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Abstract: The α-arrestins domain-containing 1 and 3 (ARRDC1 and ARRDC3) are two members of the α-arrestins 
family. Yes-associated protein 1 (YAP1) is a key downstream transcription co-activator of the Hippo pathway essen-
tial for cancer initiation, progression, or metastasis in clear cell renal cell carcinoma (ccRCC). The aim of this work 
was to elucidate the role of the α-arrestins in ccRCC tumorigenesis by identifying molecular interacting factors and 
exploring potential mechanisms. In this study, we identified YAP1 as a novel ARRDC3 interacting protein in RCC cells 
through tandem affinity purification and mass spectrometry. We confirmed that ARRDC1 and ARRDC3, but not other 
α-arrestin family proteins, interact with YAP1. Binding of ARRDC1/3 to YAP1 is mediated through the WW domains 
of YAP1 and the PPXY motifs of ARRDC1/3. Functional analysis of ARRDC1/3 by lentiviral shRNA revealed a role for 
ARRDC1/3 in suppression of cell growth, migration, invasion and epithelial-mesenchymal transition in ccRCC cells, 
and these effects were mediated, at least in part, through YAP1. Mechanically, ARRDC1/3 negatively regulates YAP1 
protein stability by facilitating E3 ubiquitin ligase Itch-mediated ubiquitination and degradation of YAP1. Moreover, 
ARRDC1/3 mRNA levels were significantly downregulated in ccRCC specimens. A negative correlation was identified 
between ARRDC3 and YAP1 expression in ccRCC specimens by immunohistochemistry. This study revealed a novel 
mechanism for ARRDC1/3 in the regulation of YAP1 stability and provided insight in understanding the relationship 
between ARRDC1/3 downregulation and aberrant Hippo-YAP1 pathway activation in ccRCC.
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Introduction

Renal cell carcinoma (RCC) is the most lethal of 
the common urologic cancers and constitutes 
2%-3% of all adult malignant neoplasms [1, 2]. 
Clear cell renal cell carcinoma (ccRCC) is the 
most common type of RCC, accounting for 
70%-80% of all kidney cancers. Despite the 
emergence of novel targeted therapies over  
the last decade, such as antiangiogenetic dr- 
ugs and mammalian target of rapamycin in- 
hibitors, the prognosis of patients with metas-
tasis or relapse remains poor with 5-year sur-
vival rates of less than 10% [3]. Therefore, bet-
ter understanding of the mechanisms under- 
lying RCC tumorigenesis is required to help 
develop and improve treatment options for  
RCC patients. 

The Hippo signaling pathway impacts various 
cellular processes, ranging from cell cycle and 
metabolism to development and tumor sup-
pression [4]. The core Hippo module consists  
of the tumor-suppressive MST-LATS kinases 
and the oncogenic transcriptional co-effectors 
YAP1, which contains two WW-domains [5, 6]. 
Recent work has demonstrated that aberrant 
activation of Hippo signaling is involved in the 
maintenance and progression of various hu- 
man cancers [7-10]. However, the precise ro- 
le of Hippo signaling in ccRCC is not yet clear.

The mammalian α-arrestin family includes five 
arrestin domain-containing proteins (ARRDC1-
5) and TXNIP that share similar domain homol-
ogy with the mammalian β-arrestins [11]. TXNIP 
and ARRDC1-4 (but not ARRDC5) contain two 
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C-terminal PPXY motifs that bind WW doma- 
in-containing proteins, including the HECT-
domain-containing Nedd4-like E3 ubiquitin li- 
gases [11]. Previous studies demonstrated th- 
at α-arrestin family members act as adap- 
tors/scaffolds to recruit Nedd4-like E3 ubi- 
quitin ligases to their substrates for degrada-
tion [12]. Recent studies have linked α-arrestin 
with cancer, and ARRDC3 and TXNIP are em- 
erging as tumor suppressors that regulate a 
broad range of cellular processes [12-14]. AR- 
RDC3 expression is either lost or suppressed  
in basal-like breast cancer and prostate can- 
cer [14, 15]. ARRDC3 is epigenetically silenc- 
ed in basal-like breast cancer cells due to its 
promoter DNA methylation and deacetylation 
via SIRT2 [14]. ARRDC3 suppresses breast  
cancer progression by directly binding to a 
phosphorylated form of ITGβ4 (a cell surface 
adhesion molecule associated with aggressive 
tumor behavior) leading to its internalization, 
ubiquitination and ultimate degradation [16]. 
Another study showed that ARRDC3 recruits 
the Nedd4 ubiquitin ligase to the β2 adrener- 
gic receptor (β2AR) to regulate the receptor 
ubiquitination and degradation [17].

