ADbI2 is recruited to ventral actin waves
through cytoskeletal interactions to promote
lamellipodium extension
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ABSTRACT Abl family nonreceptor tyrosine kinases regulate changes in cell shape and mi-
gration. Abl2 localizes to dynamic actin-rich protrusions, such as lamellipodia in fibroblasts
and dendritic spines in neurons. Abl2 interactions with cortactin, an actin filament stabilizer,
are crucial for the formation and stability of actin-rich structures, but Abl2:cortactin-positive
structures have not been characterized with high spatiotemporal resolution in cells. Using
total internal reflection fluorescence microscopy, we demonstrate that Abl2 colocalizes with
cortactin at wave-like structures within lamellum and lamellipodium tips. Abl2 and cortactin
within waves are focal and transient, extend to the outer edge of lamella, and serve as the
base for lamellipodia protrusions. Abl2-positive foci colocalize with integrin B3 and paxillin,
adhesive markers of the lamellum-lamellipodium interface. Cortactin-positive waves still
form in Abl2 knockout cells, but the lamellipodium size is significantly reduced. This defi-
ciency is restored following Abl2 reexpression. Complementation analyses revealed that the
Abl2 C-terminal half, which contains domains that bind actin and microtubules, is necessary
and sufficient for recruitment to the wave-like structures and to support normal lamellipodium
size, while the kinase domain-containing N-terminal half does not impact lamellipodium size.
Together, this work demonstrates that Abl2 is recruited with cortactin to actin waves through
cytoskeletal interactions to promote lamellipodium extension.
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INTRODUCTION
Interactions between the actin cytoskeleton and cell surface adhe-

sion complexes are crucial for cell morphogenesis and migration.
Extracellular cues activate surface receptors such as integrins to
trigger the formation of adhesion structures that directly engage
the actin cytoskeleton (Gaus et al., 2006; Legate and Fassler, 2009;
Huttenlocher and Horwitz, 2011; Schiller et al., 2013). Additionally,
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actin polymerization itself can trigger the recruitment of adapter
proteins to the cell periphery that initiate the formation of receptor
complexes (Nobes and Hall, 1995; Galbraith et al., 2007; Case
and Waterman, 2011). One such family of adapter proteins is
the Abelson (Abl) nonreceptor tyrosine kinases, comprised of
Abl1/c-Abl and Abl2/Arg in vertebrates, which are unique among
tyrosine kinases for their ability to bind directly to both the cyto-
skeleton and cell surface receptors. Abl family kinases directly inter-
act with and phosphorylate numerous cytoskeleton-regulatory pro-
teins including N-WASp, Crk, p190RhoGAP, and cortactin (Kain
and Klemke, 2001; Antoku et al., 2008; Greuber et al., 2013; Khatri
etal., 2016). These interactions collectively mediate changes in cell
shape and movement following growth factor and adhesion recep-
tor engagement (Lewis et al., 1996; Plattner et al., 1999, 2003;
Miller et al., 2004; Moresco et al., 2005; Boyle et al., 2007, Mader
etal., 2011).

Cortactin is an Arp2/3 complex activator and actin filament
stabilizer (Weed et al., 2000; Uruno et al., 2001; Weaver et al., 2002;
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Head et al., 2003) that supports formation of actin-rich protrusions
such as circular dorsal ruffles, lamellipodia, and invadopodia
(Krueger et al., 2003; Boyle et al., 2007; Lapetina et al., 2009; Oser
et al., 2009). Abl2 and cortactin synergize to promote actin stabil-
ity and activate the Arp2/3 complex (Courtemanche et al. 2015),
and both proteins are necessary for dynamic cell edge protrusions
in fibroblasts triggered by adhesion to fibronectin or growth factor
stimulation (Miller et al., 2004; Boyle et al., 2007; Lapetina et al.,
2009; Courtemanche et al., 2015). Abl2 and cortactin interact
directly via two distinct binding motifs, and while disruption of
these interactions impairs dynamic cell behaviors (Lapetina et al.,
2009; Mader et al., 2011), the spatiotemporal dynamics of where
Abl2 and cortactin interact in the cell and how this impacts cell
morphology have not been well characterized. Understanding the
cellular structures generated and modified by Abl2 and cortactin is
essential to revealing how these proteins mediate actin-based cell
protrusion.

Here, we provide a comprehensive spatiotemporal perspec-
tive on the localization of Abl2 and cortactin colocalized to two
discrete structures within cell protrusions: at ventral waves mark-
ing the lamellum-lamellipodium interface and at the lamellipodial
tip. Using two-color total internal reflection fluorescence (TIRF)
microscopy in live cells, we found that Abl2 and cortactin colocal-
ize to actin waves at the lamellum-lamellipodium interface and
demonstrate that these structures also overlap with integrin 33
and paxillin, but notintegrin 1. The appearance of Abl2:cortactin-
rich actin waves is associated with dynamic lamellipodia protru-
sions that extend from the lamella. Using CRISPR/Cas9-mediated
knockout of Abl2 and subsequent rescue with full-length Abl2 or
truncation mutants, we show that Abl2 C-terminal extension,
which contains its cytoskeleton-interacting domains, is necessary
and sufficient both for localization to actin waves and to support
the formation of full-sized lamellipodium from these waves. These
results identify Abl2 as a key organizer of cytoskeletal structure at
the lamellum-lamellipodium interface that promotes full lamelli-
podial formation.

