
2004]. Whether the ventral actin events observed here are precursors of some of these other
activities remains to be determined. The fact that Arfl contributes to the formation of ventral
actin structures that we observed also suggests that Arfl may act in some of these other
invasion and migration activities as well.

The interplay between PMA-activated Src and PKC, and active Arf proteins suggests two
parallel but independent pathways that converge to create ventral actin structures, a
profound change in cell surface architecture. Activation of Arfl in the periphery in
combination with activation of PKC and Src may be important in switching a cell from focal
adhesion based adhesion with peripheral protrusions to podosome based adhesion with
ventral ruffles or waves. Exactly how Arfl can spatially redirect actin polymerization to the
ventral cell surface and the role that membrane traffic plays in this restructuring will require
further investigation.

Materials and Methods

Plasmids, Antibodies, and other reagents

FLAG-tagged EFAG6 encodes the shorter form of human EFABA is as described [Brown et
al. 2001]. FLAG-tagged ARNO 3G was from Jim Casanova (University of Virginia,
Charlottesville, VA.); the 2G variant was produced by site directed mutagenesis. Plasmids
for untagged, human Arf6, Arf6T27N, and ArféQ67L were in pxs vector as described
[Brown et al. 2001]. The plasmids for Arfl and Arf1Q71L were in pEGFP and encode
human Arfl with a GFP or RFP tag fused to their carboxyl termini. ArfL T31N-HA was in
pxs vector. Rac1Q71L and Rac1T31N are untagged. Myc-tagged p72 5-phosphatase was
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from Tamas Balla (NIH). Myc tagged PIP 5-kinase type | a (PIP5-kinase) was previous
described [Rozelle et al. 2000]. GFP-Actin is in pEGFP and encodes actin with a GFP
appended to its amino terminus was from Jennifer Lippincott-Schwartz (NIH). LifeAct-RFP,
a 17 amino acid peptide that binds to filamentous actin [Riedl et al. 2008], was from Roberto
Weigert (NIDCR). Mem-GFP encodes GFP fused to the carboxyl terminal tail of H-Ras and
was purchased from Clontech (Mountain View, CA). Plasmids encoding Flag-ASAP1, Flag-
ASAP1 RK, Flag-ACAP1 and Flag-ACAP1 RQ were as described [Jackson et al. 2000].

The following antibodies were used in this study. The M2 mouse anti-FLAG and rabbit anti-
FLAG antibodies were from Sigma. A rabbit polyclonal antibody was used to detect Arf6
[Song et al. 1998]. A rabbit polyclonal antibody against human Arfl carboxyl terminal
amino acids 168-181 was generated. Mouse monoclonal anti-Arf6 (3A-1) and anti-myc
epitope (9E10) antibodies were from Santa Cruz Biotechnology. A rabbit polyclonal anti-
GFP antibody was from Invitrogen. A mouse monoclonal antibody to HA (16b12) was from
Covance. Mouse monoclonal antibody to GM130 was from Transduction Labs. Monoclonal
antibodies to Racl and cortactin (4F11) were from Millipore. The rabbit polyclonal antibody
against beta subunit of COP I was from Thermo Fisher. Phospho-paxillin and phospho-FAK
were detected with phosphospecific rabbit polyclonal antibodies anti-paxillin PY31 and anti-
FAK Y397 respectively, both from Biosource, Camarillo, CA. Alexa-conjugated (488 ,594,
and 680) goat anti-mouse and goat anti-rabbit antibodies and Rhodamine phalloidin and
Alexa fluor 633-conjugated phalloidin were from Invitrogen and used according to
manufacturer’s instructions.

Phorbol 12-myristate 13-acetate (PMA) and Brefeldin A (BFA) were from Sigma. GF
109203x, PP2, and PP3 were from EMDA4Biosciences. All stock solutions were made up in
DMSO and stored according to manufacturer’s instructions.

and Transient Transfections

HeLa cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C with 5% CO,. Beas-2b cells were
obtained from ATCC, and maintained in low glucose (1g/L) DMEM supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C
with 5% CO». For transient transfections, cells were plated the day before and then
transfected the following day with Fugene 6 according to the manufacturer’s instructions.
Experiments were carried out as described ~18 h after DNA addition.