Although the α-arrestin ARRDC3 was reported 
to be downregulated in a subset of human can-
cers, its function and expression in ccRCC are 
still unclear. Here we explored the functions of 
ARRDC3 by searching for potential interacting 
factors in 786-O RCC cells. In the present study, 
YAP1 was identified as a novel ARRDC3 inter-
acting protein through tandem affinity purifica-
tion (TAP) methods. ARRDC3 acts as an ad- 
aptor to negatively regulate YAP1 protein sta- 
bility by facilitating E3 ubiquitin ligase Itch-
mediated YAP1 ubiquitination and degradati- 
on. Moreover, we demonstrated that ARRDC1, 
but not ARRDC2, -4, or -5 or TXNIP, plays simi- 
lar roles in YAP1 stability regulation as ARR- 
DC3. Therefore, here we reveal a novel mecha-
nism for ARRDC1/3-related YAP1 stability regu-
lation and provide insight into understanding 
the relationship between ARRDC1/3 downre- 
gulation and ccRCC tumorigenesis.

Methods

Cell culture and transfection

786-O and 293T cells were obtained from the 
American Type Culture Collection. 786-O cells 
were cultured in RPMI 1640 medium with 10% 

fetal bovine serum (FBS). 293T cells were cul-
tured in DMEM with 10% FBS. Cells were  
transiently transfected with plasmids or si- 
RNAs using Lipofectamine 3000 or RNAiMax 
Transfection Reagent (Invitrogen) according to 
the manufacturer’s instructions.

Expression constructs

The ARRDC1, ARRDC3 and YAP1 cDNAs were 
purchased from Genechem. The ARRDC2, AR- 
RDC4, ARRDC5 and TXNIP cDNAs were ampli-
fied from HeLa cDNA library. All cDNAs were 
subcloned into pCMV-Myc expression vectors. 
SFB-YAP1 constructs were purchased from 
Addgene. YAP1, ARRDC1 and ARRDC3 mutants 
were generated by the KOD-Plus Mutagenesis 
Kit (TOYOBO). All the constructs were verified  
by DNA sequencing. 

RNA interference

The negative control and specific shRNAs for 
ARRDC1/3 and YAP1 were purchased from 
GenePharma. shRNAs sequence information is 
provided in Supplementary Table 1.

Immunoprecipitation

For immunoprecipitation of the FLAG-tagged 
proteins, transfected cells were lysed 24 h 
after transfection with BC100 buffer. The wh- 
ole-cell lysates were immunoprecipitated by 
overnight incubation with monoclonal anti-FL- 
AG antibody-conjugated M2 agarose beads 
(Sigma). After three washes with FLAG lysis  
buffer, followed by two washes with BC100  
buffer, the bound proteins were eluted from  
the beads with FLAG-Peptide (Sigma)/BC100 
and were subjected to Western blotting. For 
immunoprecipitation of the endogenous pro-
teins, cells were lysed with cell lysis buffer (Cell 
Signaling), and the lysates were centrifuged. 
The supernatant was precleared with protein 
A/G beads (Sigma) and incubated with the in- 
dicated antibody overnight at 4°C. The immu-
nocomplexes were then incubated for 2 h at 
4°C with protein A/G beads. After centrifuga-
tion, the pellets were collected and washed five 
times with lysis buffer, resuspended in sample 
buffer, and further analyzed by SDS-PAGE.

Western blotting

Cell lysates or immunoprecipitates were sub-
jected to SDS-PAGE, and then proteins were 
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transferred onto nitrocellulose membranes (GE 
Healthcare). The membranes were blocked in 
Tris-buffered saline (TBS; pH 7.4) containing  
5% nonfat milk and 0.1% Tween-20, washed 
three times in TBS containing 0.1% Tween-20, 
and incubated with the primary antibody over-
night at 4°C, followed by the secondary anti-
body for 1 h at room temperature. Antibody 
binding was visualized using the ECL Che- 
miluminescence System (Santa Cruz). Infor- 
mation of primary antibodies used in this stu- 
dy is provided in Supplementary Table 2.

Quantitative RT-PCR

Total RNA from transiently transfected cells 
was extracted using the TRIzol reagent (In- 
vitrogen), and cDNA was reverse transcribed 
using the Superscript RT Kit (TOYOBO), accor- 
ding to the manufacturer’s instructions. Prim- 
er sequence information is provided in Sup- 
plementary Table 1. PCR amplification was  
performed using the SYBR Green PCR Master 
Mix Kit (TOYOBO). Endogenous GAPDH was 
used for normalization.

Protein complex purification

The epitope-tagging strategy to isolate AR- 
RDC3-containing protein complexes from hu- 
man cells was performed essentially as previ-
ously described with some modifications. In 
brief, to obtain a FLAG-HA-ARRDC3 express- 
ing cell line, 786-O cells were transfected wi- 
th pCIN4-FLAG-HA-ARRDC3 constructs and 
selected for 2 weeks in 1 mg/ml G418. The 
tagged ARRDC3 protein levels were detected 
by WB analyses. The stable cell lines were ch- 
osen to expand for protein complex purifica- 
tion. For purification, the cells were lysed in 
BC100 buffer (20 mM Tris-Cl, pH 7.9, 100 mM 
NaCl, 0.2 mM EDTA, 20% glycerol) containing 
0.2% Triton X-100 and fresh protease inhibi- 
tor on ice for 2 h. The homogenate was cent- 
rifuged for 30 min at 12000 rpm at 4°C. 
Cleared lysates were filtered through 0.45 μM 
spin filters (Millipore) and immunoprecipitat- 
ed by anti-FLAG antibody-conjugated M2 aga-
rose (Sigma). The bound polypeptides eluted 
with the FLAG peptide (Sigma) were further 
affinity purified by anti-HA antibody-conjugat- 
ed agarose (Sigma). The final elutes from the 
HA-beads with HA peptides were resolved by 
SDS-PAGE on a 4%-20% gradient gel (Bio- 
Rad) for Coomassie Blue staining. Gel bands 

were cut out from the gel and subjected to 
mass-spectrometric sequencing. 