RESULTS

AbI2 and cortactin colocalize with actin at ventral waves

at the lamellum-lamellipodium interface

To study Abl2 and cortactin localization in COS-7 cells, we per-
formed immunofluorescence staining of endogenous Abl2, cortac-
tin, and actin. These proteins were enriched in wave-like structures
near the cell edge that were visible in epifluorescence mode, but
more clearly visible in TIRF mode, indicating close apposition to the
cell membrane (Figure 1). Abl2 and cortactin both colocalized with
actin at distinct structures at the cell periphery, appearing in a con-
tinuous band near the cell edge. The Abl2/cortactin/actin-rich struc-
tures resembled actin waves previously described by other groups
(Bretschneider et al., 2004, 2009; Gerisch et al., 2004; Case and
Waterman, 2011). Unlike actin waves that were observed through-
out the cell, however, Abl2- or cortactin-positive ventral waves were
only observed at the cell periphery (Figures 1, C and D, and 2).

To visualize the temporal evolution of Abl2 and cortactin-positive
structures, we transiently expressed Abl2-GFP and cortactin-RFP in
COS-7 cells and performed live two-color TIRF microscopy. Time-
lapse movies revealed the dynamic and transient formation of wave-
like structures enriched in Abl2 and cortactin near the cell edge
(Figure 2, A and B, and Supplemental Movie 1). Consistent with the
endogenous staining, Abl2-GFP and cortactin-RFP signals were
especially prominent in TIRF mode, indicating their close apposition
to the cell membrane. The Abl2:cortactin signals appeared and
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disappeared as a traveling wave over a period of minutes, with no
foci visible after disappearance of the wave (Figure 2, C and D). The
wave traveled both around the cell (Figure 2C) and outward from
the cell periphery (Figure 2D).

The appearance of Abl2:cortactin-rich waves was spatially and
temporally associated with lamellipodial protrusion at the cell edge
distal to the Abl2:cortactin-rich waves (Figure 2, D and E, white tri-
angles). Cells exhibit two different zones of actin structures at the
cell edge: the lamellipodium and the lamellum (Forscher and Smith,
1988; Svitkina and Borisy, 1999; Ponti, 2004). Lamellipodia are
characterized by branched-actin protrusions driven by the Arp2/3
complex that extend from the lamellum (Pollard and Borisy, 2003;
Burnette et al., 2011). The lamellum is a more stable, adhesion-rich
zone where retrograde actin flow consolidates into stable actin arcs.
The lamellum is also characterized by adhesion-mediated force
transduction through actin stress fibers (Waterman-Storer and
Salmon, 1997; Kaverina et al., 1998; Schaefer et al., 2002). We ob-
served lamellipodia rapidly extend radially from the more stationary
waves (Figure 2, D and E, red triangles). In addition to their localiza-
tion to waves within the lamellum, Abl2 and cortactin localize to the
protruding lamellipodial tips (Figure 2E, white triangle). Together,
these data reveal two different dynamic Abl2:cortactin-rich struc-
tures at the cell periphery: one forming a transient, membrane-
apposed wave from which lamellipodia emanate, and another at the
distal edge of lamellipodia.

Abl2:cortactin-rich waves differ from circular dorsal ruffles
Previous work demonstrated that Abl2-mediated phosphorylation
of cortactin downstream from growth factor receptor signaling pro-
motes formation of circular dorsal ruffles (Boyle et al., 2007). Given
the shape of the Abl2:cortactin-rich waves and their localization near
the cell edge, we asked whether these structures might provide a
base for circular dorsal ruffles. We transfected COS-7 cells with the
actin filament probe LifeAct-GFP and cortactin-RFP, plated cells on
fibronectin, and induced dorsal ruffles by serum starvation overnight
followed by stimulation with media containing 15 nM epidermal
growth factor (EGF) for 30 min (Riedl et al., 2008). Cells exhibited
circular dorsal ruffles enriched in LifeAct and cortactin that lasted
over 30 min (Supplemental Figure 1 and Supplemental Movie 1).
Ruffles were prominent when cells were imaged in epifluorescence
mode but not observed in TIRF mode, consistent with the location
of ruffles to the dorsal side of the cell. This contrasts with the
Abl2:cortactin-rich waves described above, where the signal was
visible in epifluorescence mode but was far brighter in TIRF mode,
indicating that it is a distinct cytoskeletal structure.

Abl2:cortactin-rich actin waves form at the
lamellum-lamellipodium interface

A defining feature of lamellipodia is the presence of actin retro-
grade flow. In contrast, the lamellum is defined as the adherent por-
tion of the cell edge proximal to lamellipodia in migrating epithelial
cells (Waterman-Storer and Salmon, 1997; Waterman-Storer et al.,
1999; Ponti, 2004). Our observation that Abl2:cortactin-rich waves
are associated with lamellipodial protrusions raised the question of
where these waves assemble with respect to the lamellum-lamelli-
podium interface.

