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Divergent regulation of α-arrestin ARRDC3 
function by ubiquitination

ABSTRACT The α-arrestin ARRDC3 is a recently discovered tumor suppressor in invasive 
breast cancer that functions as a multifaceted adaptor protein to control protein trafficking 
and cellular signaling. However, the molecular mechanisms that control ARRDC3 function are 
unknown. Other arrestins are known to be regulated by posttranslational modifications, sug-
gesting that ARRDC3 may be subject to similar regulatory mechanisms. Here we report that 
ubiquitination is a key regulator of ARRDC3 function and is mediated primarily by two pro-
line-rich PPXY motifs in the ARRDC3 C-tail domain. Ubiquitination and the PPXY motifs are 
essential for ARRDC3 function in regulating GPCR trafficking and signaling. Additionally, 
ubiquitination and the PPXY motifs mediate ARRDC3 protein degradation, dictate ARRDC3 
subcellular localization, and are required for interaction with the NEDD4-family E3 ubiquitin 
ligase WWP2. These studies demonstrate a role for ubiquitination in regulating ARRDC3 
function and reveal a mechanism by which ARRDC3 divergent functions are controlled.

INTRODUCTION
Despite advances in treatment, breast cancer remains the second 
leading cause of cancer death among women in the United States 
(Giaquinto et al., 2022). Thus, there is an urgent need for identifica-
tion of new therapeutic targets. Arrestin domain–containing protein 
3 (ARRDC3) has emerged as a tumor suppressor for metastatic 
breast cancer (Adelaide et al., 2007; Draheim et al., 2010; Soung 
et al., 2014). ARRDC3 inhibits epithelial-to-mesenchymal transition 
in breast cancer cells (Soung et al., 2019; Zapparoli et al., 2020) and 
sensitizes invasive breast cancer cells to chemotherapy (Soung et al., 

2019). Moreover, ARRDC3 controls endolysosomal trafficking of 
plasma membrane proteins including protease-activated receptor-1 
(PAR1), a G protein–coupled receptor (GPCR), and integrins, thereby 
suppressing invasive breast cancer cell migration, invasion, and me-
tastasis in vitro and in vivo (Draheim et al., 2010; Arakaki et al., 2018, 
2021; Soung et al., 2018). However, the molecular mechanisms that 
control ARRDC3 tumor suppressor function remain unknown.

ARRDC3 is a member of the mammalian α-arrestin family, which 
consists of ARRDC1-5 and thioredoxin-interacting protein (TXNIP) 
(Alvarez, 2008). Although mammalian α-arrestins share little se-
quence homology with β-arrestins, the two families are structurally 
similar, with both containing N- and C-domains composed of seven-
stranded β-sheet arrestin domains and a finger loop region (Aubry 
et al., 2009; Polekhina et al., 2013; Hwang et al., 2014; Qi et al., 
2014a). However, α-arrestins and β-arrestins differ considerably in 
the C-tail region. Most α-arrestins, besides TXNIP (Qualls-Histed 
et al., 2023), are not known to contain a C-tail clathrin-binding motif, 
and all α-arrestins lack adaptor protein-2 (AP-2) recognition motifs, 
which are present in β-arrestins. Instead, α-arrestins contain proline-
proline-X-tyrosine (PPXY) motifs, which are known to interact with 
WW domains, particularly of the NEDD4 family of E3 ubiquitin li-
gases (Nabhan et al., 2010; Rauch and Martin-Serrano, 2011). How-
ever, compared with the well-characterized β-arrestins, very little is 
known about how mammalian α-arrestin function is regulated.

In contrast to mammalian α-arrestins, yeast α-arrestins have 
been widely studied. Yeast do not express β-arrestins, multifunc-
tional GPCR adaptor proteins, but do express 14 distinct α-arrestin 
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FIGURE 1: ARRDC3 ubiquitination is modulated by thrombin stimulation and requires WWP2. (A) Top: PAR1 HeLa cells 
were stimulated with 10 nM thrombin for the indicated times, and endogenous ARRDC3 was immunoprecipitated. 
Immunoprecipitates were immunoblotted for endogenous ARRDC3 ubiquitination. Bottom: Quantification of ARRDC3 
ubiquitination (mean ± SD from four independent experiments; one-way ANOVA; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001). (B) Top: PAR1 HeLa cells were stimulated with 10 nM thrombin for indicated times and then 
endogenous WWP2 was immunoprecipitated. Immunoprecipitates were immunoblotted for WWP2 tyrosine antibody 
using an anti–phospho-tyrosine antibody (4G10). Bottom: Quantification of WWP2 tyrosine phosphorylation (mean ± SD 
from five independent experiments; one-way ANOVA; **, p < 0.01). (C) Top: PAR1 HeLa cells were stimulated with 
10 nM thrombin for indicated times and then endogenous WWP2 was immunoprecipitated. Immunoprecipitates were 
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adaptor proteins. In Saccharomyces cerevisiae, where α-arrestins 
have been most extensively studied, α-arrestins have been shown 
to function in large part as adaptor proteins that facilitate protein 
trafficking through recruitment of Rsp5 E3 ubiquitin ligase (the or-
thologue of human NEDD4) via the Rsp5 WW domains and α-
arrestin PPXY motifs to ubiquitinate plasma membrane proteins 
(Boase and Kelly, 2004; Lin et al., 2008; Nikko and Pelham, 2009; 
Novoselova et al., 2012). Besides harboring PPXY motifs, some 
yeast α-arrestins have also been demonstrated to interact with 
clathrin and clathrin adaptor proteins (O’Donnell et al., 2010). Like 
mammalian β-arrestins, yeast α-arrestin function is regulated 
through postranslational modifications—primarily phosphorylation 
and ubiquitination. Phosphorylation of yeast α-arrestins is sug-
gested to inhibit α-arrestin function; upon dephosphorylation, yeast 
α-arrestins can promote endocytosis of plasma membrane proteins 
(O’Donnell and Schmidt, 2019; Zbieralski and Wawrzycka, 2022). 
Conversely, ubiquitination of yeast α-arrestins appears to promote 
α-arrestin function through regulated interactions with both cargo 
proteins and Rsp5 E3 ubiquitin ligase (MacDonald et al., 2020; 
Zbieralski and Wawrzycka, 2022).

Because previous studies have described potential interactions 
between ARRDC3 and multiple NEDD4-family E3 ubiquitin ligases 
(Rauch and Martin-Serrano, 2011; Qi et al., 2014b; Dores et al., 
2015; Xiao et al., 2018), we hypothesized that regulation of ubiqui-
tination may be important for controlling mammalian α-arrestin 
ARRDC3 divergent functions. Here, we report that the ARRDC3 
PPXY motifs are required for ARRDC3 ubiquitination and are critical 
determinants for ARRDC3 function in regulating both PAR1 endoly-
sosomal trafficking and GPCR-induced Hippo pathway signaling. 
ARRDC3 ubiquitination and the PPXY motifs are required for regula-
tion of ARRDC3 protein stability, ARRDC3 subcellular localization, 
and ARRDC3 interaction with WWP2 E3 ligase. These findings 
demonstrate that ubiquitin is an important mediator of mammalian 
α-arrestin ARRDC3 divergent functions.

