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The small GTP-binding protein Arf6 regulates membrane remodeling at cell peripheries and plays crucial roles in higher
orders of cellular functions including tumor invasion. Here we show that Fbx8, an F-box protein bearing the Sec7 domain,
mediates ubiquitination of Arf6. This ubiquitination did not appear to be linked to immediate proteasomal degradation
of Arf6, whereas Fbx8 knockdown caused hyperactivation of Arf6. Expression of Fbx8 protein was substantially lost in
several breast tumor cell lines, in which Arf6 activity is pivotal for their invasion. Forced expression of Fbx8 in these cells
suppressed their Arf6 activities and invasive activities, in which the F-box and Sec7 domains of Fbx8 are required.
Together with the possible mechanism as to how Fbx8-mediated ubiquitination interferes with the functions of Arf6, we
propose that Fbx8 provides a novel suppressive control of Arf6 activity through noncanonical ubiquitination. Our results
indicate that dysfunction of Fbx8 expression may contribute to the invasiveness of some breast cancer cells.

INTRODUCTION

The Arf-family of small GTPases regulate membrane traf-
ficking and remodeling (Donaldson, 2003; D’Souza-Schorey
and Chavrier, 2006). There are six isoforms of Arf GTPases
in mammals (Arf1-6), although Arf2 has been lost in hu-
mans. Arfs are classified into three classes by structural
similarity: class I (Arf1-3), class II (Arf4 and 5), and class III
(Arf6; Logsdon and Kahn, 2003). Class I and II Arfs primar-
ily function at the Golgi and are involved in intracellular
secretory processes (Volpicelli-Daley et al., 2005). On the
other hand, Arf6 is the most divergent of the Arf isoforms,
and primarily functions at cell peripheries by regulating
endocytosis and recycling-back of plasma membrane com-
ponents and several types of cell surface receptors (Donald-
son, 2003). Several functions of Arf6 are closely linked to the
functions of Rac, and Arf6 has been shown to play pivotal
roles also in actin-cytoskeletal remodeling at the cell periph-
ery (D’Souza-Schorey et al., 1997; Radhakrishna et al., 1999;
Donaldson, 2003). Arf6 has moreover been shown to play
crucial roles in higher order cellular functions, including
Fc�-receptor-mediated phagocytosis (Zhang et al., 1998), dis-
assembly of E-cadherin–mediated epithelial cell–cell adhe-

sions (Palacios et al., 2002), and tumor invasion (Sabe, 2003;
Hashimoto et al., 2004a; Tague et al., 2004; D’Souza-Schorey,
2005).

Like other small GTPases, activities of Arf-family GTPases
are primarily controlled by guanine nucleotide exchanging
factors (GEFs) and GTPase-activating proteins (GAPs),
through regulation of the guanine nucleotide binding states.
On the other hand, ubiquitination has recently been shown
to be involved in the cellular regulation of several small
GTPases. Local levels of RhoA protein are regulated by
Smurf-mediated polyubiquitination, which is coupled to
proteasome-mediated degradation of RhoA (Wang et al.,
2003). The active form of Rac1 has also been shown to
undergo polyubiquitination, and this ubiquitination is also
linked to its proteasomal degradation (Lynch et al., 2006).
Ubiquitination of H-Ras also occurs, but primarily as the
mono- and di-ubiquitinated forms (Jura et al., 2006). This
ubiquitination does not lead to its immediate proteasomal
degradation, but is closely related to the spatial sorting and
signal transmission of intracellular H-Ras proteins. E3 com-
ponents responsible for the ubiquitination of Rac1 and H-
Ras have not been identified.