To identify lamellipodia, we transiently expressed LifeAct-GFP
and cortactin-RFP in COS-7 cells to visualize actin network flow with
respect to wave location. Transient cortactin-positive waves ap-
peared at the lamellipodium base and colocalized with LifeAct
(Figure 3, A and B). Cortactin-positive waves form predominantly at
the lamellum-lamellipodium interface, where actin retrograde flow
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Localization of Abl2 and cortactin with actin in COS-7 cells plated on fibronectin.
(A-D) COS-7 cells were plated on fibronectin, serum starved, and stimulated with DMEM with
10% FBS for 30 min before fixation and stained using antibodies against endogenous (C) Abl2
(Ar19) and Alexa568-conjugated phalloidin to stain F-actin; (D) cortactin (4F11) and Alexa568-
conjugated phalloidin to stain F-actin. (A, B) Uncropped merged images with red box showing
the cropped area for C and D. Alexa488 mouse secondary antibody was used to label Abl2 or
cortactin. Cell images were acquired in TIRF mode. Scale bar = 10 ym.

stops (Supplemental Movie 2 and Figure 3B, red dashed lines). The
appearance of a new cortactin signal within the lamellipodium
evolved over time into the new location of the lamellum-lamellipo-
dium interface further distal from the cell center (Figure 3B, white
triangle).

We also assessed the localization of Abl2 and cortactin relative
to the lamellum-lamellipodium interface by visualizing microtubules
(MTs), which extend within lamella but do not penetrate into lamel-
lipodia (Waterman-Storer and Salmon, 1997; Kaverina et al., 1998,
1999). We used the MT plus tip marker GFP-MACF43 to visualize
MT extension from the cell center to cell lamella (Figure 3, C and D;
Yau et al., 2016). GFP-MACF43-labeled MT plus tips neither ex-
tended beyond the Abl2- or cortactin-positive waves nor moved
into growing lamellipodia. Together, these findings suggest that
Abl2:cortactin-positive waves form at the lamellum-lamellipodium
interface.
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Abl2:cortactin-rich actin waves
colocalize with integrin B3 and paxillin
at the lamellum-lamellipodium
interface but not with integrin B1

The appearance of Abl2:cortactin-rich
waves on the cell membrane at the lamel-
lum-lamellipodium interface suggests that
these structures may interact with mem-
brane receptor complexes. We plated
COS-7 cells and immunostained for Abl2 or
cortactin and various membrane receptors
and associated proteins. Using immunofluo-
rescence microscopy, we found that Abl2
and cortactin in waves colocalize with integ-
rin B3 and paxillin (Figure 4, A and B), both
markers of nascent adhesions and focal
complexes (Zaidel-Bar et al., 2003; Scales
and Parsons, 2011). Although previous ge-
netic and biochemical studies have shown
that Abl2 interacts with integrin B1 (Warren
et al., 2012; Simpson et al., 2015), we did
not observe significant colocalization of
Abl2 or cortactin with integrin B1 (Figure 4,
C and D). Unbiased quantification of colo-
calization using Pearson’s coefficient dem-
onstrate significantly higher colocalization
of Abl2 and cortactin to integrin 3 than to
integrin B1 (Figure 4E).

To further examine spatiotemporal
dynamics of colocalization, we performed
live-cell imaging of COS-7 cells expressing
AbI2-RFP and paxillin-GFP (Figure 4, F and
G). Paxillin colocalized with Abl2 at small
punctate foci at the lamellum-lamellipo-
dium interface in regions that exhibited
lamellipodia  protrusions  (Supplemental
Movie 3 and Figure 4G, white triangles).

merge

Abl2 molecules exhibit two diffusional
states and the slower diffusion state
predominates in waves

Because Abl2:cortactin-rich waves colocal-
ize with membrane receptor complexes, we
asked whether these complexes alter the
motion of Abl2 at the cell membrane. Imag-
ing Abl2:cortactin-rich ventral waves at 2 s
intervals revealed that the waves are composed of multiple separate
foci (Supplemental Movie 4). We sought to test whether Abl2 at
these foci was freely diffusing or more constrained, consistent with
association with a higher order complex.

We used single-particle tracking and photoactivated localiza-
tion microscopy (sptPALM) to track Abl2-mEQOS3.2 single-particle
trajectories (Figure 5 and Supplemental Movie 6; Manley et al.,
2008; Oh et al., 2012; Rossier et al., 2012; Zhang et al., 2012).
Abl2 molecule trajectories were visualized as single Abl2 mole-
cules appearing at the cell membrane, diffusing, and disappearing
due to either loss of the Abl2-mEOS3.2 molecule from the TIRF
plane or its photobleaching. Within each frame of a movie, we
utilized Gaussian fitting algorithms to localize the positions of indi-
vidual Abl2-mEOS3.2 molecules to subdiffraction-limited resolu-
tion (Jagaman et al., 2008; Mortensen et al., 2010; Huang et al.,
2013). Particle coordinates from consecutive frames of a movie
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FIGURE 2: Abl2 and cortactin colocalize in dynamic ventral waves at the cell periphery
associated with lamellipodia. (A, B) Time-lapse fluorescence images of COS-7 cell expressing
AbI2-GFP and cortactin-RFP plated on 10 pg/ml fibronectin. Images adapted from Supplemental
Movie 1, which was acquired over 20 min at 10 s intervals in 488 and 561 nm excitations using
alternating Epi mode and TIRF mode. Scale bar = 10 ym. (A) Images of Abl2-GFP, cortactin-RFP,
and merge in Epi mode. (B) Images from same the same movie as A in TIRF mode. (C) Montage
of Supplemental Movie 1 in TIRF mode where slices are taken 3 min apart. Scale bar = 10 pm.
(D) Montage of Supplemental Movie 1 in TIRF mode where slices are taken at 1-min intervals.
Scale bar = 10 pm. White triangle indicates lamellipodium edge. Red triangle indicates lamellum.
(E) Montage of Supplementql Movie 1 taken at the cell location indicated by the red bar in D.
Slices are 10 s apart. Scale bar = 10 pm. White triangle indicates lamellipodium edge. Red
triangle indicates lamellum.

molecule behavior within regions of interest
containing waves and outside of the waves.
Analyses of single-step displacements re-
vealed a two-Gaussian distribution, indicat-
ing two diffusional states (Figure 5, D and E).
Further analysis using hidden Markov mod-
eling on assembled trajectories revealed
the fraction of Abl2 molecules behaving
in high versus low diffusional state. Abl2
within waves exhibited a larger proportion
of molecules in the lower diffusion state,
consistent with their possible interactions
with larger structures within the waves
(Figure 5F).