Immunofluorescent Staining and Live Cell Imaging

For immunofluorescence staining of HeLa or Beas-2b cells, cells were plated on to glass
coverslips and transfected on the following day. Eighteen hours after transfection, cells were
treated as described and then fixed in 2% formaldehyde in phosphate buffered saline (PBS)
for 10 min. Cells were washed in PBS supplemented with 10% FBS (PBS/FBS) and
incubated with primary antibodies diluted in PBS/FBS containing 0.2% saponin for 1 h.
Cells were washed three times in PBS/FBS and incubated with the appropriate secondary
antibodies in PBS/FBS containing 0.2% saponin for 30 min. Cells were washed three times
in PBS/FBS, once in PBS alone and then mounted on glass slides. All experiments were
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confirmed by at least three independent experiments, and a representative image is shown.
Where indicated, ventral ruffles or waves were quantified from immunofluorescence
experiments by counting 100 cells and scoring the number that had 1 or more clear ventral
actin structures visible by phalloidin staining. For Figures 1, 2, 4, and 6, data is presented as
the average percentage of cells with ventral actin structures from 3 independent experiments
with error bars representing 1 standard deviation. ANOVA, T-test and Tukey multiple
comparison statistical tests were used. In Figures 3, 7 and Supplemental Figure S6, the data
represents the proportion of the total amount of cells counted, and error bars represent

standard error for binomial distribution: V? (1-p) /”, where p is the proportion and n is the
total number of cells assessed. Statistical significance was assessed by calculating P-values
using Fisher’s Exact test (two-tailed.)

Images were taken using a Zeiss 510 laser scanning confocal microscope (Thornwood, NY)
using a 63x 1.3 NA PlanApo objective. After acquisition, images were handled using
AdobePhotoshop (San Jose, CA).

For live cell imaging, HeLa or Beas-2b cells were plated in Lab-Tek coverglass chambers
(Nunc, Rochester NY). On the following day they were transfected with the indicated
constructs. Cells were imaged approximately 18 h after transfection on a 37°C stage with
5% CO, maintained by a CO, chamber. Cells expressing low to moderate levels of GFP-
Actin were chosen for imaging as higher levels of expression of this construct tended to
inhibit the processes being studied. Three or more cells were imaged for each experiment,
and a representative movie is shown. Images were captured on a Zeiss LSM 780 confocal
microscope with a 63x/NA 1.4 PlanApo objective. Movies were compiled using MetaMorph
(Molecular Devices, Natick, MA). Movies presented in supplemental material are compiled
at a frame rate of 10 frames/sec. Frames were taken 30 seconds apart.

Transfection with siRNA

The day prior to transfection with siRNA 2.0 x 10° Beas-2b cells were plated into antibiotic-
free media in a 100 mm tissue culture dish. The following day cells were incubated with
Lipofectamine 2000 (Invitrogen, Carlshad CA) containing the specific SIRNA sequence
according to manufacturers instructions. Cells were placed into fresh media after 3 h, and
grown in culture for 72 h. Experiments were conducted as described. The remaining cells
were collected and 5 X 10° cells were used for immunoblotting to confirm the extent of
knockdown. For siRNA of Arfl or Arf6 in HeLa cells, siRNA oligos, Lipofectamine
RNAiMax (Invitrogen, Carlsbad CA) and 1.0 x 10* cells were combined in each well of a
12-well plate in accordance with manufacturer specifications for a reverse transfection.
After 48 hours, the cells were transfected with EFA6-Flag and 24 hours later, the cells on
coverslips were fixed and evaluated by immunocytochemistry and remaining cells were
collected for western blotting.