Immunofluorescence

Cells cultured on coverslips in 24-well plates 
were fixed in 4% paraformaldehyde for 10 min 
and permeabilized in 0.2% Triton X-100 solu-
tion for 5 min. The coverslips were blocked with 
2% BSA plus 5% goat serum for 1 h, and sub- 
sequently incubated with primary antibodies 
against FLAG and Myc, which was followed by 
sequential incubation with fluorescent secon- 
dary antibodies (Alexa 488 goat anti-mouse, 
Alexa 488 goat anti-rabbit, or Alexa 546 goat 
anti-mouse; Invitrogen). Finally, cells were cou- 
nterstained with DAPI to reveal the nuclei. 
Fluorescence images were captured and pro-
cessed using a fluorescence microscope.

Cell proliferation assay

The cell proliferation rate was determined us- 
ing Cell Counting Kit-8 (CCK-8) according to  
the manufacturer’s protocol (Dojindo Labora- 
tories). Briefly, the cells were seeded onto 
96-well plates at a density of 1000 cells per 
well. During 1 to 6-day culture periods, 10 μl  
of the CCK-8 solution was added to the cell  
culture every day, and incubated for 2 h. The 
resulting color was assayed at 450 nm using  
a microplate absorbance reader (Bio-Rad). Ea- 
ch assay was carried out in triplicate.

Cell migration and invasion assay

Cell migration and invasion were performed 
using a 24-well Transwell unit with polycarbon-
ate membrane (pore size, 8 μm) (Corning). The 
membrane was coated with Matrigel basement 
membrane matrix (1 μg/μl) (BD Bioscience). 
Cells (0.5~2.5 × 104) were seeded into the 
upper chamber in a serum-free medium. The 
lower chamber was filled with a medium con-
taining 10% FBS. After incubation for 24 h at 
37°C, the cells on the upper side of membra- 
ne were removed. The cells invading to the 
underside of the membrane were fixed in me- 
thanol for 15 min and 1 mg/ml crystal violet 
staining for 20 min. After being washed with 
water three times, the membranes of chamber 
were covered by coverslip and observed using 
microscope. Six fields of three independent 
replicates were recorded and analyzed.
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Clinical specimens and Immunohistochemistry

Tissue samples were obtained from patients 
with previously untreated, nonmetastatic cc- 
RCC who underwent radical nephrectomy at 
the Department of Urology, Shanghai Gene- 
ral Hospital from August 2012 to December 
2013. The specimens were collected from a 
normal region (at least 5 cm from the tumor) 
and from a tumor for each patient. The histo-
logical diagnosis was confirmed simultaneous-
ly by examining hematoxylin and eosin (H&E) 
stained sections by two pathologists.

The pathological stage was determined accor- 
ding to the American Joint Committee on 
Cancer (AJCC), and the tumor grade was clas- 
sified using the Fuhrman grading system. All 
patients were informed, and consent was giv- 
en. All the specimens were fixed in formalin for 
up to 24 h immediately after surgery, and then 
dehydrated, paraffinized, and embedded in pa- 
raffin blocks. Tissue sections were cut at 3-4 
μm and air-dried overnight. The sections were 
deparaffinized, rehydrated, and subjected to 
heat-induced antigen retrieval with sodium ci- 
trate buffer (10 mM sodium citrate, 0.05% 
Tween-20 (pH 6.0), which was followed by in- 
cubation with 3% hydrogen peroxide for 5 min 
to block endogenous peroxidase activity. Se- 
ctions were then incubated with the appropri-
ate primary antibody, and were sequentially 
incubated with biotinylated goat anti-mouse 
IgG. For signal detection, the VECTASTAIN ABC 
kit (Vector Laboratories) was used according  
to the manufacturer’s instructions. The slides 
were further counterstained with hematoxylin. 
Appropriate positive and negative controls we- 
re utilized for each immunostain run.

Statistical analysis

Experiments were carried out with three or 
more replicates unless otherwise stated. All 
statistical tests were two-sided and perform- 
ed using GraphPad Prism (Graphpad Softwa- 
re). Statistical analyses were performed by 
Student’s t-test for most studies. The relation-
ship between YAP1 and ARRDC3 expression 
was analyzed by the Spearman rank correla-
tion. Differences between the expression of 
YAP1 and ARRDC3 and clinicopathological fea-
tures were assessed by Fisher’s exact test. 
Values with P < 0.05 were considered statisti-
cally significant.

