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Abstract

Background Information—ARAP2, an Arf GTPase-activating protein (Arf GAP) that binds to 

adaptor protein with PH domain, PTB domain and leucine zipper motifs 1 (APPL1), regulates 

focal adhesions (FAs). APPL1 affects FA dynamics by regulating Akt. Here, we tested the 

hypothesis that ARAP2 affects FAs in part by regulating Akt through APPL1.

Results—We found that ARAP2 controlled FA dynamics dependent on its enzymatic Arf GAP 

activity. In some cells ARAP2 also regulated phosphoAkt (pAkt) levels. However, ARAP2 control 

of FAs did not require Akt and conversely, the effects on pAkt were independent of FAs. Reducing 

ARAP2 expression reduced the size and number of FAs in U118, HeLa and MDA-MB-231 cells. 

Decreasing ARAP2 expression increased pAkt in U118 cells and HeLa cells and overexpressing 

ARAP2 decreased pAkt in U118 cells; in contrast, ARAP2 had no effect on pAkt in MDA-

MB-231 cells. An Akt inhibitor did not block the effect of reduced ARAP2 on FAs in U118. 

Furthermore, the effect of ARAP2 on Akt did not require Arf GAP activity, which is necessary for 

effects on FAs and integrin traffic. Altering FAs by other means did not induce the same changes 

in pAkt as those seen by reducing ARAP2 in U118 cells. In addition, we discovered that ARAP2 

and APPL1 had coordinated effects on pAkt in U118 cells. Reduced APPL1 expression, as for 

ARAP2, increased pAkt in U118 and the effect of reduced APPL1 expression was reversed by 

overexpressing ARAP2. Conversely the effect of reduced ARAP2 expression was reversed by 

overexpressing APPL1.

Conclusions—We conclude that ARAP2 affects Akt signaling in some cells by a mechanism 

independent of FAs or membrane traffic.
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Significance—Our results highlight an Arf GAP-independent function of ARAP2 in regulating 

Akt activity and distinguish the effect of ARAP2 on Akt from that on FAs and integrin trafficking, 

which requires regulation of Arf6.

Abstract

ARAP2 is an Arf GAP that has previously been reported to affect focal adhesions (FAs) by 

regulating Arf6 and integrin trafficking and to bind to the adaptor proteins APPL1. Here, we report 

that ARAP2 suppresses pAkt levels in cells coordinately with APPL1 and independently of GAP 

activity and its effect on the dynamic behavior of FAs.

Introduction

ARAP2 is an Arf GAP composed of a SAM, 5 PH, Arf GAP, Ank repeat, Rho GAP and Ras 

Association domains (Kahn et al., 2008; Miura et al., 2002; Yoon et al., 2006b). It 

specifically uses Arf6 as a substrate (Chen et al., 2013a; Yoon et al., 2006b). ARAP2 

localizes to and regulates focal adhesions (FAs) (Chen et al., 2014; Chen et al., 2013a; Yoon 

et al., 2006b). FAs are structures composed of clustered transmembrane proteins called 

integrins that bind to the extracellular matrix and link to the actin cytoskeleton and control 

cell migration, proliferation, survival and differentiation (Gardel et al., 2010; Geiger and 

Yamada, 2011; Parsons et al., 2010; Winograd-Katz et al., 2014). The effect of ARAP2 on 

FAs depends on the reduction of Arf6•GTP levels by the Arf6 GAP activity, which controls 

Rac1•GTP levels and endocytic traffic of integrins (Chen et al., 2014; Chen et al., 2013b). 

However, the reduction in Arf6•GTP levels alone is not sufficient to explain the effect of 

ARAP2 on FAs.

ARAP2 associates with adaptor protein with PH domain, PTB domain and leucine zipper 

motifs 1 (APPL1) in endosomes (Chen et al., 2014). APPL1 (Miaczynska et al., 2004; 

Mitsuuchi et al., 1999) has been found to regulate FA dynamics by control of Akt 

(Broussard et al., 2012). APPL1 is recruited by Rab5 to endosomes involved in traffic of 

transmembrane receptors including integrins (Miaczynska et al., 2004; Valdembri et al., 

2009). APPL1 endosomes are platforms for signaling affecting both the MAP kinase and 

Akt pathways (Masters et al., 2017; Schenck et al., 2008; Zoncu et al., 2009). APPL1 also 

binds directly to Akt, which inhibits signaling through Akt1 (Broussard et al., 2012) and 

facilitates signaling through Akt2 (Cheng et al., 2009). APPL1 inhibition of Akt1 has been 

reported to stabilize FAs (Broussard et al., 2012). Thus, APPL1 may affect FAs by two 

mechanisms that are not mutually exclusive, regulation of integrin traffic and regulation of 

Akt.