For Arfl knockdown we used ON-TARGETplus Smart pool of four combined sequences
purchased from (Dharmacon Lafayatte, CO). 60nM of pooled oligo was used for Arfl
knockdown in Beas-2b cells and 10nM of pooled oligo was used for knockdown of Arfl in
HeLa cells. For Arf6 knockdown, we used siRNA oligo with the sequence GCA CCG CAU
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UAU CAA UGA CCG manufactured by Dharmacon (Lafayette, CO) and previously
described for knockdown of Arf6 in other systems [Hashimoto et al. 2004]. 20nM was used
for Arf6 knockdown in Beas-2b cells and 100nM was used for knockdown of Arf6 in HelLa
cells. Although we initially used scrambled sequences for control siRNA, we found the
results to be the same as that observed for Lipofectamine alone and thus used Lipofectamine
alone for control cells.

Arf detection by Immunoblot

5 X 10° cells were collected and lysed in 1% triton X-100, 10% glycerol, 100 mM NaCl,
and 50 mM Tris pH 7.4. Lysates were cleared by centrifugation. The resulting supernatant
was diluted in 5x SDS PAGE sample buffer and boiled. Lysates were resolved by SDS
PAGE, followed by transfer to nitrocellulose membrane. Western blots were carried out
using a rabbit polyclonal antibody to Arfl, a rabbit polyclonal antibody to Arf6 (see details
above) or a mouse monoclonal antibody to Arfé (Santa Cruz Biotechnology), and a rabbit
antibody to actin (Sigma), and a mouse monoclonal antibody to a-tubulin (DM1A) (Sigma).
The primary antibodies were detected with Alexa 680-conjugated donkey anti-sheep, IR dye
800-conjugated donkey anti-mouse and donkey anti-rabbit (Rockland Immunochemicals).
Blots were visualized using an Odyssey infrared scanner (Li-Cor Bioscience) according to
manufacturer's instructions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GAP GTPase activating protein

GEF guanine nucleotide exchange factor

PIP, phosphatidylinositol 4,5-bisphosphate
PIP3 phosphatidylinositol 3,4,5-trisphosphate
PIP5-kinase phosphatidylinositol 4-phosphate 5-kinase
PKC protein kinase C

PLD phospholipase D

PMA phorbol 12-myristate 13-acetate
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Figurel. PMA treated Beas-2b cellsform ventral actin waves
(A) Untransfected Beas-2b cells were treated with vehicle (no PMA) or 200 nM PMA for 30

min prior to fixation and staining with rhodamine phalloidin. (B) Beas-2b cells were
transfected with plasmids encoding untagged Arfé Q67L (top) or Arfl Q71L-GFP (bottom)
and treated with 200 nM PMA for 30 min prior to fixation and labeling with antibodies to
Arf6 for Arf6 detection and actin. Bars, 10 um. (C) The fraction of transfected cells with 1
or more ventral waves was quantified and is expressed as the average percentage obtained
from three independent experiments. Error bars represent standard deviation from the
means. GFP was used as a control for transfection. One-way ANOVA test of the PMA-
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treated Control vs. Arf6Q67L- and ArflQ71L-transfected cells were significant (p<0.05).
(D) Beas-2b cells transfected with Mem-GFP and RFP-LifeAct were imaged as described in
Materials and Methods. PMA was added after 2 min, designated time 0, and frames were
captured every 30 seconds thereafter. Selected stills from the movie at -2, 6,12 and 18 min
are shown (see Movie 1 in Supplementary materials). No membrane folds are associated
with actin structures. Bar, 10uM. Boxed regions are shown at higher magnification below
each time point. Bar, 5uM. (E) Beas-2b cells were transfected with plasmids encoding
untagged Arfé Q67L (in background), Mem-GFP to mark vacuolar membranes in
transfected cells, and LifeAct-RFP (to visualize actin). A cell was imaged for 20 min; at 5
min, 200 nM PMA was added (arrow) to induce ventral wave formation (Movie 2 in
Supplementary materials). (F) Beas-2b cells were transfected with plasmids encoding Arfl-
Q71L-RFP and GFP-Actin. A cell was imaged for 15 minutes; at 5 min 200 nM PMA was
added (arrow) to induce ventral wave formation (Movie 3 in Supplementary materials).
Shown for each movie is an image of the entire cell taken at the end of the movie with a
square around the region shown in the movie. A series of frames from the movie with time
indicated in seconds from the beginning of the movie is also shown. Black arrows indicate
when PMA was added. Bars,10 pm.
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Figure 2. Ventral actin wave formation in Beas-2b cellsrequires PKC, Src, Rac activity, PIPo,
and Arf