Results 

ARRDC1 and ARRDC3 interact with YAP1

To investigate the cellular functions and identi-
fy molecular mediators of ARRDC3 in RCC, we 
isolated the ARRDC3 complex from 786-O RCC 
cells using TAP methods and determined the 
proteins present in the complex using mass 
spectrometry (Figure 1A, 1B). Notably, pep-
tides of several members of the Nedd4-like 
ubiquitin ligases family (Nedd4 L, Nedd4, Itch 
and WWP1), were abundantly detected in the 
complex, verifying the efficiency of this ap- 
proach. In addition to these known binding 
partners of ARRDC3, we found that several 
transmembrane proteins were co-purified in 
the ARRDC3 complex, including receptor tyro-
sine kinases (AXL, EPHA2), a monocarboxy- 
late transporter (SLC16A1) and TMEM200A 
(Figure 1B). These results were consistent with 
previous studies showing that ARRDC3 inter-
acts with transmembrane proteins β2AR and 
ITGβ4 [16]. We also found that YAP1 was pres-
ent in the purified ARRDC3 complex (Figure 
1B). Since a function for ARRDC3 in YAP1 re- 
gulation has not been previously reported, we 
selected YAP1 for subsequent analyses. To 
investigate the potential roles of ARRDC3 in  
the Hippo pathway through an interaction wi- 
th YAP1, we first confirmed whether ARRDC3 
interacts with YAP1 in cells. We co-expressed 
SFB-YAP1 and Myc-ARRDC3 were in 293T cells 
and performed co-immunoprecipitation (co-IP) 
with anti-FLAG antibody. As shown in Figure 1C, 
Myc-ARRDC3 was successfully co-immunopre-
cipitated by SFB-YAP1, suggesting an interac-
tion between ARRDC3 and YAP1 proteins. We 
also investigated whether YAP1 interacts with 
other α-arrestin members. As shown in Figure 
1C, co-IP assay showed that YAP1 also inter-
acted with ARRDC1, but not ARRDC2, -4, or -5 
or TXNIP. We next investigated whether endog-
enous ARRDC1 and ARRDC3 could interact 
with endogenous YAP1. Immunoprecipitation 
using the anti-YAP1 antibody was performed 
using cell lysates prepared from 786-O cells. 
As shown in Figure 1D, endogenous ARRDC1 
and ARRDC3 were efficiently co-immunopre- 
cipitated with endogenous YAP1. Moreover, re- 
ciprocal immunoprecipitation experiments con-
firmed endogenous YAP1 was co-immunopre-
cipitated with both endogenous ARRDC1 and 
ARRDC3, confirming an endogenous interac-
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Figure 1. ARRDC1 and ARRDC3 interact with YAP1. (A, B) Tandem affinity purification of the ARRDC3-containing pro-
tein complex was conducted using 786-O cells stably expressing FH-ARRDC3. Associated proteins were separated 
by SDS-PAGE and visualized by Coomassie Blue (CB) staining (A). The number of total/unique peptides identified 
by mass spectrometry analysis is shown in the table (B). (C) 293T cells were co-transfected with the indicated con-
structs. Cell lysates were prepared and subjected to immunoprecipitation with anti-FLAG antibody followed by west-
ern blotting (WB) with indicated antibodies. (D) Immunoprecipitation using anti-YAP1, anti-ARRDC1, or anti-ARRDC3 
antibodies in cell lysates prepared from 786-O cells followed by WB with the indicated antibodies. (E) 786-O cells 
were transiently transfected with SFB-YAP1, Myc-ARRDC1 or Myc-ARRDC3 constructs either alone or in combina-
tion. YAP1 was immunostained in paraformaldehyde-fixed cells with anti-FLAG antibody (red). ARRDC1 or ARRDC3 
was immunostained with anti-Myc antibody (green). Nuclei were stained with DAPI.

tion between these proteins. To investigate 
whether ARRDC1 and ARRDC3 co-localize wi- 
th YAP1 in vivo, 786-O cells were transfected 
with SFB-YAP1 along with Myc-ARRDC1 or Myc-
ARRDC3. Cells were immunostained with anti-
FLAG or anti-Myc antibodies and visualized by 
confocal microscopy (Figure 1E). We found that 
YAP1 was present in both the cytoplasm and 
nucleus in the majority of 786-O cells. When 
ARRDC1 or ARRDC3 was co-expressed, YAP1 

was co-localized with ARRDC1 or ARRDC3 in 
the cytoplasm. Taken together, these results 
indicate that ARRDC1 and ARRDC3 associate 
with YAP1 in 786-O cells.

Identification of the mutual-binding regions of 
ARRDC1/3 and YAP1

YAP1 contains two WW domains that mediate 
the interaction with various PPXY motif-contain-
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ing proteins (Figure 2A). ARRDC1 and ARRDC3 
have two C-terminal PPXY motifs that mediate 
the interaction with WW domains in Nedd4-like 
ubiquitin ligases (Figure 2B, 2C). To gain more 
insight into the ARRDC1/3-YAP1 interactions, 
we determined which region in YAP1 mediated 
its interaction with ARRDC1/3. As shown in 
Figure 2D and 2E, all YAP1 fragments could 
immunoprecipitate ARRDC1 and ARRDC3 ex- 
cept for YAP1-ΔWW1+2, in which both WW 
domains were deleted. Moreover, deletion of  
a single WW domain of YAP1 decreased the 
interaction with ARRDC1/3 compared with wi- 
ld-type YAP1, suggesting that both WW doma- 
ins of YAP1 are involved the interaction with 
ARRDC1/3. We next determined the regions in 
ARRDC1/3 that bind to YAP1. We generated 
PPXY motif deletion mutants of ARRDC1/3  
and tested their ability to interact with YAP1. 
Co-IP results showed that only the wild-type 
ARRDC1/3, but not the deletion mutants, could 
be immunoprecipitated by SFB-YAP1 (Figure 2F 
and 2G), suggesting that the two PPXY motifs  
of ARRDC1/3 were responsible for binding to 
YAP1.