Luo et al. Page 2

Biol Cell. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The relationship of signaling through the Akt pathway to FAs is complex. Increased Akt 

signaling increases the turnover of FA (Broussard et al., 2012). However, FAs also function 

as signaling platforms, affecting several signaling pathways including Akt (Erez et al., 2005; 

Guo and Giancotti, 2004; Hehlgans et al., 2007; Hynes, 2002; Moreno-Layseca and Streuli, 

2014; Webb et al., 2004b; Wehrle-Haller and Imhof, 2002). Proteins associated with FAs 

include the nonreceptor tyrosine kinases FAK and Src. FAK can directly bind to the p85 

subunit of PI-3-kinase, which leads to the activation and production of the signaling 

phospholipid PIP3, resulting in the activation of Akt. FAK and Src phosphorylate p130CAS 

with the consequent recruitment of signaling adaptors, such as Crk, and exchange factors for 

Ras superfamily proteins, e.g. DOCK180, SOS, C3G, which activate Rac1, Ras and Rap1. 

Integrin linked kinase (ILK) has also been reported to directly phosphorylate and activate 

Akt (Persad and Dedhar, 2003). ARAP2, by affecting FAs, may influence these pathways 

and, conversely, the effects of ARAP2 on FAs may be mediated by changes in Akt signaling.

Here we test the hypothesis that ARAP2 affects FAs in part by controlling Akt. We 

considered this a plausible hypothesis given that ARAP2 binds to APPL1 and APPL1 has 

been found to affect FA dynamics by regulation of Akt. Our results refuted the idea that 

ARAP2 regulates FAs by controlling pAkt levels; however, in testing the hypothesis we 

discovered that ARAP2 and APPL1 coordinately regulate pAkt levels in some cells 

independently of effects on FAs.

Results

ARAP2 affects assembly/disassembly of FAs

In previous work, we found that loss of ARAP2 resulted in fewer and smaller FAs and 

reduced stress fibers, consistent with immature adhesive structures whereas increased 

ARAP2 activity increased FA size and number (Chen et al., 2013a; Yoon et al., 2006a). We 

found that regulation of Arf6 and subsequent changes in membrane traffic and Rac1 were 

necessary but not sufficient for the ARAP2-dependent changes in FAs. As a step towards 

identifying additional ARAP2-dependent mechanisms that may contribute to regulation of 

FAs, we characterized FA turnover in HeLa cells. Cells were treated with control or ARAP2 

siRNA. GFP-paxillin was used as a FA marker and imaged over time using time-lapse TIRF 

microscopy. The kinetics of formation and disassembly of adhesions were quantified by 

measuring the change in fluorescence intensity of GFP-paxillin within single adhesions over 

time (Webb et al., 2004a). Adhesion kinetics can be characterized as having three phases, (i) 

assembly, (ii) stationary and (iii) disassembly. We found that reduced ARAP2 expression 

affected all three. The average lifetime of the adhesions in ARAP2 siRNA-transfected cells 

was significantly shorter than control cells (58 % of the controls) (Fig. 1A-D and G and 

Video 1), with accelerated assembly and disassembly rates and shorter stationary phase, 

consistent with those described for immature adhesions (Choi et al., 2008). Overexpression 

of FLAG tagged wild-type ARAP2 rescued this change in FA dynamics, with half-lives 

indistinguishable from cells transfected with control siRNA (Fig. 1E and G and Video 2). In 

contrast, an Arf GAP deficient mutant of ARAP2, FLAG-[R728K]ARAP2, failed to rescue 

the fast FA turnover in ARAP2 siRNA cells (Fig. 1F and G and Video 3). Based on these 

results, we conclude that ARAP2 contributes to the maturation of adhesions.
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ARAP2 affects the dynamic behavior of paxillin, a cytoplasmic element of FA plaques

The overall stability of FAs is determined by the exchange rate of the FA components in and 

out of the structure (Cohen et al., 2006; Edlund et al., 2001; Fraley et al., 2005; Gupton and 

Waterman-Storer, 2006; Lele et al., 2006; Lele et al., 2008; von Wichert et al., 2003; 

Wolfenson et al., 2011). Immature adhesions are reported to have faster exchange rates of 

the cytoplasmic plaque component, vinculin than do mature adhesions (Mohl et al., 2009). 

Therefore, if ARAP2 promoted maturation, cells with decreased ARAP2 expression may be 

expected to have adhesions with faster exchange of cytoplasmic components of the plaque 

than control cells and overexpression may be expected to have slower exchange rates. To 

determine if the exchange of FA components is affected by ARAP2 knockdown, we 

performed Fluorescence Recovery after Photobleaching (FRAP) analysis using GFP-paxillin 

as a model FA cytoplasmic component. In both control and ARAP2 siRNA-transfected cells, 

fluorescence recovery of GFP-paxillin in FAs fit a single exponential curve (Fig. 2A). 

Adhesions in cells with reduced ARAP2 had a shorter recovery time and a larger 

exchangeable fraction of GFP-paxillin (Fig. 2A and B). Conversely, fluorescence recovery 

of GFP-paxillin in cells overexpressing ARAP2 was slower but had no difference in the size 

of GFP-paxillin mobile fraction (Fig. 2C and D). These results are consistent with the idea 

that ARAP2 regulates the dynamics of FAs, which is controlled by several signaling 

pathways, including Rho-family GTP-binding proteins and Akt (Broussard et al., 2012). We 

have previously examined Rho family GTP-binding proteins (Chen et al., 2013b) but have 

not examined Akt.