(A) Beas-2b cells were treated for 30 min with 200 nM PMA in the absence or presence of
10 uM GF 109303x (inhibitor of PKC), 10 uM PP3 (inactive analog of PP2) or 10 pM PP2
(inhibitor of Src) as indicated. Following PMA treatment, cells were fixed and stained with
rhodamine phalloidin as described. Bars,10 um. (B) Fraction of control or drug-treated cells
with 1 or more ventral waves visible in phalloidin stain was quantified and is expressed as
the average percentage from three independent experiments. Error bars represent standard
deviation from the mean. Tukey multiple comparison test showed that GF and PP2 differed
from the Control (p<0.001). (C) Beas-2b cells expressing untagged Rac T31N, the p72
P1(4,5)P, 5-phosphatase (myc tagged), Arfé T27N, or Arfl T31N-HA were treated with 200
nM PMA 30 min prior to fixation and immunofluorescence staining as described in the
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Material and Methods section with an appropriate primary antibody to detect the transfected
protein and Alexa 488 conjugated secondary antibody. Cells were co-stained with
rhodamine phalloidin (right panels). (D) Fraction of transfected cells with 1 or more ventral
waves visible in phalloidin stain was quantified and is expressed as the average percentage
from three independent experiments. Error bars represent standard deviation from the mean.
One way ANOVA test showed all treatments differed from Control (p<0.001). (E)
Untransfected Beas-2b cells were left untreated (control) or pretreated for 2 h with 5 pg/ml
brefeldin A (BFA). Both sets of cells were treated with 200 nM PMA for 30 min prior to
fixation and staining with rhodamine phalloidin and antibody to GM130. The percentage of
cells with 1 or more ventral waves was quantified and is expressed as the average percentage
of three independent experiments. Error bars represent one standard deviation from the
mean. Student's T-test showed Control vs. BFA treated was not statistically significant.
Bars,10 um.
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Figure 3. Arf GEFsenhance ventral actin structure formation in Beas-2b cells
(A) Beas 2B cells were transfected with plasmids encoding Flag-EFA6 (Arf6 GEF), or the

Arfl GEFS Flag-ARNO 2G (PIP3 binding) or Flag-ARNO 3G (PIP binding). Cells were
treated with PMA, fixed and immunostained with antibody against Flag and rhodamine
phalloidin. Bar, 10 um. (B) Percentage of cells exhibiting one or more ventral actin
structures was quantified. With the exception of Flag-EFAGB, in total, 200 cells were counted
from three independent experiments. For Flag-EFAG, in total, 123 cells were counted from
three independent experiments. Error bars represent standard error for proportional data,
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P<0.0001 as determined by Fisher’s Exact test (two-sided) indicating that GEF expression
resulted in increase in cells with ventral actin structures.
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Figured4. Active Arf6 or Arfl promotesventral actin structureformation in HeL a cellsupon
PMA treatment