RESULTS
ARRDC3 ubiquitination is regulated by PAR1 stimulation 
and requires WWP2 E3 ubiquitin ligase
To assess whether ARRDC3 function might be regulated by ubiqui-
tin, we first examined whether ARRDC3 ubiquitination status is 
modulated by thrombin-induced PAR1 activation. We observed a 
significant increase in ARRDC3 ubiquitination compared with con-
trol cells after 5 min of thrombin stimulation (Figure 1A, lanes 2 and 
3), which was significantly decreased by 20 min of thrombin stimula-
tion (Figure 1A, lane 5). These findings suggest that ARRDC3 ubiq-
uitination modulated by thrombin stimulation may regulate ARRDC3 
function.

Next, we sought to identify the E3 ubiquitin ligase that mediates 
ARRDC3 ubiquitination. In previous studies we showed that WWP2 
and ARRDC3 coassociate (Dores et al., 2015), indicating a potential 
role for WWP2. As a NEDD4-family E3 ubiquitin ligase, the activity 
of WWP2 is known to be regulated through the release of autoinhi-
bition. This can occur through phosphorylation at Y369 and Y392 
within the WW2-WW3 linker region (Chen et al., 2017) or through an 
allosteric mechanism that involves interaction of WWP2 WW 

domains and PPXY motifs of other proteins (Rauch and Martin-Ser-
rano, 2011; Mund et al., 2015). Thus, to determine whether WWP2 
activity is regulated by thrombin stimulation, we examined WWP2 
tyrosine phosphorylation using an anti–phospho-tyrosine 4G10 an-
tibody. We observed a significant increase in WWP2 tyrosine phos-
phorylation compared with untreated control cells after 5 min of 
thrombin stimulation (Figure 1B, lanes 2–5), suggesting that WWP2 
is activated by thrombin stimulation. To verify WWP2 activation, we 
also assessed WWP2 autoubiquitination. Upon activation, HECT do-
main–containing E3 ligases are autoubiquitinated (Grimsey et al., 
2018); thus, WWP2 ubiquitination status was used to assess its activ-
ity. We observed a significant increase in WWP2 ubiquitination after 
5 min of thrombin stimulation compared with untreated control cells 
(Figure 1C, lanes 2–5), providing further support that WWP2 is acti-
vated by thrombin stimulation. Together, these data indicate that 
WWP2 activity is regulated by thrombin stimulation.

To test whether WWP2 is required for ARRDC3 ubiquitination, 
we examined thrombin-induced ARRDC3 ubiquitination in cells de-
pleted of WWP2 expression. In cells transfected with nonspecific 
small interfering RNA (siRNA), thrombin induced a significant in-
crease in ARRDC3 ubiquitination after 5 min compared with un-
treated cells (Figure 1D, lanes 1–4). However, in cells depleted of 
WWP2 expression by using siRNA, thrombin treatment failed to in-
duce ARRDC3 ubiquitination (Figure 1D, lanes 5–8). These findings 
indicate that WWP2 is required for thrombin-induced ARRDC3 
ubiquitination and further suggest that ARRDC3 function could be 
regulated by ubiquitination.

The ARRDC3-WWP2 interaction is predicted to occur 
through the PPXY motifs and WW1 and WW2 domains of 
WWP2
Next, we sought to elucidate the molecular determinants that medi-
ate ARRDC3 and WWP2 interaction. WWP2 consists of a C2 do-
main, four WW domains, and a HECT ubiquitin ligase domain. WW 
domains are known to preferentially recognize and bind to short, 
proline-rich motifs (Macias et al., 2002), and thus we hypothesized 
that ARRDC3 PPXY motifs (346PPSY motif is shown as pink and the 
391PPLY motif as green) may mediate interaction with WWP2 WW 
domains (Figure 2A). To test this hypothesis, we computationally 
generated an ensemble of 25 ranked molecular complexes be-
tween the C-tail region of ARRDC3 (residues 315–414) and the full-
length WWP2 by using Alphafold2 Multimer (Jumper et al., 2021; 
Varadi et al., 2022). Alphafold2 predicted a direct interaction of the 
ARRDC3 C-tail region (which contains the PPXY motifs) with WWP2 
WW domains. In the highest-ranked model of ARRDC3 C-tail–
WWP2 interaction generated with the Alphafold2 multimer, it ap-
pears that the ARRDC3 346PPSY motif interacts with the WW1 do-
main and 391PPLY with the WW2 domain of WWP2 (Figure 2B). As 
illustrated in the space-filling model (Figure 2, C and D), both 
346PPSY and 391PPLY are predicted to pack tightly into the WW do-
mains, consistent with the idea that the ARRDC3 PPXY motifs and 
WWP2 WW domains are the key determinants that mediate 
ARRDC3-WWP2 interaction.

Next, we compared our predicted interaction of ARRDC3 
346PPSY and WWP2 WW1 domain with the previously published 

immunoblotted for WWP2 ubiquitination. Bottom: Quantification of ubiquitination (mean ± SD from three independent 
experiments; one-way ANOVA; **, p < 0.01). (D) Top: PAR1 HeLa cells were treated with nonspecific (NS) or WWP2-
specific siRNA, stimulated with 10 nM thrombin for the indicated times, and then endogenous ARRDC3 was 
immunoprecipitated. Immunoprecipitates were immunoblotted for endogenous ARRDC3 ubiquitination. Bottom: 
Quantification of ARRDC3 ubiquitination (mean ± SD from three independent experiments; one-way ANOVA; 
*, p < 0.05).
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experimental structure of ARRDC3 364PPSY and NEDD4-1 WW3 do-
main (Figure 2E) (Qi et al., 2014b). Upon superimposition of the WW 
domains, we observed that the structures of WWP2 WW1 and 
NEDD4-1 WW3 are highly conserved, with both consisting of a tri-
ple-stranded β-sheet (Figure 2E, orange and green), and that the 
potential sites of hydrogen bonding appear to be similar as well. As 
was shown for NEDD4-1 and ARRDC3 (Qi et al., 2014b), WWP2 and 
ARRDC3 appear to be in close enough proximity to make hydrogen 
bonds between E344, P347, or Y349 of the PPSY peptide and con-
served residues W328, T326, or H321 of WWP2, respectively (Figure 
2E). The data suggest that the interaction between ARRDC3 and 
NEDD4-family E3 ligases may be conserved across family members, 
although the interaction may occur at different WW domains.

To assess whether ARRDC3 may preferentially interact with the 
individual WW domains of WWP2, we examined the predicted in-
teraction between the ARRDC3 C-tail and the individual WW1, 
WW2, WW3, and WW4 domains of WWP2 across the top 25 ranked 
Alphafold2 models. The computational analysis indicates that the 
ARRDC3 PPXY motifs display a clear preference for interaction with 
the WW1 and WW2 domains of WWP2, as these domains were 

predicted to be occupied by the ARRDC3 PPXY motifs in 22 of 25 
models (Figure 2F). In only 4 of 25 models, Alphafold2 predicted 
either ARRDC3 346PPSY or 391PPLY to interact with the WW3 domain 
of WWP2 (Figure 2F). Taken together, these data suggest that the 
key determinants of ARRDC3-WWP2 interaction appear to be the 
ARRDC3 PPXY motifs and the WW1 and WW2 domains of WWP2 
E3 ubiquitin ligase.