Members of F-box proteins act as subunits of the SCF
(Skp1/Cul1/F-box) protein complexes of ubiquitin E3 li-
gases and primarily determine substrate specificity of ubiq-
uitination through their direct interaction with substrates
(Cardazo and Pagano, 2004). The SCF complexes include the
common components of Cullin1 (Cul1) and Skp1, the latter
of which directly binds to F-box proteins (Cardazo and
Pagano, 2004). On the other hand, the Sec7 domain is known
to generally encode the GEF domain for Arf-family GTPases
(Jackson, 2003). The database of F-box proteins includes
Fbx8, which contains an F-box domain and a putative Sec7
domain (Jin et al., 2004). Fbx8 was originally identified as a
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Skp1-binding protein by yeast two hybrid screening (Cen-
ciarelli et al., 1999; Winston et al., 1999), and this binding has
been subsequently confirmed biochemically (Winston et al.,
1999). However, the property to bind to Skp1 is not enough
to specify F-box proteins to be components of the E3 ligase
(Cardazo and Pagano, 2004), and functions of Fbx8 remain
unknown.

Here we show that Fbx8 is a component of the SCF com-
plex and mediates ubiquitination of Arf6, whereas other Arf
isoforms are not notably ubiquitinated by virtue of Fbx8. We
found that Fbx8-mediated Arf6 ubiquitination is noncanoni-
cal, in other words not linked to its immediate proteasomal
degradation, whereas Fbx8 itself is polyubiquitinated and
appears to be immediately degraded proteasomally. Fbx8
mRNA is expressed widely in many tissues and cells (Ilyin
et al., 2000), similar to Arf6 mRNA (Lebeda et al., 2003).
However, expression of Fbx8 mRNA has been reported to be
lost in some tumor cells, such as colon cancer cells and lung
cancer cells, whereas it is expressed in normal colon and
lung cells (Ilyin et al., 2000). We found that Fbx8 protein
expression is lost in highly invasive breast cancer cells,
including MDA-MB-231, whereas these cells express Fbx8
mRNA. On the other hand, normal mammary epithelial cells
express both Fbx8 mRNA and protein. Arf6 is overexpressed
in these highly invasive breast cancer cells, and Arf6 activity
is essential for their invasive activities (Hashimoto et al.,
2004a). We demonstrate that forced expression of Fbx8 in
invasive breast cancer cells suppresses their Arf6 activities
and also Matrigel invasion activities. Our results indicate
that Fbx8 mediates the noncanonical ubiquitination of Arf6
and hence provides a novel mechanism of the suppressive
control of Arf6 activity and function.

MATERIALS AND METHODS

Cell Culture and Reagents
Cos-7 cells were cultured in DMEM supplemented with 10% fetal calf serum
(Hyclone, Logan, UT). NMuMG cells were cultured in DMEM supplemented
with 10% fetal calf serum and 10 �g/ml insulin (Sigma, St. Louis, MO).
Human breast cancer cell lines were obtained from the American Type
Culture Collection (ATCC; Manassas, VA). MDA-MB-231 cells were cultured
in a 1:1 mixture of DMEM and RPMI 1640, supplemented with 10% fetal calf
serum and 5% NuSerum (BD Bioscience, Franklin Lakes, NJ), and other cells
were cultured according to the ATCC instructions. A primary preparation of
human normal mammary epithelial cells (Cambrex, East Rutherford, NJ) was
cultured according to the manufacturer’s instructions. MG132 and Lactacystin
were purchased from Calbiochem (San Diego, CA); and Epoxomycin, ZLLH
[Z-Leu-Leu-H(aldehyde)] and E64 were from Peptide Institute (Osaka, Japan).
Alexa Fluor647-conjugated phalloidin was from Invitrogen (Carlsbad, CA).
Protein G- and glutathione-Sepharose beads were from GE Healthcare (Buck-
inghamshire, United Kingdom).