ARAP2 affects pAkt independently of FAs

Akt, regulated by the adaptor protein APPL1, has been found to affect FA dynamics 

(Broussard et al., 2012). ARAP2 binds to APPL1. Since the Arf6 GAP activity of ARAP2 is 

necessary but not sufficient for the ARAP2 effects on FAs, we considered the hypothesis that 

part of the effect of ARAP2 on FAs is mediated by Akt. As a first test of the hypothesis, we 

examined the effect of ARAP2 knockdown on FAs and pAkt levels in three cell lines: HeLa; 

U118 (a glioblastoma cell line) and; MDA-MB-231 (a breast cancer cell line). Cells were 

plated on fibronectin and serum starved for 5 hrs. ARAP2 knockdown by siRNA resulted in 

a reduction in the number of FAs in all three cell lines (Fig. 3A and B). Phosphorylation of 

T308 and S473 is required for maximum activation of Akt kinase. Thus, we determined the 

levels of Akt phosphorylation on these two key residues as a readout of Akt activity. The 

effect of ARAP2 knockdown on phosphoAkt (pAkt) was variable. In U118 cells, pT308Akt 

and pS473Akt were 2-4-fold greater in the knockdown cells than in controls. In HeLa cells, 

we did not detect a change in pT308Akt while pS473Akt was increased by approximately 

50%. In MDA-MB-231 cells, ARAP2 knockdown had no effect on either pT308Akt or 

pS473Akt. To test the selectivity of ARAP2 for Akt, we examined the activation status of 

Erk, another kinase known to be activated by the formation of FAs and regulates FA 

dynamics (Webb et al., 2004b). No change in pERK was detected in all three cell lines. We 

conclude from these results that ARAP2 affects pAkt levels in some cells but an effect on 

pAkt is not necessary for the effects of ARAP2 on FAs in all cell types.

To exclude the possibility that the increased pAkt in U118 cells is caused by off-targets 

effects of ARAP2 siRNA, we determined if expression of Flag-ARAP2 from a plasmid 
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reversed the effect of the siRNA. In these experiments, pS473Akt levels were determined in 

single cells using quantitative immunofluorescence microscopy. The results correlated with 

immunoblotting results for pS473Akt from cells treated with siRNA (Fig. 4). In cells 

transfected with control siRNA and expressing Flag-ARAP2, detected with an antibody to 

the Flag epitope, pS473Akt levels were similar to or lower than cells transfected with control 

siRNA. Expression of Flag-ARAP2 in cells transfected with siRNA targeting ARAP2 

reversed the effect of ARAP2 knockdown on pS473Akt.

It is plausible that in U118 cells, the changes in FAs are consequent to changes in Akt 

activity. Given that ARAP2 affected pAkt levels in U118 cells, we next determined if Akt 

activity contributed to the effects of ARAP2 knockdown on FAs in these cells. U118 cells 

with ARAP2 knocked down were plated on fibronectin and treated with an Akt inhibitor, 

MK2206. The number and size of FAs and pAkt levels were compared in control or ARAP2 

knockdown cells, with or without MK2206. MK2206 reduced pT308Akt and pS473Akt to 

undetectable levels (Fig 5A) but did not affect pERK, indicating a specific inhibition of Akt 

activity. However, MK2206 neither affected the number of FAs nor reversed the effect of 

ARAP2 knockdown on FAs (Fig 5B). Based on these results we conclude that Akt does not 

mediate ARAP2 effect on FAs.

ARAP2 affected both FA dynamics and pAkt levels in U118. While Akt is not required for 

ARAP2 control of FAs, we considered an alternate hypothesis that Akt signaling was 

affected by FAs in U118 cells. To examine this possibility, we perturbed FAs by treatments 

that did not involve ARAP2. First, we reduced the size of the FAs in U118 cells by reducing 

expression of another Arf GAP, ASAP1, that also regulates FAs (Chen et al., 2016), As for 

ARAP2 knockdown, there was a reduction in the size of FAs (Fig. 6A and B); however, 

pT308Akt or pS473 levels did not increase; instead, there was a 20% decrease in pT308Akt 

(Fig. 6C). As a second test for an effect of FAs on Akt signaling, U118 cells plated on poly-

L-lysine were compared to cells on fibronectin. FAs are assembled when integrins bind and 

are activated by their ligands, extracellular matrix proteins such as fibronectin. Cells on 

poly-L-lysine, which is not a ligand for integrins, had fewer and smaller FAs than those on 

fibronectin, which is a ligand for integrins (Fig. 6D and E). In contrast, there was no 

difference in pT308Akt or pS473Akt in cells plated on the two surfaces (Fig. 6F). With the 

lack of correlation of pAkt levels with FA size, we conclude that the ARAP2 regulation of 

pAkt levels is not a result of changes in FAs.