The ARRDC3 PPXY motifs are required for interaction with 
WWP2 E3 ligase at WW1 and WW2 domains and mediate 
thrombin-induced ARRDC3 ubiquitination
To experimentally examine whether ARRDC3-WWP2 interaction oc-
curs through the ARRDC3 PPXY motifs and to determine whether 
the ARRDC3-WWP2 interaction is regulated by thrombin stimula-
tion, coassociation of ARRDC3 wild type (WT) and a PPXY mutant 
was assessed in cells. An HA epitope-tagged ARRDC3 WT and mu-
tant containing PPXY mutations in which both prolines (P) and tyro-
sines (Y) were converted to alanines (A), yielding a HA-ARRDC3-
AAXA mutant (Arakaki et al., 2021), were expressed comparably in 
cells. The association between HA-ARRDC3-WT or the -AAXA 

FIGURE 2: The ARRDC3-WWP2 interaction is predicted to occur through the PPXY motifs and preferential WW 
domains. (A) WWP2 (orange) contains a C2 autoinhibitory domain, four WW domains, and a HECT E3 ligase domain. 
ARRDC3 (blue) contains an N- and C-arrestin domain and two PPXY motifs (pink and lime green) in the C-tail. 
(B) Alphafold2 model of interaction between the ARRDC3 C-tail and WWP2. (C, D) Space-filling model of Alphafold2 
prediction of ARRDC3 PPSY peptide and WWP2 WW1 or ARRDC3 PPLY and WWP2 WW2. (E) Superposition of ARRDC3 
PPSY peptide and NEDD4-1 WW3 (PDB: 4N7H). (F) Graphical depiction of interaction between PPSY (pink) and PPLY 
(lime green) and the indicated WWP2 WW domain in each of the 25 top-ranked Alphafold2 models of interaction.
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mutant and endogenous WWP2 was then assessed by coimmuno-
precipitation. We observed a modest but significant increase in 
WWP2 and HA-ARRDC3-WT coassociation following thrombin stim-
ulation (Figure 3A, lanes 1–4). In contrast, no association was de-
tected between WWP2 and HA-ARRDC3-AAXA, suggesting that 
the ARRDC3 PPXY motifs are essential for the interaction between 
ARRDC3 and WWP2 (Figure 3A, lanes 5–8). These results suggest 
that the ARRDC3 PPXY motifs are the key determinants of the 
ARRDC3-WWP2 interaction.

We next examined whether ARRDC3 preferentially interacts with 
the individual WW domains of WWP2 in cells as predicted by Alpha-
fold2. To test this, we expressed and purified the four individual WW 
domains tagged with GST (Figure 3B, lanes 3–12). Each GST-WW 
domain was then incubated with cell lysates prepared from HEK293T 
cells expressing the comparable HA-ARRDC3-WT or HA-ARRDC3-
AAXA mutant (Figure 3B, lanes 1 and 2). We observed a strong as-
sociation between HA-ARRDC3-WT and WW1 and WW2 domains 
of WWP2, but not with the WW3 or WW4 domains of WWP2 (Figure 
3B, lanes 3–6). Additionally, no association between the HA-
ARRDC3-AAXA mutant and any of the WWP2 WW domains was 
observed (Figure 3B, lanes 8–12). Taken together, these results con-
firm that the ARRDC3-WWP2 interaction occurs via the ARRDC3 
PPXY motifs and WWP2 WW domains 1 and 2.

Because the ARRDC3 PPXY motifs are required for association 
with WWP2, we hypothesized that the ARRDC3 PPXY motifs are key 
determinants of ARRDC3 ubiquitination. To test this, we assessed 
HA-ARRDC3-WT and -AAXA mutant ubiquitination in cells stimu-
lated with or without thrombin. We observed a modest but signifi-
cant increase in WT HA-ARRDC3 ubiquitination following thrombin 
treatment compared with that in untreated cells and the immuno-
globulin G (IgG) control (Figure 3C, lanes 1–4), like that observed for 
endogenous ARRDC3 (Figure 1A, lanes 1–4). Conversely, thrombin 
failed to induce ubiquitination of the HA-ARRDC3-AAXA mutant 
(Figure 3C, lanes 5–8). These results suggest that the PPXY motifs 
are a key determinant of ARRDC3 ubiquitination.

Ubiquitin is important for ARRDC3 regulation of PAR1 
trafficking and signaling
To examine the possibility that ubiquitination regulates divergent 
ARRDC3 functions, we first determined whether ubiquitination plays 
a role in ARRDC3-mediated regulation of PAR1 trafficking and sig-
naling using MDA-MB-231 invasive breast carcinoma cells. JNK1 is 
an effector of PAR1-stimulated Gα12/13 signaling and a known me-
diator of PAR1-stimulated breast carcinoma invasion (Kelly et al., 
2006; Juneja et al., 2011). In invasive breast cancer cells, ARRDC3 
expression is diminished (Adelaide et al., 2007; Soung et al., 2014) 
and endogenous PAR1 lysosomal trafficking is dysregulated, result-
ing in increased PAR1 expression and persistent signaling through 
JNK1 (Booden et al., 2004; Arora et al., 2008; Arakaki et al., 2018). 
When ARRDC3 was reexpressed in MDA-MB-231 invasive breast 
carcinoma cells, PAR1 lysosomal trafficking and degradation was res-
cued and normal JNK1 signaling was restored (Arakaki et al., 2018).

To determine whether ARRDC3 ubiquitination regulates PAR1 
endolysosomal trafficking, endogenous PAR1 degradation was 
measured after prolonged thrombin stimulation. In these experi-
ments, HA-ARRDC3-WT or the -AAXA mutant was reexpressed in 
MDA-MB-231 cells, which lack endogenous ARRDC3 expression, by 
lentiviral transduction using HA-ARRDC3-WT or the -AAXA mutant 
cloned in the pLJM1 vector (Figure 4A). Following thrombin incuba-
tion, a shift in PAR1 mobility is observed, indicative of proteolytic 
cleavage of the PAR1 N-terminus by thrombin. In MDA-MB-231 vec-
tor control cells, incubation with thrombin failed to induce PAR1 

degradation (Figure 4A, lanes 1–2), whereas reexpression of HA-
ARRDC3-WT was sufficient to restore thrombin-induced PAR1 deg-
radation (Figure 4A, lanes 3–4), consistent with our previous study 
(Arakaki et al., 2018). In contrast to WT HA-ARRDC3, reexpression of 
the HA-ARRDC3-AAXA mutant was not able to rescue thrombin-
stimulated PAR1 degradation (Figure 4A, lanes 5–6). These results 
suggest that ARRDC3 PPXY motifs and ubiquitination are required 
for ARRDC3 regulation of PAR1 endolysosomal trafficking.

In previous studies, we showed that ARRDC3-mediated suppres-
sion of PAR1 persistent signaling to JNK1 is linked to restoration of 
PAR1 endolysosomal sorting (Arakaki et al., 2018, 2021). Thus, we 
expected that ARRDC3 ubiquitination would have a similar effect on 
ARRDC3-mediated regulation of PAR1 trafficking and PAR1 persis-
tent signaling to JNK1. To test this, HA-ARRDC3-WT or the -AAXA 
mutant was reexpressed in MDA-MB-231 cells by lentiviral transduc-
tion and then thrombin-induced JNK1 signaling was assessed by 
immunoblotting using anti–phospho-JNK1 threonine-183 and tyro-
sine-185 antibody. As expected, persistent signaling to JNK1 was 
observed in vector control cells following 20 min of thrombin stimu-
lation (Figure 4B, lanes 1–3), and reexpression of WT HA-ARRDC3 
was sufficient to suppress thrombin-induced persistent signaling to 
JNK1 at 20 min, compared with the 0 min control (Figure 4B, lanes 
4–6). In contrast, reexpression of the HA-ARRDC3-AAXA mutant 
failed to suppress thrombin-stimulated JNK1 persistent signaling 
(Figure 4B, lanes 7–9), consistent with the idea that dysregulated 
PAR1 trafficking is linked to JNK1 persistent signaling. These results 
suggest that ARRDC3 regulation of PAR1 signaling is linked to re-
ceptor endolysosomal trafficking and that ubiquitin is important for 
normal regulation of ARRDC3 function.