Antibodies
The rabbit polyclonal anti-Fbx8 antibody was raised against recombinant
GST-Fbx8 protein, containing aa 1-67 of Fbx8 fused in frame to the carboxyl-
terminus of glutathione S-transferase (GST), and affinity-purified using this
GST-Fbx8 protein. The rabbit polyclonal antibody against human Arf6 was
raised against aa 131-144 of human Arf6 and was affinity-purified using this
peptide. For injecting into rabbits, this peptide was conjugated with keyhole
limpet hemocyanin, via the addition of a cysteine to the amino terminus of the
peptide. Antibodies against the following peptides and proteins were pur-
chased from commercial sources: Arf6 (Santa Cruz Biotechnology, Santa
Cruz, CA), ubiquitin (Covance, Berkley, CA), hemagglutinin (HA), Myc
(clone 9E10) and enhanced green fluorescent protein (EGFP; Babco, Rich-
mond, CA), FLAG and �-actin (Sigma), GST (Upstate Biotechnology, Lake
Placid, NY, for immunoblotting, and Abcam, Cambridge, UK, for immuno-
fluorescence), Crk (BD Biosciences, San Jose, CA), EGFR (Abcam, Cambridge,
UK), and Arf1 (Abcam). Affinity-purified Cy2- or horseradish-conjugated
donkey anti-rabbit IgG antibodies and affinity-purified Cy3- or horseradish-
conjugated donkey anti-mouse IgG antibodies were from Jackson ImmunoRe-
search Laboratories (West Grove, PA).

cDNAs
Mouse Arf isoform cDNAs, each fused in frame to the amino-terminus of
FLAG-tag, were ligated into HindIII-XbaI sites of pcDNA3. Site-directed
mutations were introduced using PCR. PCR-amplified full-length mouse Fbx8
cDNA, its �Sec7 mutant, in which the carboxy-terminal 133-320 aa were
deleted, and its �Fbox mutant, in which the amino-terminal 1-113 aa were
deleted, were each cloned into BamHI-NotI sites of pEBG (encoding GST) to
be fused in frame to the carboxy-terminus of GST. Human Cul1 cDNA, fused
in frame to the carboxy-terminus of Myc-tag, was ligated into Asp718I-NotI
sites of pcDNA3.1. Human Skp1 cDNA, fused in frame to the carboxy-
terminus of FLAG-tag, was ligated into NheI-XhoI sites of pcDNA3.1.
pMT123, encoding HA-tagged ubiquitin, was a gift from M. Treier. PCR-
amplified cDNA fragments of full-length Fbx8, the Sec7 domain of Fbx8 (aa
114-320), GGA3 (aa 1-226), the Sec7 domain of human ARNO (aa 72-252), and
the zinc-finger domain of human AMAP1 (aa 439-562) were each cloned into
BamHI-EcoRI sites of pGEX. EFA6 cDNA, encompassing the entire coding
region, was subcloned into pET3a vector, as described previously (Chavrier
and Franco, 2001).

cDNA Transfection
For the coprecipitation assay, 2.0 � 105 Cos-7 cells were transfected with 1.0
�g pcDNA3.1/Myc-Cul1 and 1.5 �g pEBG/Fbx8, together with or without 1.0
�g pcDNA3.1/FLAG-Skp1, using Fugene6 (Roche, Indianapolis, IN) accord-
ing to the manufacturer’s instructions. When necessary, empty pEBG vector
(0.5 �g) or sonicated calf thymus DNA was used instead of pEBG/Fbx8.

For the ubiquitination assays, 2.0 � 105 Cos-7 cells were transfected with 0.5
�g pcDNA/Arf-FLAG, 0.5 �g pMT123 (encoding HA-ubiquitin), and 1.5 �g
of pEBG/Fbx8, pEBG/Fbx8�Fbox, or pEBG/Fbx8�Sec7, using Fugene6 ac-
cording to the manufacturer’s instructions. Cells were incubated for 24 h
before analyses unless otherwise indicated. When necessary, empty pEBG
vector (0.5 �g) or sonicated calf thymus DNA was used instead of pEBG/Fbx8
or pMT123.