Abl2 C-terminal cytoskeleton-
interacting domains are sufficient

for localization to waves

We next examine which of Abl2’s domains
(e.g., kinase, cytoskeleton-binding) medi-
ate its interactions with membrane struc-
tures at waves. Like Src family nonreceptor
tyrosine kinases, Abl family kinases contain
tandem SH3, SH2, and kinase domains in
their N-terminal halves. Their extended C-
termini are unique to Abl family kinases
(Figure 6A). The Abl2 C-terminal half, which
contains two actin-binding domains, a MT-
binding domain, and a PxxP motif that
binds the cortactin SH3 domain, is neces-
sary and sufficient for the formation of dy-
namic cell edge protrusions in fibroblasts
(Lapetina et al., 2009; Liu et al., 2012). The
Abl2-AC mutant containing the SH3-SH2-
kinase module but lacking the C-terminal
extension remained cytoplasmic and did
not colocalize with cortactin at the waves
(Figure 6B and Supplemental Movie 4).
However, the C-terminal Abl2-557-C con-
struct colocalized with cortactin at foci
within Abl2:cortactin-rich waves (Figure 6C
and Supplemental Movie 5). Quantification
revealed that Abl2-557-C colocalized with
cortactin at levels comparable to wild-type
(WT) Abl2, while Abl2-AC did not colocal-
ize with cortactin. These data suggest that
the Abl2 C-terminal extension is necessary
and sufficient to localize Abl2 to the
Abl2:cortactin-rich actin waves.

Knocking out Abl2 decreases
lamellipodia size adjacent to
Abl2:cortactin-positive waves

We next examined whether and how the
loss of Abl2 function impacted ventral actin
waves or lamellipodial extension. Control
parental COS-7 cells exhibited an average

were connected using nearest-neighbor algorithms to assemble a  wave lifetime of 10.1 + 1.6 min, with waves traveling an average of
single-molecule trajectory. 6.1 £ 1.2 ym radially from the nucleus (Figure 7). Lamellipodia as-

We first performed TIRF imaging of nonphotoconverted total ~ sociated with waves were an average of 2.2 + 0.2 pm in radial width
Abl2-mEOS3.2 in the green channel to define an Abl2-rich wave  as measured from the distal edge of the lamellum base to the lamel-
region of interest. We then compared single Abl2-mEOS3.2 lipodial tip (Figure 7, C, white triangles, and G).
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FIGURE 3: Abl2:cortactin-rich waves occur at the lamellum-lamellipodium border and
corresponds with lamellum extension. (A) LifeAct and cortactin colocalize at wave-like structures.
Montage shows the colocalization of cortactin and LifeAct signals as they move peripherally.
Triangle indicates the appearance of new cortactin:LifeAct-positive foci that mark a new outer
boundary of the lamellum-lamellipodium interface. (B) Montage showing cortactin-positive wave
forming new lamellum and triggering new lamellipodia (white triangles). Kymograph adapted
from Supplemental Movie 2, which was acquired in TIRF mode with slices taken 10 s apart. Total
time is 6 min and 50 s. Scale bar = 10 pm. (C) Microtubule plus tips do not extend beyond the
Abl2-RFP waves. Time-lapse TIRF images from Supplemental Movie 2 showing COS-7 cells
transfected with GFP-MACF43 and AbI2-RFP plated on fibronectin. Triangle indicates outer
edge of lamellipodia. Scale bar =5 ym. (D) Microtubule plus tips do not extend beyond the
cortactin-RFP waves. Time-lapse TIRF images from Supplemental Movie 4 showing COS-7 cells
transfected with GFP-MACF43 and cortactin-RFP plated on fibronectin. Triangle indicates outer

edge of lamellipodia. Scale bar =5 um.

Waves in Abl2-KO COS-7 cells, generated using CRISPR/Cas?
editing with >92% loss of Abl2 expression in the cell population
(Supplemental Figure 2) were visualized with LifeAct-GFP and cor-
tactin-RFP (Figure 7B). Knocking out Abl2 did not impact the aver-
age wave lifetime and did not change the average radial distance
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traveled by waves (10.1 £ 1.56 min WT vs.
13.6 £ 1.7 min Abl2-KO, p = 0.14; 6.1 *
1.2pm WTvs. 6.5 1.1 um, p=0.84; Figure
7, H and 1). However, Abl2-KO cells exhib-
ited significantly smaller lamellipodia distal
to the waves, decreasing from an average of
2.2+£0.2um t0 0.9 £ 0.1 uym in radial length
(Figure 7, E-G).