Ubiquitin regulates ARRDC3 divergent functions in 
GPCR-mediated Hippo pathway signaling
To further understand the mechanisms by which ubiquitin regulates 
ARRDC3 function, we also examined the role of ubiquitin in ARRDC3 
regulation of GPCR-stimulated Hippo pathway signaling. The Hippo 
pathway is dysregulated in many cancers and can be regulated by 
soluble factors that signal through GPCRs (Mo et al., 2012; Yu et al., 
2012; Nag et al., 2018). We previously showed that in invasive 
breast carcinoma, PAR1, PAR2, and lysophosphatidic acid receptor 
(LPAR) regulate Hippo pathway signaling, leading to nuclear translo-
cation of transcriptional coactivators YAP and TAZ and induction of 
CTGF expression (Arakaki et al., 2021). We additionally showed that 
for each of these receptors, reexpression of ARRDC3 significantly 
suppressed GPCR-promoted Hippo pathway signaling (Arakaki 
et al., 2021).

Thus, we examined whether ubiquitination controls ARRDC3 
regulation of GPCR-induced Hippo pathway signaling in MDA-
MB-231 cells reexpressing HA-ARRDC3-WT or the -AAXA mutant. 
Cells were stimulated with thrombin or left unstimulated. After ago-
nist incubation, GPCR activation of Hippo pathway signaling was 
assessed by immunoblotting for induction of CTGF expression. 
Consistent with our previous study (Arakaki et al., 2021), reexpres-
sion of WT HA-ARRDC3 was sufficient to suppress thrombin/PAR1-
mediated induction of CTGF expression (Figure 5A, lanes 1-4), 
whereas reexpression of the HA-ARRDC3-AAXA mutant failed to 
attenuate PAR1-stimulated CTGF induction (Figure 5A, lanes 5 and 
6). To examine whether ARRDC3-mediated suppression of Hippo 
pathway signaling observed with other GPCRs is dependent on 
ARRDC3 ubiquitination, we stimulated cells with SLIGKV (PAR2 pep-
tide agonist) or LPA (agonist for LPA receptors). Similar to thrombin/
PAR1, activation of PAR2 and LPAR induced CTGF expression 
(Figure 5, B and C, lanes 1 and 2), which was suppressed by 
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FIGURE 3: ARRDC3 ubiquitination requires the ARRDC3 PPXY motifs. (A) Top: PAR1 HeLa cells exogenously expressing 
HA-ARRDC3-WT or the -AAXA mutant were stimulated with 10 nM thrombin for the indicated times, and HA-ARRDC3 
was immunoprecipitated. Immunoprecipitates were immunoblotted for HA-ARRDC3 and coimmunoprecipitation of 
WWP2. Bottom: Quantification of coimmunoprecipitation of WWP2 with HA-ARRDC3 (mean ± SD from three 
independent experiments; one-way ANOVA; ****, p < 0.0001). (B) Top: HEK293T cell lysates with transfected HA-
ARRDC3-WT or the -AAXA mutant were incubated with GST or the indicated GST-WWP2 WW domain fusion protein. 
Pull downs were immunoblotted for HA-ARRDC3 and GST fusion proteins. On GST immunoblot, * indicates GST fusion 
protein degradation product. Bottom: Quantification of pull down of HA-ARRDC3 with GST-WWP2 WW domain fusion 
protein (mean ± SD from three independent experiments; one-way ANOVA; ****, p < 0.0001). (C) Left: HA-ARRDC3-WT 
or -AAXA was exogenously expressed in PAR1 HeLa cells, and then the cells were stimulated with 10 nM thrombin for 
the indicated times and HA-ARRDC3 was immunoprecipitated. Immunoprecipitates were immunoblotted for HA-
ARRDC3 ubiquitination. Right: Quantification of HA-ARRDC3 ubiquitination (mean ± SD from six independent 
experiments; one-way ANOVA; *, p < 0.05; **, p < 0.01; ****, p < 0.0001).
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HA-ARRDC3-WT but not by the HA-ARRDC3-AAXA mutant (Figure 
5, B and C, lanes 3–6). These results indicate that ARRDC3 ubiquiti-
nation mediated by the PPXY motifs is required for suppression of 
GPCR-stimulated Hippo pathway signaling.

The ARRDC3 PPXY motifs regulate protein stability
To determine how ubiquitination may modulate ARRDC3 function, 
we examined ARRDC3 expression. Ubiquitin is known to regulate 
many different functions; one of the most well-known functions is 
regulation of protein stability, where ubiquitin acts as a signal for 
protein degradation. To assess the role of ubiquitination on ARRDC3 
protein stability, ARRDC3 protein degradation was measured after 
prolonged cycloheximide treatment to inhibit protein synthesis. β-
Catenin was used as a control because it is known to undergo ubiq-
uitin-induced protein degradation (Aberle et al., 1997). Thus, it was 
expected that β-catenin protein expression would decrease follow-
ing cycloheximide treatment. We observed a significant decrease in 
HA-ARRDC3-WT protein levels following cycloheximide treatment, 
suggesting that ARRDC3 undergoes protein degradation (Figure 
6A). In contrast, no significant loss of HA-ARRDC3-AAXA protein 
was observed following cycloheximide treatment, suggesting that 
ubiquitination and the ARRDC3 PPXY motifs regulate ARRDC3 pro-
tein expression (Figure 6B). These results indicate that ubiquitin is a 
key regulator of ARRDC3 protein stability.

Ubiquitin plays a role in regulation of ARRDC3 subcellular 
localization
To test whether ubiquitination regulates other facets of ARRDC3 ac-
tivity, we examined ARRDC3 subcellular localization. ARRDC3 has 
previously been reported to localize primarily to the early and late 
endosomal compartments and appears to be mediated by the PPXY 
motifs (Dores et al., 2015; Tian et al., 2016). We first examined 
whether thrombin stimulation altered ARRDC3 WT or mutant endo-
somal subcellular localization by immunofluorescence confocal 

microscopy. HA-ARRDC3-WT or -AAXA mutant subcellular localiza-
tion was detected by immunostaining for HA-ARRDC3 (Figure 7A, 
green) and early endosome antigen 1 (EEA1; Figure 7A, red). Colo-
calization of HA-ARRDC3 with EEA1 (Figure 7A, yellow) was quanti-
fied using the Manders overlap coefficient (MOC) (M1) to determine 
the proportion of HA-ARRDC3 colocalization with EEA1. The MOC 
measures the fraction of one protein that colocalizes with a second 
protein and thus is useful to determine colocalization in situations 
where there is a difference in the distributions of two proteins (Dunn 
et al., 2011). As expected, colocalization of HA-ARRDC3-WT with 
EEA1 was observed (Figure 7A, yellow); however, thrombin failed to 
induce any significant changes in HA-ARRDC3-WT colocalization 
with EEA1 (Figure 7B). Consistent with a previous study (Tian et al., 
2016), the HA-ARRDC3-AAXA mutant localized primarily at the 
plasma membrane, in marked contrast to HA-ARRDC3-WT subcellu-
lar localization (Figure 7A). HA-ARRDC3-AAXA exhibited significantly 
reduced colocalization with EEA1 as compared with HA-ARRDC3-WT 
and was not altered by thrombin stimulation (Figure 7B). These re-
sults suggest that while the ARRDC3 PPXY motifs are key determi-
nants for ARRDC3 constitutive association with endosomes, neither 
the endosomal localization of WT ARRDC3 nor plasma membrane 
localization of the PPXY mutant is regulated by thrombin signaling.