For the Matrigel invasion assays, 5.0 � 105 MDA-MB-231 cells were trans-
fected with 6.0 �g of pEBG/Fbx8, pEBG/Fbx8�Sec7, or pEBG/Fbx8�Fbox; or
2.0 �g of pEBG plus 4.0 �g of pcDNA3 using TransIT-LT1 (Mirus, Madison,
WI) according to the manufacturer’s instructions. Lipofectamine LTX (Invitro-
gen) was used for transfection of Hs578T and MDA-MB-435s cells. Two
micrograms of pEGFP-C1 were simultaneously transfected to identify trans-
fection-positive cells. To examine the effects of coexpression of GST-Fbx8 with
Arf6-FLAG or Arf6 3/7/174R-FLAG, cells were first stably transfected with
pcDNA/Arf6-FLAG or pcDNAArf6 3/7/174R-FLAG, together with pBabe
puro (Morgenstern and Land, 1990), and selected for 1 wk using puromycin
(1 �g/ml). These cells were then further transiently transfected with pEBG/
Fbx8 and pEGFP-C1 before analysis.

Small Interfering RNA
Duplex oligonucleotides for mouse Fbx8 silencing, 5�-AACUGACCUUUG-
CUUGGCUUCUU-3� and 5�-GAAGCCAAGCAAAGGUCAGUUUU-3�, were
chemically synthesized and purified by Sigma-PROLIGO (Boulder, CO). The
small interfering RNA (siRNA) duplex for Arf6 silencing has been described
previously (Hashimoto et al., 2004a). An siRNA duplex with an irrelevant
sequence (siCONTROL, RISC-free siRNA1; Dharmacon, Lafayette, CO) was
used as a control. NMuMG cells were transfected with 20 nM oligonucleotide
duplexes using Lipofectamine 2000 (Invitrogen), according to the manufac-
turer’s instructions and incubated for 24 h before analysis, unless otherwise
described.

Immunoblotting
Cells were lysed with RIPA buffer, as described previously (Hashimoto et al.,
2004a), supplemented with 200 �M of iodoacetamide and 800 �M of N-
ethylmaleimide (Sigma), unless otherwise indicated. For in vitro protein-
binding analyses, cells were lysed with 1% NP-40 buffer (Hashimoto et al.,
2004a) supplemented with 200 �M of iodoacetamide and 800 �M of N-
ethylmaleimide. For detection of endogenous ubiquitination of Arf6, cells
were lysed with 1% SDS, boiled for 10 min, then reconstituted into RIPA
buffer, and subjected to immunoprecipitation using a polyclonal anti-Arf6
antibody. GST-fusion proteins were precipitated using glutathione-Sepharose
beads. Primary antibodies were precipitated using protein G-Sepharose
beads. Subcellular fractionation was performed using a detergent-free hypo-
tonic buffer (Mazaki et al., 2001), supplemented with 200 �M of iodoacetamide
and 800 �M of N-ethylmaleimide. SDS-PAGE, immunoblotting analysis, and
protein detection by enzyme-linked chemiluminescence were performed as
described previously (Hashimoto et al., 2004a). Prestained protein molecular
size markers (Nacalai tesque, Kyoto, Japan) were used. Each experiment was
performed at least three times, and representative figures are shown.

In Vitro GEF Assay
The GEF assay was performed as previously described (Chavrier and Franco,
2001), in which 1 �M recombinant Arf6 protein was incubated with 300 nM
GST-Fbx8, 60 nM GST-Fbx8 Sec7, or 200 nM EFA6 in a reaction buffer (50 mM
HEPES-NaOH, pH 7.5, 1 mM MgCl2, 100 mM KCl, 1 mM dithiothreitol, and
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1.5 mg/ml azolectin vesicles) in the presence of 10 �M [35S]GTP-�-S (�1250
Ci/mmol; NEN-Perkin Elmer-Cetus, Wellesley, MA); and radioactivities as-
sociated with Arf6 were measured by trapping them with nitrocellulose
membranes (Schleicher & Schuell, Keene, NH).