ARRDC1/3 negatively regulate YAP1 protein 
stability 

Previous studies demonstrated ARRDC1 and 
ARRDC3 act as adaptors to recruit Nedd4-like 
ubiquitin ligases to ubiquitinate a set of sub-
strates, such as β2AR, ALIX and Notch [11,  
15, 16]. Thus, we next assessed whether AR- 
RDC1/3 promote YAP1 ubiquitination and de- 
gradation by recruiting Nedd4-like ubiquitin 
ligases. As shown in Figure 3A, ARRDC1/3,  
but not ARRDC2, -4, or -5 or TXNIP, decreased 
the level of co-expressed YAP1 in a dose-
dependent manner. Moreover, expression of 
wild-type ARRDC1/3, but not the ARRDC1-
ΔPY1+2 or ARRDC3-ΔPY1+2 mutants, decre- 
ased the co-expressed YAP1 protein levels in  
a dose-dependent manner (Figure 3B). Next, 
we depleted endogenous ARRDC1/3 by spe- 
cific shRNAs in 786-O cells and observed th- 
at YAP1 protein level was markedly elevated 
compared with controls (Figure 3C). Moreover, 
co-depletion of ARRDC1/3 caused more YAP1 
elevation than ARRDC1 or ARRDC3 single 
depletion (Figure 3C). 

Figure 2. Identification of the mutual-binding regions of ARRDC1/3 and YAP1. (A) Schematic representation of YAP1 
deletion mutants used in the study. (B, C) Schematic representation of ARRDC1 (B) and ARRDC3 (C) mutants used 
in the study. (D) 293T cells were co-transfected with Myc-ARRDC1 and the indicated full length SFB-YAP1 or deletion 
mutants. Cell lysates were prepared and subjected to immunoprecipitation using the anti-FLAG antibody, followed 
by WB analyses with the indicated antibodies. (E) 293T cells were co-transfected with Myc-ARRDC3 and the indicat-
ed full length SFB-YAP1 or deletion mutants. Cell lysates were prepared and subjected to immunoprecipitation using 
the anti-FLAG antibody, followed by WB analyses with the indicated antibodies. (F) 293T cells were co-transfected 
with SFB-YAP1 and Myc-ARRDC1 or the indicated mutants. Cell lysates were prepared and subjected to immunopre-
cipitation using the anti-FLAG antibody, followed by WB analyses with the indicated antibodies. (G) 293T cells were 
co-transfected with SFB-YAP1 and Myc-ARRDC3 or the indicated mutants. Cell lysates were prepared and subjected 
to immunoprecipitation using the anti-FLAG antibody, followed by WB analyses with the indicated antibodies.
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To exclude the possibility that YAP1 protein 
upregulation resulted from transcriptional up- 
regulation, we performed qRT-PCR to measure 
ARRDC1, ARRDC3 and YAP1 mRNA levels in 
ARRDC1/3-depleted 786-O cells. In contrast to 
the significant decrease in ARRDC1/3 mRNA 
levels upon shRNA transfection, YAP1 mRNA 
levels in ARRDC1 or ARRDC3-depleted 786-O 
cells stayed at a level similar to that of the con-
trol cells (Figure 3D and 3E), suggesting that 

the effects of ARRDC1/3 on YAP1 levels are  
not mediated through the regulation of YAP1 
mRNA expression. To determine whether AR- 
RDC1/3 decreased YAP1 protein level by shor- 
tening its half-life, the protein level of YAP1 was 
monitored after treatment with the protein sy- 
nthesis inhibitor cycloheximide. In the absence 
of de novo protein synthesis, the half-life of 
endogenous YAP1 protein was much longer in 
the ARRDC1/3 co-depleted cells than that in 