We also quantified the MOC (M2) to determine the relative pro-
portion of EEA1-positive puncta that overlap with HA-ARRDC3. As 
expected, in cells expressing HA-ARRDC3-WT, colocalization of 
EEA1 with HA-ARRDC3-WT was observed, but surprisingly, thrombin 
stimulation led to a significant decrease in colocalization (Figure 7C). 
As expected, we observed a significant decrease in EEA1 colocal-
ization with HA-ARRDC3-AAXA compared to HA-ARRDC3-WT 
(Figure 7C). These results suggest that while thrombin-induced 
ubiquitination does not regulate HA-ARRDC3 endosomal subcellular 
localization (Figure 7B), thrombin signaling and ARRDC3 ubiquitina-
tion may regulate the proportion of EEA1-positive endosomes that 
contain HA-ARRDC3 (Figure 7C). Together, these data suggest that 

FIGURE 4: Ubiquitin differentially regulates ARRDC3 function in controlling PAR1 trafficking and persistent signaling. 
MDA-MB-231 cells were transduced with vector control, HA-ARRDC3-WT, or -AAXA lentivirus and stimulated with 
10 nM thrombin for the indicated times. (A) Top: Endogenous PAR1 was immunoprecipitated and immunoblotted for 
PAR1 expression. Bottom: Quantification of PAR1 protein expression (mean ± SD from four independent experiments; 
one-way ANOVA; **, p < 0.01). (B) Top: Lysates were immunoblotted for phospho-JNK1 and total JNK1. Bottom: 
Quantification of JNK1 phosphorylation (mean ± SD from four independent experiments; one-way ANOVA; *, p < 0.05; 
****, p < 0.0001).
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ARRDC3 PPXY motifs and ubiquitination are the major determinants 
for regulation of ARRDC3 subcellular localization.

DISCUSSION
The α-arrestin ARRDC3 has been demonstrated to display tumor 
suppressor activity in invasive breast carcinoma (Draheim et al., 
2010; Arakaki et al., 2018, 2021; Soung et al., 2018). However, unlike 
for yeast α-arrestins, which have been demonstrated to be regulated 
by ubiquitination and phosphorylation (O’Donnell and Schmidt, 
2019; MacDonald et al., 2020; Zbieralski and Wawrzycka, 2022), the 
mechanisms that control mammalian α-arrestin function are not 
known. Here, we show that ubiquitin is a key regulator of ARRDC3 
function. We found that WWP2 E3 ubiquitin ligase is activated by 
thrombin stimulation, interacts with ARRDC3 via the ARRDC3 PPXY 
motifs and WW1 and WW2 domains of WWP2, and is required for 
ARRDC3 ubiquitination. In addition, we show that the ARRDC3 PPXY 
motifs and ubiquitination are required for ARRDC3 divergent func-
tions in regulating GPCR trafficking and signaling. We further dem-
onstrate that ARRDC3 ubiquitination plays a role in regulating 
ARRDC3 protein stability and endosomal localization.

FIGURE 5: Ubiquitin differentially regulates ARRDC3 function in regulating GPCR signaling to 
the Hippo pathway. MDA-MB-231 cells were transduced with vector control, HA-ARRDC3-WT, 
or -AAXA lentivirus and stimulated with (A) 10 nM thrombin, (B) 10 μM SLIGKV, or (C) 100 nM 
LPA for the indicated times. Left: Lysates were immunoblotted for YAP/TAZ target gene CTGF. 
Right: Quantifications of CTGF induction (mean ± SD from four or five independent 
experiments; one-way ANOVA; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

Thrombin-induced activation 
of WWP2 E3 ligase leads to ARRDC3 
ubiquitination mediated by the 
ARRDC3 PPXY motifs
We found that the ARRDC3 PPXY motifs 
are the key determinants for interaction 
with WWP2 E3 ligase (Figures 2 and 3). 
Our Alphafold2 model of interaction and 
biochemical analysis demonstrates that 
the ARRDC3 PPXY motifs preferentially in-
teract with the WW1 and WW2 domains of 
WWP2 (Figures 2 and 3). This is also con-
sistent with other studies that have identi-
fied an interaction between WWP2 WW 
domains 1 and 2 and PPXY motifs of non-
arrestins such as Dishevelled 2 (Mund 
et al., 2015). In contrast, when interacting 
with NEDD4-1, the ARRDC3 PPXY motifs 
were demonstrated to prefer WW do-
mains 2 and 3 (Qi et al., 2014b). We also 
found that the structural basis of the inter-
action of the ARRDC3 346PPSY motifs with 
NEDD4-1 WW domain 3 was conserved 
when this motif bound the WWP2 WW 
domain 1 (Figure 2). For yeast α-arrestins, 
this interaction is also conserved: a previ-
ous study found that the yeast α-arrestin 
Art1 interacts with Rsp5 via the Art1 PPXY 
motifs and Rsp5 WW domains; however, 
Art1 preferentially interacts with Rsp5 
WW domains 2 and 3 (Lin et al., 2008). 
Together, these studies and ours suggest 
that the specificity of interaction between 
NEDD4-family E3 ligases and PPXY motif–
containing proteins may be dictated by 
the E3 ligase.

Our results also indicate that WWP2 is 
required for thrombin-induced ARRDC3 
ubiquitination (Figure 1). However, it re-
mains unknown whether this interaction 
regulates WWP2 activation. The activa-

tion of WWP2 and other NEDD4-family E3 ligases is known to 
occur via tyrosine phosphorylation of an autoinhibitory linker 
region located between WW domains (Chen et al., 2017; 
Grimsey et al., 2018) and is often allosterically regulated by WW 
domain binding to PPXY motifs of substrate proteins (Mund 
et al., 2015; Mund and Pelham, 2018). Similar to other PPXY 
motif–containing proteins, ARRDC3 may allosterically promote 
the activation of WWP2 or function as an adaptor to facilitate 
WWP2 tyrosine phosphorylation, but direct proof is so far lack-
ing. Furthermore, as we previously demonstrated, activation of 
the closely related NEDD4-2 E3 ligase following activation of 
PAR1 occurs through c-Src–mediated tyrosine phosphorylation 
(Grimsey et al., 2018). Interestingly, our recent proteomics study 
identified Src family kinases c-Src, Fyn, and Lyn among the top 
hits of ARRDC3-interacting proteins (Wedegaertner et al., 2022). 
These studies suggest the possibility that ARRDC3 could func-
tion as a mediator of WWP2 activation through c-Src, as well. 
Thus, ARRDC3, an adaptor protein, may act as a hub to regulate 
WWP2 activity and substrate specificity, but future studies are 
necessary to test this idea.
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ARRDC3 ubiquitination is required for regulation of PAR1 
endolysosomal trafficking and persistent signaling from the 
plasma membrane
Previous studies showed that both ARRDC3 and ALG-interacting 
protein X (ALIX) are required for targeting PAR1 to the endolyso-
somal sorting pathway, preventing recycling of activated PAR1 and 
suppressing persistent signaling to JNK1 (Dores et al., 2015; Arakaki 
et al., 2018). We also showed that ARRDC3 mediates ALIX ubiquiti-
nation, which facilitates ALIX-mediated PAR1 endolysosomal traf-
ficking (Dores et al., 2015). In addition, in MDA-MB-231 invasive 
breast cancer cells that were depleted of ALIX by siRNA, reexpres-
sion of HA-ARRDC3-WT was not sufficient to suppress PAR1-persis-
tent signaling to JNK1 (Arakaki et al., 2018, 2021). The observation 
that the ARRDC3 PPXY motifs are required for both ARRDC3-medi-
ated regulation of PAR1 endolysosomal trafficking and suppression 
of PAR1 persistent signaling to JNK1 (Figure 4) is consistent with the 
idea that PAR1 dysregulated trafficking and persistent signaling are 
linked, as expected.