We previously reported that ARAP2 binds to APPL1. We investigated the possibility that 

ARAP2 functions with APPL1 to regulate Akt. Like ARAP2 knockdown, APPL1 

knockdown in U118 cells resulted in increased pS473Akt levels and increased APPL1 

expression reduced pS473Akt (Fig. 7A, B and C). To assess whether ARAP2 and APPL1 

may function in the same pathway, we performed complementation experiments, 

determining if over-expression of APPL1 or ARAP2 could suppress the effect of knockdown 

of the other on pAkt. We found that the effect of APPL1 knockdown on pS473Akt levels 

was partly reversed by overexpressing ARAP2 (Fig. 7B and C). The effect of ARAP2 

knockdown on pS473Akt was similarly reversed by overexpression of APPL1 (Fig. 7D and 

E). The results suggest that ARAP2 and APPL1 may coordinately regulate Akt.
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We next examined whether the interaction of ARAP2 and APPL1 mediated the effect on 

Akt. Interaction of the proteins was assessed by co-immunoprecipitation in three cell lines 

expressing Flag-ARAP2 and GFP-APPL1 (Fig. 7F). APPL1 was recovered when 

precipitating ARAP2 from MDA-MB-231 or HeLa lysates, but was not detected in U118 

cell lysates (Fig. 7F). Based on the results that ARAP2 knockdown did not affect Akt 

activity in MDA-MB-231 but ARAP2 co-immunoprecipitated with APPL1 (Fig. 3 and Fig. 

7F), we conclude that binding of ARAP2 to APPL1 is not sufficient to regulate Akt.

We next considered whether the effect of ARAP2 on Akt was related to its effect on integrin 

trafficking or to its effect on Rac1. The GAP deficient mutant of ARAP2, Flag-

[R728K]ARAP2, does not replace endogenous ARAP2 for control of integrin trafficking, 

signaling through Rac1 or FAs (Chen et al., 2014; Chen et al., 2013a). Here, we determined 

whether Arf GAP activity is necessary for effects on pAkt (Fig. 4). Expression of 

endogenous ARAP2 was reduced using siRNA and either Flag-ARAP2 or Flag-

[R728K]ARAP2 was expressed from an siRNA resistant plasmid. pS473Akt levels were 

determined by quantitative immunofluorescence microscopy. Cells with reduced endogenous 

ARAP2 had increased levels of pS473Akt. Both wild type and Flag-[R728K]ARAP2 

reversed the effect to the same extent, leading us to conclude that GAP activity is not 

required. The results support the idea that ARAP2 inhibits Akt independently of its control 

of integrin trafficking, Rac1 activation or FAs.

We considered that ARAP2 may be regulating another protein through direct binding to 

affect Akt. We screened for binding partners that might mediate the effect of ARAP2 on 

Akt. GST fusions of [1-813]ARAP2 and [875-1704]ARAP2 were expressed in U118 cells 

and in MDA-MB-231 cells (cells in which ARAP2 does not affect pAkt levels). Cells were 

lysed and the GST fusion proteins were precipitated with glutathione conjugated to agarose 

beads. Proteins that coprecipitated were identified by mass spectrometry. In this screen, 

proteins that precipitated with GST[1-813]ARAP2 or GST[875-1704]ARAP2 from U118 

cells but not from MDA-MB-231 might mediate the effects on Akt. Non-muscle myosin IIA, 

tubulin, moesin and α-actinin were identified as potential binding partners in the screen, 

which will be examined in subsequent work.

Discussion

We set out to test the hypothesis that ARAP2 affects FAs in part by regulating the Akt 

pathway. We discovered that ARAP2 suppresses pAkt independent of GAP activity and 

effects on FAs. The effect of ARAP2 on Akt was similar to the effect of APPL1 and could 

replace APPL1 in suppressing pAkt. Thus, ARAP2 functions with APPL1 to regulate the 

Akt pathway independent of Arf GAP-mediated effects on FAs.

We found that the effects of ARAP2 on pAkt were independent of FAs. In previous work, 

we found that endocytic trafficking of integrins and changes in Rac1 contribute to the 

ARAP2-regulated changes in FAs. Although Arf6 GAP activity of ARAP2 was necessary 

for the changes observed in FAs, in Rac1 and in endocytic traffic, it was not sufficient to 

explain the full effect on FAs. We hypothesized that ARAP2 binds to other proteins that 

contribute to the effects on FAs. A plausible mechanism involved the ARAP2 binding 
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partner APPL1. APPL1 had previously been reported to control FA dynamics by regulating 

Akt (Broussard et al., 2012). The effect of APPL1 on FA dynamics recapitulates that of 

ARAP2 reported in this study. We found that ARAP2 does contribute to the regulation of 

Akt in some cell lines, but our results exclude that this is the mechanism that contributes to 

ARAP2 control of FAs. In addition to Akt not mediating effects of ARAP2 on FAs, ARAP2-

dependent changes in FAs did not affect pAkt. We tested this idea because ARAP2 controls 

FAs and endocytic trafficking, which are both implicated in the regulation of Akt (Han et al., 

2011; Niit et al., 2015; Schenck et al., 2008; Zoncu et al., 2009). The Arf GAP deficient 

mutant of ARAP2 was as effective as wild type protein in regulating Akt but failed to rescue 

ARAP2 knockdown defects in either FAs or in endocytic trafficking of integrins. In 

unpublished studies, we found that ARAP2 knockdown reduces phosphoFAK levels in HeLa 

cells (Chen and Randazzo, unpublished), which would be predicted to reduce pAkt levels if 

the effect of ARAP2 on Akt were mediated by changes in FAs (Del Re et al., 2008). 