Figure 3. ARRDC1/3 negatively regulates YAP1 protein stability. A. 786-O cells were transfected with the indicated 
constructs. Cells were harvested for WB analyses with the indicated antibodies. B. 786-O cells were co-transfected 
with the indicated constructs. Cells were harvested for WB analyses. C. 786-O cells were infected with lentivirus 
expressing control or ARRDC1/3-specific small hairpin RNAs. After 48 h, cells were harvested for WB analyses. D. 
qRT-PCR measurement of the mRNA levels of ARRDC1 and YAP1 in ARRDC1-depleted cells. GAPDH mRNA was used 
for normalization. The mean values (S.D.) of three independent experiments are shown. *P < 0.05. E. qRT-PCR 
measurement of the mRNA levels of ARRDC3 and YAP1 in ARRDC3-depleted cells. F, G. 786-O cells were infected 
with the indicated shRNA lentivirus. After 48 h, cells were collected at various times after cycloheximide (CHX) treat-
ment and then subjected to WB analyses. The relative intensities of YAP1 were first normalized to the intensities of 
actin and then to the value of the 0-h time point. H, I. 293T cells were co-transfected with the indicated constructs. 
Cells were harvested for WB analyses. After 24 h, cells were treated with 20 μM MG132 for 6 h. Flag-YAP1 protein 
was immunoprecipitated with anti-FLAG antibody. The ubiquitinated forms of YAP1 were analyzed by WB with anti-
HA antibody. J, K. 786-O cells were transfected with control, ARRDC1 or ARRDC3 constructs. After 48 h, cells were 
harvested for qRT-PCR measurement of the mRNA levels of CYR61 and CTGF. GAPDH mRNA was used for normaliza-
tion. The mean values (S.D.) of three independent experiments are shown. *P < 0.05.
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control cells (Figure 3F and 3G), further sug-
gesting that ARRDC1/3 regulate YAP1 at the 
posttranslational level. To further determine 
whether ARRDC1/3 promote YAP1 degradation 
through the regulation of YAP1 ubiquitination, 
HA-ubiquitin and FLAG-YAP1 constructs were 
co-expressed with ARRDC1-WT or the ΔPY1+2 
mutant. As shown in Figure 3H, ectopic expre- 
ssion of ARRDC1-WT, but not the ΔPY1+2 mu- 
tant, enhanced YAP1 poly-ubiquitination (Fi- 
gure 3H). Moreover, when Myc-Itch was co-
expressed, YAP1 ubiquitination was significan- 
tly increased. Similar results were obtained 
with the ARRDC3 constructs (Figure 3I). Mo- 
reover, overexpression of ARRDC1 or ARRDC3 
downregulated the mRNA expression of CTGF 
and Cyr61, two well-known YAP1 transcription-
al targets (Figure 3J and 3K). Taken together, 
these data demonstrate that ARRDC1/3 nega-
tively regulate the Hippo pathway through pro-
moting Itch-mediated YAP1 ubiquitination.

Knockdown of ARRDC1/3 promote cell growth, 
migration, invasion, and epithelial-mesenchy-
mal transition (EMT) in ccRCC cells

To determine the functional significance of 
ARRDC1/3-mediated YAP1 protein destabiliza-

tion, we examined the effect of reduced AR- 
RDC1/3 levels on cell proliferation in 786-O 
cells infected with lentivirus expressing cont- 
rol shRNAs or shRNAs towards ARRDC1 or 
ARRDC3. As shown in Figure 4A, ARRDC1 or 
ARRDC3 depletion resulted in an increase of 
786-O cell growth. Moreover, co-depletion of 
ARRDC1/3 resulted in a stronger increase of 
786-O cell growth compared with depletion of 
ARRDC1 or ARRDC3 alone. Notably, we found 
that co-depletion of YAP1 reversed the AR- 
RDC1/3 knockdown-mediated acceleration of 
786-O cell growth (Figure 4A). Previous stu- 
dies demonstrated that YAP1 not only promo- 
tes cell proliferation but also leads to EMT, 
which lessens cell contact inhibition and thus 
allows tumorigenesis [6-9]. We found that 
ARRDC1 or ARRDC3 depletion resulted in a 
marked increase of N-cadherin and vimentin 
and decrease of E-cadherin (Figure 4B and  
4C). However, these effects were reversed by 
co-depletion of YAP1. Finally, cell migration  
and invasion were determined by transwell as- 
say. Similar to the cell growth assay, we found 
that ARRDC1/3 co-depletion resulted in a ma- 
rked increase of 786-O cell migration and in- 
vasion, but these effects were reversed by co-
depletion of YAP1 (Figure 4D and 4E). Taken 

Figure 4. Knockdown of ARRDC1/3 promotes cell growth, migration and invasion, and epithelial-mesenchymal tran-
sition in ccRCC cells. A. 786-O cells were infected with the indicated lentivirus. After 48 h, cell growth was measured 
by CCK-8 assays at indicated days. The mean values (S.D.) of three independent experiments are shown. B, C. 786-
O cells were infected with the indicated lentivirus. After 48 h, cells were harvested for WB analyses with the indi-
cated antibodies. D, E. 786-O cells were infected with indicated lentivirus. After 48 h, cells were seeded in transwell 
chambers and incubated for 24 h. The migrating or invading cells were counted. *P < 0.05.
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Figure 5. ARRDC3 protein expression is correlated with YAP1 expression in ccRCC patients. A. ARRDC1 mRNA expression levels were analyzed by qRT-PCR in 40 
paired ccRCCs with the corresponding non-cancerous tissues. Log2-transformed fold changes of ARRDC1 mRNAs with respect to non-cancerous tissues were nor-
malized to GAPDH mRNA. B. ARRDC3 mRNA expression levels were analyzed by qRT-PCR in the same 40 paired ccRCCs with the corresponding non-cancerous 
tissues. Log2-transformed fold changes of ARRDC3 mRNAs with respect to non-cancerous tissues were normalized to GAPDH mRNA. C. ARRDC3 and YAP1 staining 
patterns in 40 paired ccRCC cases. D. ARRDC3 and YAP1 expression were negatively correlated (r=-0.3720, P < 0.001). Staining intensities were quantified by mor-
phometry. The x/y axis represents the expression ratio of the indicated proteins between paired tumor and normal tissues. E. Representative immunohistochemistry 
of normal and tumor tissues with positive or negative staining of ARRDC3 and YAP1. Scale bar =50 μm.
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together, these results suggest that ARRDC 
1/3 play negative roles in cell growth, migra- 
tion and invasion and EMT, at least in part by 
regulating the Hippo-YAP1 pathway.