ARRDC3 ubiquitination is required for suppression of 
GPCR-induced Hippo pathway signaling
We previously demonstrated that ARRDC3-mediated suppression 
of thrombin-induced Hippo pathway signaling is independent of 
ARRDC3 trafficking function and requires the ARRDC3 PPXY motifs 
(Arakaki et al., 2021). However, it was unknown whether this obser-
vation was broadly applicable to other GPCRs implicated in breast 
cancer progression. Only PAR1, and not PAR2 or LPAR, is expected 
to require ARRDC3 for endolysosomal trafficking (Dores et al., 
2012); thus it was not clear whether the PPXY motifs would also be 
required for ARRDC3-mediated suppression of PAR2- and LPAR-in-
duced Hippo pathway signaling. Here, we found that the ARRDC3 
PPXY motifs are also required for suppression of PAR2- and LPAR-
mediated Hippo pathway signaling (Figure 5). This is consistent with 

FIGURE 6: Ubiquitin regulates ARRDC3 protein stability. (A) HA-ARRDC3-WT or (B) -AAXA was 
expressed in HEK293T cells and treated with the indicated concentration of cycloheximide 
(CHX) for 24 h. Top: Lysates were immunoblotted for HA-ARRDC3. Bottom: Quantification of 
ARRDC3 expression (mean ± SD from three independent experiments; one-way ANOVA; *, p < 
0.05; **, p < 0.01).

the idea that ARRDC3-mediated suppres-
sion of GPCR-induced Hippo pathway sig-
naling is independent of ARRDC3 trafficking 
function (Arakaki et al., 2021). Additionally, 
ARRDC3 regulation of Hippo pathway sig-
naling has been suggested to occur primar-
ily through interaction of the ARRDC3 PPXY 
motifs with the WW domains of transcrip-
tional coactivators YAP and TAZ (Shen et al., 
2018; Xiao et al., 2018; Arakaki et al., 2021). 
Thus, it appears that the ARRDC3 PPXY mo-
tifs and ubiquitination regulate divergent 
ARRDC3 functions.

The ARRDC3 PPXY motifs are key 
regulators of ARRDC3 function
Here, we further demonstrate that the PPXY 
motifs are key determinants of ARRDC3 
protein stability, endosomal subcellular local-
ization, and interaction with WWP2 E3 
ubiquitin ligase. We showed that ARRDC3 
may be both monoubiquitinated and poly-
ubiquitinated (Figure 1A). For yeast α-
arrestins, which have been extensively stud-
ied, monoubiquitination has been shown to 
promote α-arrestin function in regulating 
plasma membrane protein endocytosis 
(Herrador et al., 2013; Hager et al., 2018), 
whereas polyubiquitination has been shown 

to promote α-arrestin degradation (Ho et al., 2017; Hovsepian et al., 
2017). The ARRDC3 PPXY motifs appear to mediate ARRDC3 protein 
degradation, presumably through facilitating ARRDC3 polyubiquitina-
tion (Figure 6). This suggests that ubiquitin might control ARRDC3 ac-
tivity through regulation of ARRDC3 expression levels. However, al-
though the HA-ARRDC3-AAXA mutant appears to be more stable 
than HA-ARRDC3-WT, we observed that HA-ARRDC3-AAXA is unable 
to restore PAR1 endolysosomal trafficking and suppress persistent sig-
naling (Figures 4 and 5). This suggests that ARRDC3 function is not 
solely regulated through ubiquitin-mediated protein degradation, and 
thus, ubiquitination may regulate other facets of ARRDC3 activity.

To this end, we further showed that the PPXY motifs are the key 
determinants for ARRDC3 endosomal subcellular localization (Figure 
7), consistent with previous reports (Nabhan et al., 2010; Han et al., 
2013; Tian et al., 2016). A previous study suggested that ubiquiti-
nated ARRDC3 may interact with Hrs and STAM-1, two endosome-
localized proteins that contain ubiquitin-binding motifs, to facilitate 
ARRDC3 endosomal subcellular localization (Tian et al., 2016). How-
ever, it is unclear whether ARRDC3 endosomal localization specifi-
cally requires ubiquitination or whether the PPXY motifs mediate in-
teractions at the endosome independent of ubiquitination status.

Interestingly, although we did not observe any change in 
ARRDC3 endosomal localization following thrombin stimulation, 
we did observe a change in the relative proportion of EEA1-posi-
tive puncta that colocalize with ARRDC3 puncta. Other studies 
have posited that the relative proportion of EEA1-positive endo-
somes may change following agonist stimulation (Perini et al., 
2014; Kamentseva et al., 2020); however, it is unknown whether 
this is also true for thrombin stimulation. These results indicate a 
potential role for thrombin/PAR1-mediated regulation of endo-
somal subpopulations.

In summary, our study reveals a role for ubiquitin-mediated 
regulation of divergent mammalian α-arrestin ARRDC3 tumor 
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suppressor functions. Specifically, ubiquitin differentially regulates 
ARRDC3 function in regulating GPCR trafficking and signaling in 
cancer. This study further indicates that the ARRDC3 PPXY motifs 
are the key regulators of ARRDC3 function, likely through recruit-
ment of WWP2 or other E3 ubiquitin ligases. This work provides the 
basis for future studies to identify druggable targets upstream of 
ARRDC3 ubiquitination with the aim of developing therapeutic 
treatments to prevent metastatic breast cancer.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Reagents and antibodies
Human α-thrombin was obtained from Enzyme Research Technolo-
gies (South Bend, IN). SLIGKV peptide agonist was synthesized at 
the Tufts University Core Facility (Boston, MA). Lysophosphatidic 

FIGURE 7: Ubiquitin contributes to regulation of ARRDC3 endosomal localization. (A) HA-
ARRDC3-WT or -AAXA was exogenously expressed in PAR1 HeLa cells, and the cells were 
processed for immunofluorescence and stained for HA-ARRDC3, EEA1, and DAPI. (B, C) 
Quantification of colocalization using the Manders coefficient of (B) HA-ARRDC3 with EEA1 or 
(C) EEA1 with HA-ARRDC3 (mean ± SD from three independent experiments, 8–12 cells per 
experiment; one-way ANOVA; ***, p < 0.001; ****, p < 0.0001).