Reexpression of WT Abl2 or the Abl2-
557-C fragment containing the Abl2 C-ter-
minal cytoskeleton-interacting domains in
Abl2 KO cells restored lamellipodia sizes to
those observed in WT cells (2.2+£0.22 um in
control cells, 1.8 + 0.2 um in Abl2 rescued
AbI2KO cells, and 2.1 + 0.2 ym in Abl2-
557-C rescued Abl2 rescued AbI2KO cells;
Figure 7, E, F, and J, and Supplemental
Figure 2). However, rescuing with Abl2-AC
fragment containing just the SH3, SH2, and
kinase domain induced a slight increase in
lamellipodial size over Abl2 KO cells that
was not statistically significant (0.9 £ 0.1 um
in Abl2-KO and 1.3 £ 0.2 pm in Abl2-AC res-
cue, p=0.08; Figure 7, G and J). These data
show that Abl2 is not necessary for wave
formation at the cell periphery, but that loss
of Abl2 function significantly decreased
lamellipodium size.

DISCUSSION

We present evidence that Abl2 and cortac-
tin colocalize with actin at ventral waves at
the cell periphery. Abl2:cortactin waves
form at the lamellum-lamellipodium inter-
face and marks sites from which lamellipo-
dia emanate. The Abl2:cortactin-rich waves
also colocalize with paxillin and integrin B3,
known markers of focal complexes found at
the lamellum-lamellipodial interface. Using
Abl2 knockout and complementation with
Abl2 or mutants thereof, we show that Abl2
employs its C-terminal domain to localize to
waves and promote lamellipodium size.

Comparison of Abl2:cortactin-rich
waves to similar structures in other
biological contexts

Many different actin-rich wave-like struc-
tures have been described previously, in-
cluding circular dorsal ruffles, actin waves,
and other membrane receptor-mediated
signaling waves (Vicker, 2002; Bretschneider
et al., 2004; Gerisch et al., 2004; Weiner
et al.,, 2007; Case and Waterman, 2011;
Azimifar et al., 2012). Abl2 and cortactin
have also been previously localized to circu-
lar dorsal ruffles (Krueger et al., 2003; Boyle

et al., 2007). The actin-rich waves we describe form on the ventral
cell surface and consist of puncta enriched in Abl2 and cortactin.
Abl2:cortactin-rich waves are similar to the actin waves described
in Dictyostelium cells by Gerisch et al. (2004) because they are actin-
rich, adjacent to the cell edge, and persist for many minutes.
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FIGURE 4: Abl2:cortactin foci colocalize with paxillin and integrin B3 in actin waves.

(A, B) Image showing COS-7 cells fixed and stained using antibodies against endogenous Abl2
(Ar19) or cortactin (4F11) and B3 integrin (Millepore; clone EPR2417Y). Scale bar = 10 pm.

(C, D) Image showing COS-7 cells fixed and stained using antibodies against endogenous Abl2
(Ar19) or cortactin (4F11) and B1 integrin (Millepore; MAB1965). Scale bar = 10 pm. (E) Pearson’s
coefficient quantifying colocalization of Abl2 or cortactin with B3 integrin, Abl2 or cortactin with
B1 integrin, and of AbI2 with paxillin. Each value is taken from one image from one cell. Error
bars represent SEM. N = 4 cells each for B1/cortactin and 1/Abl2. N = 8 cells each for 33/
cortactin and B3/Abl2 and paxillin/Abl2. B3/cortactin colocalization is statistically higher than $1/
cortactin; p < 0.0001. B3/Abl2 colocalization is statistically higher than 1/Abl2; p = 0.0022.

(F) AbI2 and paxillin colocalize at actin waves at the cell periphery. Representative image from
TIRF Supplemental Movie 3 where COS-7 cells are transfected with paxillin-GFP and Abl2-RFP
and plated on fibronectin. (G) Kymographic analysis of the cell edge taken from Supplemental
Movie 3, where slices are taken 20 s apart, showing appearance of Abl2 and paxillin signals at
the cell edge. Triangle indicates formation of a new lamellipodium. Scale bar = 10 um.

However, unlike the waves in Dictyostelium, the Abl2:cortactin

gates on the ventral surface of a cell until it
hits a cell edge (Case and Waterman, 2011).
In this context, Arp2/3-mediated branched-
actin waves precede recruitment of adhe-
sion complex proteins such as VASP, zyxin,
and paxillin followed by a wave of integrin
activation. Here we note that Abl2 and cor-
tactin synergistically stabilize actin filaments
and activate Arp2/3-mediated actin branch-
ing, and these functions may be their main
roles at actin waves (Courtemanche et al.,
2015). Case and Waterman (2011) report
actin-rich waves throughout the ventral at-
tached surface of the cell, whereas we find
Abl2:cortactin-rich waves predominantly oc-
cur at the cell periphery and are associated
with the lamellum-lamellipodium interface.
It remains possible that Abl2:cortactin-rich
waves are the end result of ventral actin
waves hitting adhesion complexes such as
focal complexes. Therefore, one potential
role for Abl2:cortactin recruitment to actin
waves is to amplify Arp2/3-mediated actin
branching near sites of focal complex for-
mation to modulate the actin structure near
the cell edge.