Immunofluorescent Microscopy
Cells were fixed in 4% paraformaldehyde in phosphate-buffered saline, as
described previously (Mazaki et al., 2001), and then permeabilized by 0.2%
saponin in phosphate-buffered saline and labeled with mouse monoclonal
anti-Arf6 antibody, coupled with Cy3-conjugated anti-mouse IgG, and rabbit
polyclonal anti-GST antibody, coupled with Cy2-conjugated anti-rabbit
IgG. Fluorescence microscopy was performed using a confocal laser-scan-
ning microscope (LSM 510, Carl Zeiss, Thornwood, NY) and the associated
software.

Arf Activities
Activities of cellular Arf GTPases were measured by pulling down their
GTP-bound forms using GST-GGA (Golgi-localizing, �-adaptin ear homology
domain, Arf-binding protein) from each cell lysate (300 �g) and immunoblot-
ting precipitated Arf GTPases with their antibodies, as previously described
(Luton et al., 2004). Each experiment was performed at least three times, and
representative figures are shown.

RT-PCR
Extraction of total RNA and subsequent cDNA synthesis were performed as
described previously (Hashimoto et al., 2004a). PCR amplification was per-
formed as follows: 95°C for 9 min followed by 35 cycles of 95°C for 30 s, 60°C
for 1 min, and 72°C for 1 min. Primers for Fbx8 cDNA were, 5�-TATGTC-
CAAGGGTATCCTAGA-3� and 5�-TTATGCAGCCACATGGCCAATAAG-3�.
Primers for �-actin cDNA (Takara Shuzo, Kyoto, Japan) were used as a
control.

Matrigel Invasion Assay
Matrigel invasion assay was performed using Biocoat Matrigel chambers (BD
Bioscience), as described previously (Hashimoto et al., 2004a). Briefly, 1 � 105

cells were seeded on the upper wells of 24-well chambers in the absence of
serum, in which the lower wells were filled with conditioned medium of NIH
3T3 cells cultured for 24 h in the absence of serum. After incubation for 6 h,
cells migrated out onto the lower surface of the membrane through Matrigel
and were fixed in 4% paraformaldehyde, and EGFP-positive cells (hence
positive for the cDNA transfection) were then counted by detecting their
autofluorescence, using an LSM 510 laser scanning microscope. Percent cell
invasion was calculated by dividing the number of transfection-positive cells
transmigrated into the lower wells by the number of transfection-positive
cells initially applied onto the upper wells.

RESULTS

Fbx8 Is a Component of the SCF Complex and Mediates
Ubiquitination of Arf6
We first examined whether Fbx8 makes a complex with
Cul1, through its binding to Skp1. We expressed GST-tagged
Fbx8 together with FLAG-tagged Skp1 and Myc-tagged
Cul1 in Cos-7 cells and found that Myc-Cul1 is coprecipi-
tated with GST-Fbx8 in the presence of FLAG-Skp1 (Figure
1A). Because Cos-7 cells express Skp1 endogenously, a no-
table amount of GST-Fbx8, but not GST alone, was copre-
cipitated with Myc-Cul1 even in the absence of FLAG-Skp1
(Figure 1A). Fbx8 possesses the Sec7 domain and may inter-
act with Arf-family GTPases. We then examined whether
Fbx8 mediates ubiquitination of Arf-family GTPases. For
this, we used Arf1, Arf4, and Arf6 as representatives of each
class of Arf isoforms. Cos-7 cells were transfected with plas-
mids encoding FLAG-tagged Arf isoforms and HA-tagged
ubiquitin, with or without GST-Fbx8. Arf-FLAG proteins
were then immunoprecipitated with an anti-FLAG antibody
and analyzed for their ubiquitination. Dense ubiquitination
of Arf6-FLAG occurred in the presence of GST-Fbx8, which
was observed as slow-migrating smear bands of immuno-
precipitated Arf6-FLAG reactive with an anti-HA antibody
(Figure 1B). Mutants of Fbx8 with a deletion in the Sec7
domain (�Sec7) or the F-box domain (�Fbox) did not induce
ubiquitination of Arf6-FLAG (Figure 1B). A faint �30-kDa
band was also detected as a ubiquitinated product of Arf6-