acid (LPA) was purchased from Tocris Biosci-
ence (Bristol, UK). Protein A-Sepharose CL-
4B beads were from GE Healthcare. Gluta-
thione Sepharose 4B (catalogue no. 
17075601) was purchased from Cytiva 
(Marlborough, MA). Mouse IgG (catalogue 
no. 010-0102) was purchased from Rockland 
Immunochemicals (Gilbertsville, PA). Rabbit 
monoclonal anti-ARRDC3 antibody (cata-
logue no. ab64187) was purchased from 
Abcam (Cambridge, UK). Polyclonal anti-
GST conjugated to horseradish peroxidase 
(HRP) (catalogue no. RPN1236V) was pur-
chased from Cytiva (Marlborough, MA). 
Mouse monoclonal anti-PAR1 WEDE15 was 
purified from hybridoma as previously de-
scribed (Brass et al., 1992, 1994). Rabbit 
polyclonal C5433 anti-PAR1 antibody was 
described previously (Paing et al., 2006). 
Rabbit monoclonal β-catenin (catalogue no. 
8480), rabbit polyclonal anti-HA (catalogue 
no. 3742), mouse monoclonal anti-HA con-
jugated to Alexa Fluor 488 (catalogue no. 
2350), rabbit anti–phospho-JNK1/2 (cata-
logue no. 9251), mouse anti-JNK1 (cata-
logue no. 3708), and rabbit IgG (catalogue 
no. 2729) antibodies were purchased from 
Cell Signaling Technology (Danvers, MA). 
Mouse 4G10 platinum anti–phospho-tyro-
sine antibody (catalogue no. 170-6515) was 
purchased from Millipore (Burlington, MA). 
Rat monoclonal anti-HA conjugated to HRP 
(catalogue no. 11667475001) was pur-
chased from Roche (Manheim, Germany). 
Mouse monoclonal anti-CTGF (catalogue 
no. sc-365970), mouse monoclonal P4D1 
anti-ubiquitin (catalogue no. sc-8017), and 
mouse monoclonal anti-WWP2 (catalogue 
no. sc-166240) antibodies were purchased 
from Santa Cruz Biotechnology (Dallas, TX). 
Mouse monoclonal anti–β-actin (catalogue 
no. A5316) and mouse monoclonal anti-
vinculin (catalogue no. V9131) antibodies 
were purchased from Sigma-Aldrich (Irvine, 
CA). Goat anti-mouse secondary antibody 
conjugated to Alexa Fluor 594 (catalogue 

no. A-11001) was purchased from Thermo Fisher Scientific (Waltham, 
MA). Anti-tubulin hFAB conjugated to rhodamine (catalogue 
no.12004166) and goat anti-mouse (catalogue no. 170-6516) and 
goat anti-rabbit (catalogue no. 170-6515) secondary antibodies 
conjugated to HRP were purchased from BioRad.

Cell culture, plasmids, and transfections
HeLa cells stably expressing FLAG-PAR1 were generated as previ-
ously described (Trejo et al., 2000) and maintained in DMEM supple-
mented with 10% fetal bovine serum (FBS) and 250 μg/ml hygromy-
cin. HEK293T cells were purchased from the American Type Culture 
Collection (ATCC) and maintained in DMEM supplemented with 
10% FBS (vol/vol). MDA-MB-231 cells were purchased from ATCC 
and maintained without CO2 in Leibowitz-15 medium supple-
mented with 10% FBS (vol/vol). siRNA transfections were performed 
using Oligofectamine (Life Technologies) per the manufacturer’s 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e23-02-0055
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instructions. All single siRNAs were purchased from Qiagen: nonspe-
cific siRNA sequence, 5′-CUACGUCCAGGAGCGCACC-3′; WWP2 
target sequence, 5′-AACAGGATGGGAGATGAAATA-3′. cDNA 
transfections were performed using 1 mg/ml polyethyleneimine (PEI) 
at a 3:1 ratio (3 μl of PEI:1 μg of plasmid). The HA-ARRDC3 WT cDNA 
cloned into the pEF6 vector was provided by Q. Lu (Harvard Univer-
sity, Cambridge, MA). The HA-ARRDC3-AAXA plasmid was gener-
ated by site-directed mutagenesis. pHH0103 WWP2 WW domain #1 
was a gift from Sachdev Sidhu and Marius Sudol (Addgene plasmid 
#104212; http://n2t.net/addgene:104212; RRID:Addgene_#104212). 
pHH0103 WWP2 WW domain #2 was a gift from Sachdev Sidhu 
and Marius Sudol (Addgene plasmid #104213; http://n2t.net/
addgene:104213; RRID:Addgene_#104213). pHH0103 WWP2 WW 
domain #3 was a gift from Sachdev Sidhu and Marius Sudol (Addgene 
plasmid #104214; http://n2t.net/addgene:104214; RRID:Addgene 
#104214). pHH0103 WWP2 WW domain #4 was a gift from Sachdev 
Sidhu and Marius Sudol (Addgene plasmid #104215; http://n2t.net/
addgene:104215; RRID:Addgene_#104215). Ubiquitination, stability, 
coimmunoprecipitation, and immunofluorescence assays described 
were performed 48–72 h after transfection.

ARRDC3 lentiviral constructs and transduction
pLJM1-eGFP (Addgene plasmid #19319; http://n2t.net/add-
gene:19319; RRID:Addgene_#19319) was used as backbone to 
subclone HA-tag, HA-ARRDC3-WT, and -AAXA using NheI and 
EcoRI to replace eGFP. Briefly, N-terminal HA-tagged ARRDC3-WT 
or -AAXA cDNAs were cloned into the pLJM vector to generate 
pLJM-HA-ARRDC3 vectors. Lentivirus was produced by transfecting 
HEK293T cells with the pLJM-HA-ARRDC3 vector along with pack-
aging plasmids VSV-G and pCMVΔ8.2R using PEI. Lentivirus-con-
taining supernatant was harvested at 48 and 72 h posttransfection, 
filtered, and used to transduce MDA-MB-231 cells overnight with 8 
μg/ml polybrene (Millipore, Burlington, MA). MDA-MB-231 cells ex-
pressing pLJM-ARRDC3 vectors were selected using 0.75 μg/ml 
puromycin.

Immunoblotting
Cell lysates were collected in 2× Laemmli sample buffer containing 
200 mM DTT. Samples were resolved by SDS–PAGE, transferred to 
polyvinylidene fluoride (PVDF) membranes, immunoblotted with 
appropriate antibodies, and then developed by chemilumines-
cence. Immunoblots were quantified by densitometry using ImageJ 
software (National Institutes of Health).

Immunoprecipitations
HeLa cells stably expressing FLAG-PAR1 were grown in 100 mm 
plates (1.5 × 106 cells/plate) overnight at 37°C and then transfected 
with either HA-ARRDC3-WT or the -AAXA mutant plasmid or en-
dogenous protein was assessed. Cells were incubated for 48 h, 
washed, serum-starved for 2 h, and then stimulated for the indi-
cated times with thrombin.

For ubiquitination assays, cells were washed and then lysed with 
RIPA buffer (5 mM EDTA, 50 mM Tris-HCl, pH 8.0, 0.5% [wt/vol] Na 
deoxycholate, 1% [vol/vol] NP-40, 100 mM NaCl, 1% SDS) supple-
mented with protease inhibitors, phosphatase inhibitors (50 mM 
NaF and 10 mM sodium pyrophosphate), 3 mg/ml N-ethylma-
leimide, and 20 μM PR-619 (Boston Biochem, Boston, MA). Lysates 
were sonicated for 10 s at 10% amplitude (Branson Model 450 
sonifier) and then clarified by centrifugation at 14,000 rpm for 
30 min at 4°C.

For tyrosine phosphorylation assay, cells were washed and lysed 
with Triton lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 

1% Triton X-100, 10 mM NaF, 10 mM β-glycerophosphate, 10 mM 
NaPP, 2 mM NaVO4) supplemented with protease inhibitors, 20 mM 
N-ethylmaleimide, and 20 μM PR-619. Lysates were sonicated for 
10 s at 10% amplitude (Branson Model 450 sonifier) and then clari-
fied by centrifugation at 14,000 rpm for 30 min at 4°C.