Therefore, we concluded that ARAP2 regulation of Akt was not secondary to effects on FAs.

An alternate hypothesis is that the effect on Akt is dependent on APPL1, independent of 

membrane traffic or FAs. We considered it plausible that ARAP2 binding to APPL1 could 

affect APPL1 regulation of Akt. ARAP2 and APPL1 knockdown both resulted in elevated 

pAkt levels. The effect of ARAP2 was rescued by overexpressing APPL1 and knockdown of 

APPL1 could be rescued by overexpressing ARAP2, indicating that ARAP2 and APPL1 

function may be coordinated. We are examining possible mechanisms by which ARAP2 and 

APPL1 function together. Association of ARAP2 and APPL1 was more easily detected in 

cells in which ARAP2 knockdown did not affect pAkt than in cells in which it did. We can 

conclude that ARAP2 binding to APPL1 is not sufficient to down regulate Akt. In addition 

to direct binding, other mechanisms to be considered include parallel pathways, which 

would be indirect.

We may obtain insight into mechanism through screens for binding partners of ARAP2. In 

our initial proteomic screens, elements of the cytoskeleton were identified. Two hybrid 

screens did not identify candidates (unpublished data). Another possible mechanism is that 

ARAP2 binds and recruits a phosphatase that acts on Akt or upstream regulator of Akt. 

Protein phosphatase 1E and SH2-containing inositol 5’-phosphatase2 (SHIP2) have been 

found in two-hybrid screens for proteins that bind to another ARAP family member, ARAP1 

(unpublished data). The differences we observed between cell types may provide clues about 

mechanism. MDA-MB-231 have an activating mutation in K-Ras whereas U118 cells have 

an inactivating mutation in PTEN (Bleeker et al., 2014). The effect of ARAP2 may be 

related to the metabolism of PIP3. PIP3 is critical for Akt activation (Manning and Toker, 

2017). All ARAP members, including ARAP2, binds PIP3. The primary way to terminate 

Akt signaling is by PTEN, which converts PIP3 to PI(4,5)P2. It is possible that in cells such 

as U118 where PIP3 levels cannot be lowered by the defective PTEN, the recruitment of 

other inositol phosphatases by a PIP3 effector ARAP2 becomes pivotal to terminate Akt 

signaling.

The role of Arf GAPs in cellular signaling is relatively unexplored. Most work has focused 

on cross talk with Rho family proteins (Krugmann et al., 2002; Krugmann et al., 2004; 

Miura et al., 2002; Nishiya et al., 2005; Randazzo et al., 2007; Yoon et al., 2006b). Several 
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papers have implicated Arf1 and Arf6 in the control of MAP kinase pathway (Boulay et al., 

2008; Schlienger et al., 2014; Tushir and D’Souza-Schorey, 2007). Arf1 has been reported to 

regulate signaling through the Akt pathway (Boulay et al., 2008). In breast cancer cell lines, 

Arf1 controlled PI 3-kinase recruitment to the plasma membrane, leading to activation of 

PKD and Akt. Here we have reported that ARAP2 affects Akt signaling. GAP activity was 

not required, but we have not excluded a role for Arf6, which may affect activity by binding 

to the Arf GAP domain, possibly to recruit ARAP2 to a specific site. Other Arf GAPs bind 

to signaling proteins, e.g. ASAP1 binds to Src, Crk and FAK (Brown et al., 1998; Oda et al., 

2003). ACAPs have been reported to be downstream of Akt signaling to control integrin 

recycling (Li et al., 2005).

In summary, we set out to test the idea that ARAP2 affects FAs in part by control of Akt. We 

refuted the hypothesis but discovered that ARAP2 affects pAkt levels in a subset of cells by 

a mechanism that is independent of membrane traffic, FAs and binding to APPL1. The 

complete mechanism by which ARAP2 affects FAs and the mechanism by which it regulates 

Akt in some cells is still being discovered.

Materials and Methods

Plasmids

Mammalian expression vectors for N-terminal FLAG-tagged ARAP2, [R728K]ARAP2, 

FLAG-tagged ARAP1, FLAG-tagged ACAP1 and GFP-APPL1 have been described (Chen 

et al., 2014). For, Flag-[1-813]ARAP2 and Flag-[875-1704]ARAP2, the coding region 

[1-813] and [875-1704] for ARAP2 was amplified by polymerase chain reactions and 

subcloned into the SalI and NotI sites of pCI (Promega) with a Flag tag (DYKDDDDK) for 

mammalian expression. For GST fusions of ARAP2, Coding region of [1-1704]ARAP1, 

[1-813]ARAP2 and [875-1704]ARAP2 was amplified by polymerase chain reactions and 

subcloned into the BamHI and KpnI sites of PSF-CMV-PURO-NH2-GST(sigma) with a 

GST tag for mammalian expression.