Reducing Abl2 in cells decreases
lamellipodia size, which can be rescued
with an Abl2 C-terminal fragment
Quantification of lamellipodia lifetime, dis-
tance traveled, and average radial width
demonstrate that Abl2 promotes larger
lamellipodia but does not affect lamellipo-
dial lifetime and distance traveled. Further-
more, rescuing Abl2 knockout cells with
the Abl2 C-terminal fragment is sufficient
to restore lamellipodia sizes, whereas the
N-terminal kinase domain fragment does
not. These findings are consistent with pre-
vious work in fibroblasts showing that Abl2
C-terminal domains play a kinase-indepen-
dent scaffolding role in cell edge protru-
sions (Lapetina et al., 2009). It is interesting
that the N-terminal domain is not sufficient
to localize to waves, considering that this
fragment is capable of directly binding
membrane receptors such as integrins B1
and B3 (Warren et al., 2012; Simpson et al.,
2015). Further, SH3-SH2 domains of re-
lated kinases such as Src have been shown
to mediate interactions with membrane
complexes (Machiyama et al., 2015). One
possibility is that Abl2 SH3-SH2—kinase do-

waves appear on small sections of the cell edge, rarely spanning a
large portion of the overall cell circumference. Abl2:cortactin-rich
waves do not form a closed loop, at least not proximal to the mem-
brane, but appear and disappear as crescent waves approaching
the cell edge. This progression is more similar to the actin waves
described by Case and Waterman in U20S human osteosarcoma
cells, where integrin-mediated adhesion complex signaling propa-
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main is predominantly in an autoinhibited state and relies on the
C-terminal cytoskeletal domains for recruitment to the correct cel-
lular structures (Hantschel et al., 2003). This could explain why
Abl2 preferentially colocalizes with integrin B3 versus integrin B1
while in vitro pull-down experiments show that Abl2 N-terminal
fragment binds integrin B1 more strongly (Warren et al., 2012).
Future work is needed to determine the role of Abl2 kinase activ-
ity, if any, at actin waves and at the leading edge of lamellipodia.

Molecular Biology of the Cell
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suggest that Abl2 localizes to actin wave
complexes primarily through transient cy-
toskeletal interactions rather than direct
engagement of surface receptors. Movies
of cells expressing paxillin and Abl2
revealed that Abl2 dissociates before
paxillin, indicating that Abl2 only briefly
localizes to the paxillin-positive focal com-
plexes. The preferential interaction with
specific cytoskeletal structures may explain
why Abl2:cortactin-rich puncta do not also
undergo myosin-ll-dependent maturation
of focal complexes into focal adhesions
(Choi et al., 2008; Schneider et al., 2009).

Abl2:cortactin-rich waves mark sites of
dynamic lamellipodial protrusions

Abl2 and cortactin are necessary for the
formation of actin-based cell edge protru-
sions (Krueger et al., 2003; Miller et al.,
2004; Lapetina et al., 2009). We show here

D Not In Wave E In Wave F  Percentage of Trajectories  that Abl2 and cortactin localize to the
0.06 0.06 in Less Mobile State lamellum-lamellipodium interface and to
. . cs the tip of lamellipodia. Abl2:cortactin
20.04 20.04 = waves appear to mark sites of lamellipodia

3 3 . . . . .
8002 8002 o protrusions. This is consistent with past
- = §§ work showing the importance of adhesion-
0.00 0.00{ = — dependent actin changes for cell migration
08 04 0 04 08 08 04 O 04 08 0%  20% 40% 60% 80% (Burnette et al., 2014; Swaminathan et al.,

Step size (um) Step size (um)

2016; Barnhart et al., 2017). In addition,

FIGURE 5: sptPALM analyses reveal Abl2 diffuses slower in waves than outside of waves.

(A) Image of an Abl2-mEQS3.2 wave captured in TIRF mode at 561 nm to visualize all Abl2-
mEQOS3.2. (B) Representative image of Abl2-mEOS3.2 from Supplemental Movie 6 with
background subtracted and color inverted showing localization to actin waves at the cell
periphery. Scale bar = 5 ym. (C) Kymograph generated from the Abl2-mEOS3.2 Supplemental
Movie using the red box crop shown in B. Although the kymograph is shown at 1 s intervals, the
actual Abl2-mEQS3.2 Supplemental Movie was acquired at 100 ms exposures. (D, E) Single-step
distribution of tracked Abl2 molecule trajectories between two consecutive frames of the movie
showing that the overall distribution is the sum of two-Gaussian distributions; 25,000 single

Abl2 and cortactin localize in a thin band at
the very tip of growing lamellipodia. Inter-
estingly, Abl2:cortactin foci neither dis-
lodge from the lamellipodia tip nor exhibit
retrograde flow backwards. Therefore,
Abl2 and cortactin may primarily interact
with actin at the leading edge and release
as the actin network undergoes retrograde

steps were sampled in the histogram. Red and blue Gaussian curves represent fitted
populations by mixture analysis. Fitting done on pooled trajectories collected from 10 movies,
each from a different cell. (D) Abl2 molecules from the whole cell surface without waves were
identified and tracked. (E) Abl2 molecules inside a region of interest around active waves were
identified and tracked. (F) Box-and-whisker plot of population distribution from hidden Markov
modeling of trajectories showing fraction of trajectories categorized as less mobile. Box

indicates 95% confidence interval on the posterior distribution fitting.