ARRDC3 protein expression is correlated with 
YAP1 expression in ccRCC patients

ARRDC3 has been recognized as a tumor sup-
pressor and its expression is downregulated in 
breast and prostate cancers [14, 15]. However, 
no study has explored whether ARRDC1/3 
expression is dysregulated in ccRCC. We first 
determined the levels of ARRDC1/3 mRNA in 
40 ccRCC tissues paired with their correspond-
ing neighboring non-cancerous tissues. The 
clinical and pathologic characteristics of the 
patients are shown in Supplementary Table 3. 
Figure 5A shows the log2-transformed fold 
changes of ARRDC1 mRNA expression ratio of 
T/N (cancer tissues/non-cancerous tissues), 
and a two-fold threshold was set for signifi- 
cant changes in expression. The expression of 
ARRDC1 was significantly downregulated in  
30 of 40 (75.0%) cases compared with adja-
cent non-cancerous tissues. Six of 40 (15.0%) 
cases showed no significant alteration, and 
only 4 of 40 (10.0%) cases showed upregula-
tion of ARRDC1 in ccRCC. Similarly, we found 
that the expression of ARRDC3 was signifi- 
cantly downregulated in 30 of 40 (75.0%) cas- 
es compared with adjacent non-cancerous  
tissues. Five of 40 (12.5%) cases showed no 
significant alteration, and only 5 of 40 (12.5%) 
cases showed upregulation of ARRDC3 in cc- 
RCC (Figure 5B). These results suggested that 
ARRDC1/3 is downregulated in a large propor-
tion of ccRCC tissues. 

We next investigated whether YAP1 is upregu-
lated in ARRDC1/3-downregulated ccRCC tis-
sues by immunohistochemistry (IHC) analysis. 
Since an ARRDC1 antibody suitable for IHC 
analysis is not available, we were not able to 
perform IHC analysis of ARRDC1. Instead, IHC 
analysis of ARRDC3 and YAP1 was performed. 
We scored the staining of ARRDC3 and YAP1 
from 0 to 3 and designated scores 0-1 as ne- 
gative and scores 2-3 as positive, as described 
in Methods. As shown in Figure 5C, among the 
40 paired ccRCC cases, 4/40 (10%) tumor ti-
ssues were YAP1 negative, and 14/40 (35%) 
tumor tissues were ARRDC3 negative. The ex- 
pressions of ARRDC3 and YAP1 were strongly 

correlated (Figure 5D, r=-0.3720, P < 0.001). 
Representative images are shown in Figure  
5E; case 1 shows ccRCC tissues with ARRDC3 
loss and strong staining of YAP1 and case 2 
shows ccRCC tissues with strong staining of 
ARRDC3 and weak staining of YAP1. 

Discussion

Previous studies demonstrated that YAP1 is 
ubiquitinated and degraded by the Skp1/Cul1 
/β-TRCP E3 ligase complex in the cytoplasm, 
and this process requires coordinated phos-
phorylation of YAP1 by Lats and CK1 kinases 
[6]. In this study, we revealed another YAP1 
degradation pathway that is regulated by AR- 
RDC1 and ARRDC3 and demonstrated that  
this pathway is dysregulated in ccRCC. AR- 
RDC1/3 act as adaptors to negatively regula- 
te YAP1 protein stability by facilitating E3 ubi- 
quitin ligase Itch-mediated ubiquitination and 
degradation. Interestingly, this regulatory me- 
chanism may be conserved between mamma-
lian cells and Drosophila, as a previous study 
showed that Leash (CG4674), an ancestral 
α-arrestin protein in Drosophila, interacts with 
Yki (the YAP1 ortholog in Drosophila) in Dr- 
osophila S2R+ cells through TAP methods [18]. 
A subsequent study demonstrated that deple-
tion of Leash by RNAi increased Yki-reporter 
activity and overexpression had the opposite 
effect, suggesting that Leash restrains Yki 
activity [18]. The authors investigated whether 
human ARRDCs could downregulate Yki and 
found that expression of ARRDC1 or ARRDC3, 
but not ARRDC2, ARRDC4 or TXNIP, reduced 
Yki-reporter activity and Yki protein abundance 
[18]. These results were very consistent with 
our finding that only ARRDC1 and ARRDC3 
interact with YAP1 and promote its degradation 
in human cells.