Antibodies and Reagents

Affinity purified rabbit anti-ARAP2 antibody (1186) and anti-ASAP1 polyclonal antibody 

were described before (Chen et al., 2014; Chen et al., 2013a; Randazzo et al., 2000). Anti-

FLAG polyclonal Ab, monoclonal anti-flag M2 beads, and fibronectin, poly-L-lysine and 

MK2206 were purchased from Sigma-Aldrich. Anti-Paxillin monoclonal Ab (clone 349) and 

anti-APPL1 were from BD Biosciences (San Jose CA). Anti-phospho Akt308, Anti-phospho 

Akt473, anti-phospho ERK, anti-Akt, anti-ERK and anti-GAPDH polyclonal were from 

Cellular Signaling (Danvers, MA). Anti-Hs70 monoclonal antibody was from Santa Cruz. 

Anti-GFP polyclonal antibody and Alexa Fluor-labeled secondary antibodies were from 

Invitrogen (Carlsbad, CA). Horseradish-peroxidase-conjugated anti-mouse and anti-rabbit 

IgG Abs were from Bio-Rad. IRDye® 800CW Donkey anti-Rabbit IgG (H + L) and IRDye® 

680RD Goat anti-Mouse IgG (H + L) were from LI-COR biosciences (Lincoln, NE).
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Cell Culture and Transfection

Hela, U118 and MDA-MB-231 cell were maintained at 37 °C in Dulbecco’s modified 

Eagle’s medium supplemented with 100 units/ml penicillin, 100ug/ml streptomycin, and 

10% fetal bovine serum (FBS). siRNA against ARAP2 (GUAAGAAGACAUUGGGUUA), 

APPL1 (GACAAGGTCTTTACTAGGTGTATTT), ASAP1 (smart pool 

Cat#MU-031961-01-0002) and control siRNA (siCONTROL Non-Targeting siRNA#4) were 

purchased from Thermo Scientific (Lafayette, CO). Cells were transfected with 40 nM 

siRNA using Dharmafect (Thermo Scientific, Lafayette, CO) according to the 

manufacturer’s instructions. For rescue experiments, 48 h after siRNA transfection, cells 

were transfected again with plasmids expressing Flag-tagged ARAP2 and GFP tagged 

APPL1 using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA).

Immunofluorescence Staining, Confocal Microscopy and image analysis

To quantify pAKT level, siRNA treated U118 cells were transfected, using Lipofectamine 

3000, with plasmids directing expression of relevant proteins. 24 h later, the cells were 

replated on fibronectin-coated coverslips and maintained in serum-free Opti-MEM 

(Invitrogen) for 5 h prior to fixation and immunostaining. Images from fixed cells were 

collected with a Leica SP8 laser scanning confocal microscope, using a 63×, 1.4 NA 

objective (Leica Microsystems Inc, Buffalo Grove IL). 2-3 μm Z stacks with a spacing of 0.3 

μm were taken of the area contacting the coverslip. For pAKT, series of confocal images 

were exported, the total intensity of pAKT were measured for transfected cell by Imaris 8 

(Bitplane, Zurich, Switzerland). Leica AF software was used to produce images. Maximum 

intensity projection were exported and then Adobe PhotoShop and Illustrator (Adobe 

Systems Inc, San Jose CA) were used to prepare composite figures. Scale bars were 

removed from the original images and were replaced with a more visible version in the final 

composite image. Focal adhesions were analyzed as described previously (Chen et al., 2014; 

Chen et al., 2013a).

Time-lapse TIRF microscopy

To analyze the effect of ARAP2 on the dynamics of FAs, ARAP2-silencing HeLa cells 

transiently co-transfected with pEGFP-paxillin and various ARAP2 constructs (ratio=1:7) 

were mounted on slides with double-stick tape in phenol red-free culture medium with 25 

mM Hepes (pH= 7.4) and 10units/ml Oxyrase and imaged by TIRF using a ×100 1.49 NA 

Plan objective (Nikon) with an ~100 nm evanescent field depth on a Cascade II:1024 

EMCCD (Photometrics) (Shin, 2010). Temperature was maintained at 37oC with an 

airstream incubator (Nevtek) and focus was maintained using PerfectFocus(™) (Nikon). 