Abl2:cortactin-rich waves are transiently associated with

focal complexes at the lamellum-lamellipodium interface

Because Abl2:cortactin-rich waves are seen only at the cell periph-
ery, they may be selectively recruited by transient cell adhesions
found at the lamellum—lamellipodium interface known as focal
complexes (Nobes and Hall, 1995; Zaidel-Bar et al., 2003; Burdisso
etal., 2013). Focal complexes are rich in integrin B3, paxillin, FAK,
and other adapter proteins in addition to actin and MTs (Scales
and Parsons, 2011). These complexes may serve as binding sites
to recruit Abl2 molecules, consistent with Abl2 single-particle
tracking data demonstrating a preference for confined diffusion
within actin waves. It is of note that integrin-mediated adhesions
are among the most potent activators of Abl family kinases (Lewis
and Schwartz, 1998; Li and Pendergast, 2011; Simpson et al.,
2015) and integrin B3 cytoplasmic tail can bind to Abl2 kinase di-
rectly, albeit with lower affinity than integrin 1. However, our data
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flow (Burnette et al., 2011; Ryan et al,
2012). These data reveal for the first time
two distinct Abl2:cortactin complexes: one
found at the lamellum-lamellipodium inter-
face that serves as the base of expanding
lamellipodia, and one at the leading edge
of lamellipodia.

MATERIALS AND METHODS

Molecular cloning

Murine Abl2, cortactin, and paxillin cDNA were cloned into pN1
expression vectors with indicated fluorescent protein tags using
Xho1 and Agel cut sites. Abl2 mutants were generated by PCR as
described previously (Miller et al., 2004). LifeAct was cloned into
pN1 vector with EGFP as described previously (Ried! et al., 2008).
mEQS3.2 photo-switchable fluorophore was replaced by the fluoro-
phore in pN1-EGFP expression vector using Agel and Not1 cut
sites (Zhang et al., 2012). GFP-MACF43 was described previously
(Yau et al., 2016).

Cell culture and construct transfection

Mycoplasma-free COS-7 cells were purchased from the American
Type Culture Collection and grown in DMEM supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml
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37°C in a heated chamber, and the objective
was warmed using a heating collar (Warner
Instruments). Cells were cultured in phenol
red-free DMEM supplemented with 10%
FBS and 20 mM HEPES (pH 7.3). Excitation
was performed with a 405, 488, or 561 nm
é\’o laser, as appropriate. For live-cell time-lapse
%) . .
& movies, the Zyla 4.2 camera was binned at 2
x 2 pixels and acquisitions were performed
with 400 ms integration times. Images were
acquired in epifluorescence and TIRF mode
every 10 s or in TIRF mode every 2 s.

N
&

%

i Abl2-AC

Immunofluorescence microscopy

COS-7 cells were plated on glass coverslips
functionalized and coated with 10 ug/ml fi-
bronectin as described above. Cells were
serum starved overnight and stimulated
with DMEM with 10% FBS for 30 min then
fixed with 2% paraformaldehyde/4% su-
crose in PBS for 5 min at room temperature.
Cells were permeabilized with blocking buf-
fer (0.1% Triton X-100, 3% BSA, 2% FBS in
PBS) for 1 h. Abl2-specific mouse antibody
(Ar19), cortactin-specific mouse antibody
(4F11), or B3 integrin rat antibody (Millipore;
clone EPR2417Y) were used at 1:100 dilu-
tions. Alexa488 anti-mouse secondary anti-
body from Invitrogen was used at 1:1000.
Alexa568 rabbit antibody was used to label
B3 integrin. Alexa568-conjugated phalloidin
was used at 1:100 (Thermo Fisher). All anti-
bodies were diluted in blocking buffer.

cortactin

merge

Abl2-557-C

cortactin

merge

Generation of Abl2 knockout cell lines

FIGURE 6: The Abl2 C-terminal half is sufficient for colocalization with cortactin at ventral

waves. (A) Domain structure of Abl2 full length (Abl2-FL), Abl2 with C-terminal cytoskeleton
domains deleted (Abl2-AC), and Abl2 with the N-terminal SH3-SH2-kinase cassette deleted
(Abl2-557-C). (B, C) Abl2-AC mutant does not colocalize with cortactin at actin waves. (B) Images
from TIRF Supplemental Movie 4 showing Abl2-AC-GFP, cortactin-RFP, and composite. Scale

bar =5 pm. (C) Images from TIRF Supplemental Movie 5 showing Abl2-557-C-GFP, cortactin-RFP,
and composite. Scale bar = 5 ym. (D) Quantification of Pearson coefficient of colocalization
between Abl2-FL-GFP, Abl2-AC-GFP, or Abl2-557-C-GFP with cortactin-RFP. Error bar represents
SEM. N = 6 cells for each condition. p = 0.0212 between Abl2-AC-GFP and Abl2-557-C-GFP, and

p =0.0054 between Abl2-AC-GFP and Abl2-FL-GFP.

streptomycin, and 2 mM L-glutamine. Cells were transfected with
polyethylenimine (Longo et al., 2013) or Lipofectamine 3000 (Thermo
Fisher) 24-48 h before imaging according to the manufacturer’s in-
structions. Poly-p-lysine and fibronectin were purchased from Sigma.