Hel a cells were transfected with plasmids encoding Mem-GFP, FLAG-EFAG, FLAG-
EFAB-EK, untagged Arfé Q67L or ArflQ71L-GFP. 18 hours following transfection, cells
were untreated (A) or treated for 30 min with 200 nM PMA (B) prior to fixation and
immunofluorescence staining as described in Materials and Methods. F-actin was labeled
with rhodamine phalloidin, and antibodies to FLAG, Arf6 and Arfl were detected with an
Alexa 488-conjugated secondary antibody. In B arrow points to ventral ruffles, which are
enlarged in inset. Bars,10 pm. (C) Fraction of cells expressing Mem-GFP, FLAG-EFA6,
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FLAG-EFA6-EK, Arf6 Q67L, ArflQ71L, FLAG-ARNO 2G or FLAG-ARNO 3G with 1 or
more PMA-induced ventral actin structure visible by phalloidin staining was quantified and
is expressed as the average percentage of transfected cells from three independent
experiments with 100 cells scored in each experiment. Error bars represent one standard
deviation from the mean. (D) Z-sections of HelLa cells, transfected with Flag-EFA6 that
were untreated or treated with PMA for 15 min, fixed and stained with an antibody against
Flag (green) and Rhodamine phalloidin (red). A cross-section of the cell shows that Flag-
EFAB, which associates with the plasma membrane, shows increased concentration on the
ventral (bottom) surface upon stimulation with PMA, where the ventral actin structure
creates a membrane fold, or ruffle. A blue line denotes the location of the cross section.
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Figure 5. Racl and PIP5-kinase are not sufficient for ventral actin structures and actin and
membrane dynamicsin HeL a cellstreated with PMA

HelLa cells expressing Rac1Q71L (A) or PIP5-kinase (PIP5K) (myc tagged) (B) were treated
with 200 nm PMA for 30 min prior to fixation and immunofluorescence staining as
described. Bars 10 uM. (C). HeLa cells coexpressing FLAG-EFAG (in background), Mem-
GFP (to label the membrane) and Life-Act-RFP (to label F-actin) were imaged live before
and after addition of 100 nM PMA. PMA was added after 2 min, designated time 0, and
frames were captured every 30 seconds thereafter. Selected stills from the movie at -2, 6,12
and 18 min are shown (see Movie 4 in Supplementary materials). Nascent actin structures
visible at =2 min expand into larger actin structures after addition of PMA and by 6 min and
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can be seen pushing a membrane fold outward. Bar, 10uM. Boxed regions are shown at
higher magnification below each time point. Bar, 5 uM.
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Figure 6. Arfland Arf6 arerequired for ventral wave formation in Beas-2b cells
(A) Beas-2b cells were transfected with siRNA to knockdown Arfl or Arf6, or mock treated

(control), as described in the Materials and Methods. 72 h after transfection, cells were fixed
and stained by immunofluorescence as described in the Materials and Methods with an
antibody against 3-COP, and co-stained with rhodamine phalloidin. (B) Control and Arfl-or
Arf6-depleted cells were treated with 200 nM PMA for 30 min prior to fixation and staining
with rhodamine phalloidin. Bars,10 um. (C) The fraction of 200 cells with 1 or more visible
ventral waves was quantified and is expressed as the average percentage from three
independent experiments. Error bars represent one standard deviation of the mean. One-way
ANOVA revealed that both siRNA-depletions differed from control (p<0.01). (D) 5 X 10°
cells were collected, lysed, and run on a SDS page gel, and immunoblotted with antibodies
against Arfl, Arf6 and actin. Arfl was depleted by 90% and Arf6 by 75%.
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Figure 7. Expression of Arf GAPsinhibitsventral actin wave formation in Beas-2b cells
(A) Flag-ASAP1, Flag-ASAP1 RK, Flag-ACAP1 or Flag-ACAP1 RQ was transfected into

Beas-2b cells. Cells were treated with PMA and stained with anti-Flag antibody (left
column) and rhodamine phalloidin to detect F-actin (middle column). ASAP1 and ACAP1
transfected cells largely did not exhibit ventral actin waves, while cells transfected with
enzymatically inactive control constructs ASAP1 RK and ACAP1RQ retained ventral actin
waves. Bar, 10um. (B) Quantification of percentage of control or transfected cells exhibiting
ventral actin waves after PMA treatment. A minimum of 100 cells in total was counted from
at least 3 independent experiments. Bars represent standard error for proportional data.
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Percentage of cells transfected with ASAP1 or ACAP1 was significantly reduced compared
to control cells (P<0.0001) as assessed by calculating P-values using Fisher’s Exact test
(two-tailed.) Percentage of cells expressing ASAP1 RK or ACAP1RQ exhibiting ventral
waves was not statistically different than control cells.
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