TIRF images of EGFP-paxillin were captured at 20s intervals using a 512B EMCCD 

(Photometrics). Analysis of the duration of FA assembly, disassembly and total lifetime, the 

intensity of pEGFP-paxillin in FAs in TIRF images was performed. We hand-outlined a 

single FA that was able to see their total lifetime (assembly, maturation, and disassembly) in 

the paxillin channel, and recorded the integrated intensity of pEGFP-paxillin in the region 

for each image over time. The mean of the background was considered as the mean of the 

intensity in this region before the assembly of the FA. The integrated intensity of a region 

without FA for each image over time was considered as a factor to correct photobleach. 
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Therefore, the intensity value of a single FA in each image was corrected by mean 

background subtraction, photobleach correction (division), and normalization to the 

maximal intensity in the series. This normalized integrated intensity values were then plotted 

as a function of time. A significant rise in intensity, indicating the initiation of recruitment of 

the pEGFP-paxillin in the region, was considered as the first image of FA assembly in the 

series. The first image of slowing the assembly rate was considered as the last image of FA 

assembly. Additionally, a significant fall in intensity was considered as the first image of FA 

disassembly in the series. The first image showing the normalized intensity lower than 

background was considered as the last image of FA disassembly and total lifetime.

FRAP

3×104 siRNA or plasmid-transfected cells were plated on Lab-TekII 4-chambered coverglass 

(Nalge Nunc International, Naperville, IL) coated with 10 μg/ml fibronectin. The 

movements of GFP-tagged paxillin in live cells were monitored with a Zeiss Axiovert 200 

microscope equipped with a PerkinElmer UltraView spinning disc confocal system 

(PerkinElmer, Boston, MA) using a 63× 1.4 NA plan Neofluar oil immersion objective. 

Cells were imaged in real time on stage preheated to 37°C with CO2 chamber using an Orca-

ERII camera (Hamamatsu, Bridgewater, NJ). Cells were co-transfected with Flag-ARAP2 

and GFP-Paxillin at a ratio of 7:1 to ensure ARAP2 coexpression in GFP-Paxillin positive 

cells. GFP-Paxillin labeled adhesions were bleached using the 488 nm laser at full power. 

During fluorescence recovery, images were captured at 200~500 ms intervals for less than 3 

min at a reduced laser intensity (40~60 %) to minimize undesired photobleaching. The 

integrated fluorescence intensity was recorded in pre-bleach and recovery image series and 

normalized so that the pre-bleach value was 100 %. The recovery halftime (t½) and mobile 

fraction were calculated using the normalized recovery values with a one phase exponential 

association in GraphPad Prism (GraphPad Software, La Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reduced ARAP2 expression promotes FA turnover.
(A-G) HeLa cells treated with siRNA (control si, ARAP2 si) were transfected with a 

plasmid for expression of GFP-paxillin and either a vector control or different constructs for 

the expression of ARAP2 at a ratio of 1:7 (ARAP2 si+Flag-tagged WT, R728K), then plated 

onto fibronectin-coated (10 μg/ml) coverslips. The next day, images were obtained from a 

time-lapse TIRF series of GFP-paxillin during FA turnover. Data shown are (A) time-lapse 

images, (B) kymographs of GFP-paxillin adhesions, (C-F) examples of normalized 

fluorescent paxillin intensity change over time in the FAs, and (G) the average FA lifetime 
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and length of assembly, disassembly and stationary phase from adhesions in each condition 

(n=14~19, ± s.e.m.). * p<0.05 indicates significantly different from control siRNA using 

Student’s t test. Scale bar, 2.5 μm.

Luo et al. Page 15

Biol Cell. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. ARAP2 modulates the exchange rate of paxillin in FAs.
GFP-paxillin was co-transfected with siRNA (A, B), mCherry or Flag-ARAP2 at a ratio of 

1:7 (C, D) into HeLa cells. Cells were plated onto fibronectin-coated glass bottom chambers 

and subsequently subjected to photo-bleaching and imaged on a spinning disk microscope. 

Examples of GFP-paxillin fluorescence recovery data in siRNA-transfected (A) and 

mCherry or Flag-ARAP2-transfected cells (C) fit a single exponential curve. (B, D) The 

average t1/2 and mobile fraction of GFP-paxillin fluorescence recovery in ten control siRNA 

(n=46), ten ARAP2 siRNA-transfected cells (n=48, ± s.e.m.), six mCherry (n=22) and six 

Flag-ARAP2-transfected cells (n=47, ± s.e.m.). * p<0.05 indicates different from control 

using Student’s t test.
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Figure 3. Lack of correlation between effects of ARAP2 on FAs and pAkt. (A, B) Effect of 
reduced ARAP2 expression on FAs.
Hela, U118 and MDA-MB-231 cell were treated with either a control siRNA or ARAP2 

siRNA for 72 hours, then plated onto fibronectin (10 μg/ml) coated coverslips for 5 hours. 