Time-lapse live-cell microscopy

Cells were imaged on 30 mm #1.5 coverslips in an interchangeable
dish (Bioptechs). Coverslips were plasma cleaned for 4 min using
Ar/O; and 2 min with Hy/O,. Coverslips were coated with 50 ug/ml
poly-p-lysine for 20 min at room temperature and 10 pg/ml fibronec-
tin in phosphate-buffered saline (PBS) for 1 h at 37°C and blocked
with 1% bovine serum albumin (BSA) in PBS for 1 h at 37°C. Cells
were seeded at 100,000 cells per coverslip. Live-cell microscopy was
performed on a Nikon Ti-E microscope with a 100x TIRF objective
(NA =1.49), an Andor Zyla 4.2 sSCMOS camera, and Nikon Elements
software. The microscope was equipped with a perfect focus system
and automated TIRF angle motor. Cell dishes were maintained at
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by CRISPR/Cas9-mediated genome
editing

Abl2 knockout cos7 cells were generated
using CRPISPR/Cas9 as described by the
Zhang lab (Shalem et al., 2014). Briefly, a
20-base pairs guide sequence (5-GAGA-
AAGTGAGAGTAGCCCT-3") with an adja-
cent PAM (GGQ) targeting the fourth exon
of Abl2 was inserted into lentiCRISPR
plasmid. HEK293T cells were transfected
with the constructed lentiCRISPR plasmid, packaging plasmid
psPAX2, and envelope plasmid pCMV-VSV-G, to generate lenti-
virus. Control parental Cos7 cells were infected with the gener-
ated lentivirus. The Abl2 selected with 2 ug/ml puromycin for
72 h and the cell lysates were collected for immunoblot to deter-
mine the expression level of Abl2. Abl2 KO cells exhibited >92%
loss of Abl2 signal by blotting with Ar11 and Ar19.

Western blot analysis

Cells were lysed with 1x LSB buffer (8% SDS, 20% glycerol, 100 mM
Tris, pH = 6.8, 8% 2-mercaptoethanol, and complete protease in-
hibitors) at 95°C. A polyacrylamide gel was prepared, and lysates
were run at 120 V for 1.5 h. Protein was then transferred to nitrocel-
lulose paper, blocked using the 5% milk and immunoblotted with
Ar11, which recognizes Abl2 C-terminus (residues 766-1182), and
Ar19, which recognizes Abl2 N-terminus (both antibodies were a
kind gift from Peter Davies, Albert Einstein Medical College,

Molecular Biology of the Cell
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FIGURE 7: Knocking out Abl2 does not affect wave lifetime or distance traveled but decreases lamellipodia size.

(A, B) Merged montage images of WT or Abl2-KO cells expressing LifeAct-GFP and cortactin-RFP. Images adapted
from Supplemental Movie 7, which were acquired at 10 s intervals in 488 and 561 nm excitations in TIRF mode. Scale
bar = 10 pm. (C-G) Single-line kymographs where x-axis is time and y-axis is length. Scale bars as indicated.

(C, D) Kymographs acquired from Supplemental Movie 7. (E-G) Kymographs acquired from Supplemental Movie 8,
which were acquired at 10 s intervals in 488 and 561 nm excitations in TIRF mode. COS7 Abl2-KO cells rescued with
AbI2-RFP, Abl2-AC-RFP, or Abl2-557-C-RFP and LifeAct-GFP. Scale bar = 10 um. (H-J) Quantification of wave behavior in
wild-type COS7 cells (WT; n=13), COS7 cells with Abl2 knocked out (KO; n = 11), and Abl2-KO COS7 cells transfected
with full-length Abl2 (n = 11), Abl2-557-C (n = 10), or Abl2-AC (n = 10). Each n is one wave in one cell. Error bars equal
SEM. (H) Quantification of wave lifetime in seconds. (I) Quantification of distance traveled by wave in micrometers.

(J) Quantification of average lamellipodium size exhibited by wave over the lifetime of the wave. **** indicates

p <0.0001. * indicates p=0.011.

Bronx, NY). Quantitation of protein expression was performed by
measuring the intensity of each band in background-subtracted
images in ImageJ, using the intensity of ponceau S stain image for
each lane as the loading control.
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Single-particle tracking and hidden Markov model analysis

mEos3.2-tagged molecules were fluorescently excited using a
561 nm laser with the laser power at 20 W/cm? coming out of the
objective in Epi mode. Cells were photoswitched using a 500 ms
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pulse of 405 nm laser at 2.5 W/cm?. Subsequently, movies were
acquired using 100 ms integration time continuously. Using custom
written software in Matlab, R, and ImageJ, fluorescent dots
corresponding to single molecules were identified by intensity
thresholding and the positions were tracked over time using the
nearest-neighbor method. For single-step distribution analysis, tra-
jectories were segmented into individual displacements and
pooled. A total of 5000 single steps were used to distribution anal-
ysis. The subsequent distribution was fitted using Gaussian mixture
fitting. Full trajectory analysis of single molecules using hidden
Markov modeling was performed as described previously (Das
et al., 2009). Briefly, we used the displacements of single-molecule
steps in a trajectory as a Markov chain and employed a Bayesian
Hamiltonian Monte Carlo algorithm to regress the data to two dif-
fusion constant states and two transition rates between the two
states. Diffusion rates from the single-step Gaussian analysis were
used for Monte Carlo analysis. This analysis allows us to extract the
steady-state distributions of Abl2 molecules in each diffusion state.
The Hamiltonian Monte Carlo algorithm was utilized using the
STAN modeling language through the RStan interface (Carpenter
et al., 2017). Monte Carlo simulations were performed on clusters
at Yale’s Center for Research Computing. Source code for analysis
is available upon request.

Statistical analyses

Analyses were performed with unpaired, two-tailed t tests, as ap-
propriate. Significance was defined as p < 0.05. Error bars represent
SEM. Calculations were performed using GraphPad Prism or R.
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