For coimmunoprecipitations, cells were washed and lysed with 
NP-40 buffer (0.5% [vol/vol] NP40, 20 mM Tris-HCl, pH 7.4, 150 mM 
NaCl) supplemented with protease inhibitors, phosphatase inhibi-
tors (50 mM NaF and 10 mM sodium pyrophosphate), and 3 mg/ml 
N-ethylmaleimide. Lysates were passed through a 22 GA needle 
and then clarified by centrifugation at 14,000 rpm for 20 min at 4°C.

The protein concentration was normalized after quantification by 
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Waltham, 
MA). Clarified lysates were incubated with protein A–Sepharose 
beads (GE Healthcare, Pittsburgh, PA) and indicated antibodies over-
night at 4°C. Beads were washed and resuspended in 2× Laemmli 
sample buffer. Immunoprecipitates were resolved on 7% SDS–PAGE 
gels and then transferred onto PVDF and immunoblotted using anti-
ubiquitin antibody, anti-HA antibody, and anti-WWP2 antibody.

Molecular modeling
The ARRDC3 C-tail interaction with WWP2 was modeled using a 
standalone installation of Alphafold2 Multimer version 2.2.0 (Jumper 
et al., 2021; Varadi et al., 2022). Modeling was run using the Triton 
Shared Computer Cluster (University of California, San Diego, La 
Jolla, CA). Structural models were analyzed using ICM v3.8-7a 
(Molsoft LLC, San Diego, CA).

GST pull-down assay
GST-WW1, GST-WW2, GST-WW3, and GST-WW4 fusion proteins 
were transformed into BL21 CodonPlus-competent (DE3) Esche-
richia coli (Stratagene, San Diego, CA). Fusion protein expression 
was induced with 0.5 M isopropyl β-d-1-thiogalactopyranoside 
(IPTG) at 30°C for 3 h. Cell pellets were resuspended in phosphate-
buffered saline (PBS) containing 0.1 M dithiothreitol (DTT) and 1% 
Triton X-100 and lysed by sonication. GST fusion proteins were affin-
ity purified from bacterial lysates by using Glutathione Sepharose 
4B (Cytiva, Marlborough, MA) according to the manufacturer’s 
protocols.

HEK293T cells were grown in 100 mm plates (3 × 106 cells/plate) 
overnight at 37°C and then transfected with either HA-ARRDC3-WT 
or the -AAXA mutant plasmid. Cells were washed and lysed with 
GST binding buffer (50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM 
EDTA, 1 mM EGTA, 0.05% Triton X-100, 2 mM DTT, 1 mM CaCl2, 
and 0.5 mM MgCl2) supplemented with protease inhibitors cocktail 
tablet (Roche, Manheim, Germany). GST fusion proteins bound to 
Glutathione Sepharose were incubated with equivalent amounts of 
cell lysate overnight at 4°C and washed. WW domain–interacting 
proteins were eluted in 2× Laemmli sample buffer. Eluates were re-
solved on 7% SDS–PAGE gels and then transferred onto PVDF and 
immunoblotted using anti–HA-HRP antibody and anti-GST-HRP 
antibody.

PAR1 degradation assays
PAR1 degradation assays were performed essentially as de-
scribed previously (Grimsey et al., 2015). Briefly, MDA-MB-231 
cells expressing pLJM-ARRDC3 WT or mutants were plated in 
six-well plates (6 × 105 cells/well) and incubated for 72 h at 37°C. 
Cells were washed and serum-starved for 1 h at 37°C and stimu-
lated with thrombin for the indicated time. Cells were then placed 
on ice, washed with PBS, and lysed in Triton X-100 lysis buffer 
(50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM EDTA, 50 mM NaF, 

http://n2t.net/addgene:104213
http://n2t.net/addgene:104213
http://n2t.net/addgene:104215
http://n2t.net/addgene:104215
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10 mM sodium pyrophosphate, and 1% [vol/vol] Triton X-100) 
supplemented with protease inhibitors. Cell lysates were col-
lected and sonicated for 10 s at 10% amplitude (Branson Model 
450 sonifier), and the protein concentration was normalized after 
quantification by BCA assay (Thermo Fisher Scientific, Waltham, 
MA). Lysates were incubated with protein A–Sepharose beads 
(GE Healthcare, Pittsburgh, PA) and anti-WEDE antibodies over-
night at 4°C. Beads were washed and resuspended in 2× Laem-
mli sample buffer. Immunoprecipitates were resolved by SDS–
PAGE gels immunoblotted using anti-PAR1 C5433 antibody.

Signaling assays
Signaling assays were performed essentially as described previ-
ously (Arakaki et al., 2018, 2021). Briefly, MDA-MB-231 cells ex-
pressing pLJM-ARRDC3 were starved for 1 h or overnight at 37°C 
and stimulated with 10 nM thrombin, 10 μM SLIGKV agonist pep-
tide, or 100 nM LPA for the indicated times at 37°C, and cell ly-
sates were collected in Triton X-100 lysis buffer (50 mM Tris-HCl, 
pH 7.4, 100 mM NaCl, 5 mM EDTA, 50 mM NaF, 10 mM sodium 
pyrophosphate, and 1% [vol/vol] Triton X-100) supplemented by 
protease inhibitors and quantified by BCA analysis. Equivalent 
amounts were diluted in 2× Laemmli sample buffer containing 200 
mM DTT. Samples were resolved by SDS–PAGE and immunoblot-
ted with anti–phospho-JNK antibody, anti-JNK1 antibody, or 
CTGF antibody.

Protein stability assays
HEK293T cells were grown in 60 mm plates (1 × 106 cells/well) over-
night at 37°C and then transfected with either HA-ARRDC3-WT or 
the -AAXA mutant. After 24 h, cells were collected and replated in 
24-well plates (1 × 105 cells/well) and incubated overnight at 37°C. 
Cells were then treated with the indicated concentrations of cyclo-
heximide for 24 h and collected in Triton X-100 lysis buffer (50 mM 
Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM EDTA, 50 mM NaF, 10 mM 
sodium pyrophosphate, and 1% [vol/vol] Triton X-100) supple-
mented by protease inhibitors and quantified by BCA analysis. 
Equivalent amounts were diluted in 2× Laemmli sample buffer con-
taining 200 mM DTT. Samples were resolved by SDS–PAGE and 
immunoblotted with anti-HA antibody.

Immunofluorescence microscopy
HeLa cells stably expressing FLAG-PAR1 were plated on cover-
slips in 12-well plates (9 × 104 cells/well) and incubated overnight 
at 37°C. Cells were transfected with the indicated plasmids and 
then incubated for 48 h. Cells were washed, serum-starved for 1 h, 
and stimulated with 10 nM thrombin for the indicated times at 
37°C. Cells were fixed in 4% paraformaldehyde, permeabilized in 
100% methanol, and treated with the indicated primary and sec-
ondary antibodies. Coverslips were mounted with ProLong Gold 
reagent (Thermo Fischer Scientific, Waltham, MA). Confocal im-
ages of 0.28-μm x–y sections were collected sequentially using an 
Olympus IX81 DSU spinning confocal microscope fitted with a 
Plan Apo 60×1.4 NA oil objective and a Hamamatsu ORCA-ER 
digital camera using Metamorph version 7.7.4.0 software (Mole-
cular Devices). Co-localization was quantified in individual cells 
using the MOC.

Statistics
Data were analyzed using Prism software (version 9.4.1; GraphPad 
Software). Statistical analysis was determined, as indicated, by per-
forming either a Student’s t test or a one-way analysis of variance 
(ANOVA).
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