The cells were immunostained for paxillin to detect FAs. FAs in the indicated size ranges 

were counted as described in “Materials and Methods.” Representative images (A) and 

quantification (B) expressed as the mean±S.E. from three experiment are shown. In each 

experiment, approximately 20 cells were imaged, yielding a total of 60-65 cells from each 

condition for the quantification. Scale bars, 20 μm.
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(C, D) Effect of reduced ARAP2 expression on pAkt and pErk. Cells treated with siRNA 

as described in (A) were lysed and total cell lysates were analyzed by immunoblotting with 

antibodies to the indicated proteins. Representative blots (C) and quantification of the 

signals using the Odyssey infra-red system (LI-COR) are shown.
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Figure 4. The Arf GAP activity of ARAP2 is dispensable for its effects on Akt.
U118 cells treated with control or ARAP2 siRNA were transfected with plasmids for 

expressing either Flag-ARAP2 or Flag-[R728]ARAP2. The plasmid without cDNA for 

ARAP2 (vector) were used as a control. Cells were plated on fibronectin coated glass slides 

for 6 hrs, fixed and stained for pAkt and the Flag epitope, followed by immunofluorescence 

microscopy. (A) Representative images with the top panel showing staining for the Flag 

epitope to identify transfected cells and the lower panel staining for pS473Akt. (B) The 

summary data is shown as the mean±S.E. from quantifying 20-22 cells under each condition 

from 2 experiments. Scale bar, 20 μm. **, p<0.01, ***, p<0.001.
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Figure 5. ARAP2-dependent changes in FAs are not dependent on Akt.
U118 cells transfected with control or ARAP2 siRNA were plated on fibronectin coated 

plates or glass coverslips for 5 hrs and treated with 5μM Akt inhibitor MK2206 for 1 hour 

prior to lysis or fixation. (A) Akt inhibition by MK2206. Cell lysates were fractionated by 

SDS-PAGE and transferred to nitrocellulose for immunoblotting for the indicated proteins. 

(B) Effects of reduced ARAP2 expression and Akt inhibition on FAs. Fixed cells were 

immunostained for paxillin, imaged with immunofluorescence microscopy and FAs 

quantified. Results shown are the summary of three experiments, with quantification of FAs 

from 20-22 cells for each condition for each experiment.
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Figure 6. Changes in pAkt are independent of changes in FAs. (A, B and C) Reduced expression 
of ASAP1 reduces FA size but does not affect pAkt.
U118 cells were treated with siRNA for ARAP2 or ASAP1 and plated on fibronectin. The 

effects on FAs and on pAkt levels were determined. Representative images (A) and 

quantification of FAs (B), 20-22 cells in each of 2 experiments, are shown. (C) The upper 

panel is an immunoblot for ARAP2 and ASAP1, as indicted, of lysates of cells treated with 

siRNA targeting ARAP2 or ASAP1; the middle panel is a representative experiment 

showing the immunoblot of pT308Akt, , pS473Akt, total Akt and ASAP1; the lower panel is 

the summary of 3 experiments quantified by densitometry. The error bars are SEM. (D, E 
and F) Effect of integrin ligand on FAs and pAkt in U118 cells. U118 cells were plated 

on fibronectin or poly-L-lysine for 5 hours in serum free Opti-MEM prior to fixation or 

lysis. FAs and pAkt levels were analyzed as in Figure 5. Representative images (D) and 

quantification of FAs (E), 20-22 cells in each of 2 experiments are shown. (F) Upper panel is 

a representative immunoblot for pT308Akt, pS473Akt and total Akt and the lower panel is a 

summary of three experiments in which the immunoblots were quantified by densitometry. 

Error bars are SEM. Scale bars, 20 μm.
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Figure 7. APPL1 and ARAP2 depend on each other for regulation of Akt. (A, B and C) ARAP2 
rescues the effect of APPL1 knockdown on pAkt.
U118 cells treated with control or APPL1 siRNA and with expression vectors for either 

GFP-APPL1 or Flag-ARAP2 were plated on fibronectin for 5 hours in serum free medium 

prior to lysis and analysis of pS473Akt levels by quantitative IF. A. Left panel: 

Representative blot showing reduced APPL1 levels with siRNA treatment. Right panel: 

Quantification of immunoblot signals using using the Odyssey infra-red system (LI-COR). 

B. Representative images of cells. The upper panels are images indicating the transfected 

cells by GFP signal or by staining for Flag epitope. The lower panels are the cells stained for 

pS473Akt. C. Summary of three experiments. pAkt was quantified for 20-22 cells in each 

condition in three experiments. Error bars are SEM. (D and E) APPL1 rescues the effect of 
ARAP2 knockdown on pAkt. U118 cells were transfected with siRNA targeting ARAP2 

and expression vectors for GFP-APPL1 or GFP (pEGFP-N1). D, representative images of 

cells in which pS473Akt was quantified are shown. The upper panels show cells with GFP 

signal to identify transfected cells. The lower panels are the cells stained for pS473Akt. E. 
shows the summarized quantitation of 20-22 cells for each condition from three 

experiments. Scale bars, 20 μm. F. Association of APPL1 and ARAP2 in three cell lines. 
U118, MDA-MB-231 and Hela cells were co-transfected with Flag-ARAP2 and GFP-

APPL1. The cells were lysed after 24 h. Proteins from the lysates were immunoprecipitated 
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(IP) with an antibody against the FLAG epitope, and the precipitates were immunoblotted 

(IB) with an antibody against FLAG or GFP. Error bars are SEM. **, p<0.01, ***, p<0.001.
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