Although our findings implicate a role for AR- 
RDC1/3 in ccRCC suppression via interactions 
with YAP1 and promoting its degradation, it is 
also possible that ARRDC1/3 participate in 
ccRCC suppression through regulating other 
proteins and pathways. Previous reports dem-
onstrated that ARRDC3 can suppress breast 
cancer progression by negatively regulating 
ITGβ4 [16]. We also found that two receptor 
tyrosine kinases, AXL and EPHA2, were co-puri-
fied with the ARRDC3 protein complex (Figure 
1B). Since ARRDC3 promotes internalization, 
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ubiquitination and degradation of membrane 
proteins ITGβ4 and β2AR, it is possible that 
ARRDC3 exerts similar effects on AXL and 
EPHA2. AXL has been shown to be overex-
pressed and to have mitogenic and prosurvival 
roles in a broad spectrum of human malign- 
ancies [19]. High expression of AXL is asso- 
ciated with poor prognosis in ccRCC patients 
[20, 21]. Moreover, AXL affects multiple cellu- 
lar behaviors required for neovascularization, 
such as endothelial proliferation, migration, 
survival, and tube formation in vitro and regu-
lates angiogenesis in vivo [21-23]. Cabozanti- 
nib, a recently approved inhibitor of multiple 
tyrosine kinase receptors, including AXL, MET 
and VEGFRs, has proven to increase progres-
sion-free survival and overall survival compared 
with everolimus in advanced ccRCC pa- 
tients who had progressed after prior VEGFR-
tyrosine kinase inhibitor therapy [24]. Similar  
to AXL, high EphA2 protein expression in cc- 
RCC is associated with a poor disease out-
come. EPHA2 signaling pathway plays a criti- 
cal role in the malignant cellular behavior of 
ccRCC and appears to be functional particu- 
larly in the early stage of malignant progres- 
sion of non-metastatic ccRCC [25]. ARRDC1 
acts as a negative regulator of Notch pathway 
by promoting Notch receptor degradation [26]. 
Collectively, our studies suggest that ARRDC1/ 
3 may be implicated in tumor suppression by 
modulating the levels of YAP1 and other mem-
brane receptors.
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Supplementary Table 1. Sequences for shRNAs, siRNAs and primers used for 
qRT-PCR
Sequences for siRNAs 
Gene Sequence 
sh-ARRDC1#1 5’-CTCGTGTTCTATATCTTGA-3’
sh-ARRDC1#2 5’-CCAAGAAGTTCTCCTACAA-3’
sh-ARRDC3#1 5’-GGCCTTGGCTACTACCAGT-3’
sh-ARRDC3#2 5’-GCGTGGAATATTCACTAAT-3’  
sh-YAP1 5′-CUGCCACCAAG UAGAUAATT-3′
sh-control 5’-TTCTCCGAACGTGTCACGT-3’
Sequences for primers
Gene RT Forward RT Reverse 
ARRDC1 5’-CAGTGCCCACTACCAGCAC-3’ 5’-ATAGGGGTAGCCCCAAGAAC-3’
ARRDC3 5’-CATCTTAATTGGGCACGAAA-3’ 5’-GTGGAAGCTCGAAGCTGAAT-3’
CYR61 5’-CTCGCCTTAGTCGTCACCC-3’ 5’-CGCCGAAGTTGCATTCCAG-3’
CTGF 5’-ACTATGATTAGAGCCAACTG-3’ 5’-TGTTCTCTTCCAGGTCAG-3’

Supplementary Table 2. Antibody list
Antibody epitope Mono/polyclonal Host Source Catalog No. Application
ARRDC1 Monoclonal Mouse Santa Cruz sc-398652 WB, IP
ARRDC3 Polyclonal Rabbit Santa Cruz sc-135442 WB, IP, IHC
YAP1 Monoclonal Rabbit Cell Signaling #14074 WB, IP, IHC
Actin Monoclonal Mouse Sigma A2228 WB
E-Cadherin Polyclonal Rabbit Proteintech 20874 WB
N-Cadherin Polyclonal Rabbit Proteintech 22018 WB
Vimentin Polyclonal Rabbit Proteintech 10366 WB
Myc Polyclonal Rabbit MBL 562 WB, IF
HA Monoclonal Mouse MBL M180-3 WB
FLAG Monoclonal Mouse Sigma F1804 WB, IF, IP
IF: immunofluorescence; IP: immunoprecipitation; IHC: immunohistochemistry; WB: Western blot-
ting.

Supplementary Table 3. Patient characteristics and clinicopathological factors 
by ARRDC3 and YAP1 expression

ARRDC3 neg ARRDC3 pos p value YAP1 neg YAP1 pos P value
NO. of patients 14 26 4 36
Median age (years) 57.3 52.9 53 56.1
Sex 0.7410 0.6235
    Male 8 12 3 20
    Female 6 14 1 16
Fuhrman grade 0.0020 0.0008
    Low (G1/G2) 4 21 4 4
    High (G3/G4) 10 5 0 32
Primary T stage 0.0009 0.0090
    Low (pT1/pT2) 3 25 3 6
    High (pT3/pT4) 11 3 1 30