FLAG (Figure 1B, indicated by an asterisk), which likely
represents the intermediate, monoubiquitinated form of
Arf6-FLAG. On the other hand, Arf1-FLAG and Arf4-FLAG
did not undergo such Fbx8-mediated dense ubiquitination,
whereas very weak ubiquitination of Arf4-FLAG was ob-
served in the presence of GST-Fbx8 (Figure 1B). We also
confirmed that the smear bands of the immunoprecipitated
Arf6-FLAG, reactive with an anti-HA antibody, do not
represent simple contamination of HA-ubiquitin in these
immunoprecipitants: we boiled the anti-FLAG immuno-
precipitants in 1% SDS, and then reprecipitated them with
an anti-FLAG antibody after be reconstituting into RIPA
buffer (Supplementary Figure S1A). Moreover, we found
that the Fbx8 Sec7 domain directly interacts with Arf6 in
vitro (Supplementary Figure S1B).

Arf6 is myristoylated at the N-terminus to bind to cellular
membranes, a binding that is necessary for its function
(D’Souza-Schorey and Stahl, 1995). To assess whether the
mature, myristoylated form of Arf6 is ubiquitinated by Fbx8,
we made a myristoylation-negative mutant of Arf6-FLAG,
in which Gly2 was changed to Ala (2A) and found that this
mutant is not ubiquitinated by GST-Fbx8 (Figure 1C). We
also found that GST-Fbx8, as well as endogenous Fbx8,
predominantly exists in the particulate fraction (Figure 1D).
Consistently, cellular fractionation revealed that ubiquitina-
tion of Arf6-FLAG occurs predominantly in the particulate
fraction, but not in the cytosolic fraction (Figure 1D).

Ubiquitination generally occurs at lysines (Hershko and
Ciechanover, 1992). Arf1 and Arf6 share high sequence sim-
ilarity, and there are three lysines, Lys3, 7 and 174, unique to
Arf6. Because Fbx8 does not recognize Arf1 as a ubiquitina-
tion substrate, we made an Arf6 mutant in which these three
lysines were simultaneously changed to arginines (3/7/
174R). This mutant of Arf6-FLAG always appeared as a
doublet for unknown reasons, which could be detected both
the anti-Arf6 and the anti-FLAG antibody immunoblot. This
mutant of Arf6-FLAG did not undergo Fbx8-mediated ubiq-
uitination (Figure 1C). These results further support the
specificity of Fbx8 toward Arf6 and suggest that these three
lysines of Arf6 are candidate sites for Fbx8-mediated ubiq-
uitination (also see below). It is difficult to clearly distinguish
whether high-molecular-weight smears bands of ubiquitina-
tion represent polyubiquitination of the target protein or its
mono-ubiquitination at multiple sites (Haglund et al., 2003).
Given that these three lysines are possible sites of Arf6
ubiquitination and that the smear bands of Arf6 ubiquitina-
tion are very high in molecular weight, larger than 70–90
kDa in appearance, it is likely that Arf6 is mostly polyubiq-
uitinated.

Sec7 domains generally exhibit GEF activities for Arf GTPases.
We next examined whether Fbx8 acts as a GEF for Arf6.
Biochemical measurements showed no appreciable GEF ac-
tivity of Fbx8, as well as its Sec7 domain alone toward Arf6,
under conditions in which EFA6 exhibited robust GEF ac-
tivity toward Arf6 (Chavrier and Franco, 2001; Figure 1E).

Cos-7 cells express Arf6 and Fbx8 endogenously (see Fig-
ure 1D). We then sought to obtain evidence supporting that
endogenous Arf6 is ubiquitinated by endogenous Fbx8. We
found that immunoprecipitation of ubiquitinated Arf6 is
very difficult by using commercially available anti-Arf6 an-
tibodies (data not shown). Comparison of the primary
amino acid sequences among Arf isoforms revealed that
amino acids (aa) 131-144 of human Arf6 is most divergent
from the other human Arf isoforms. We therefore generated
a rabbit polyclonal antibody against a synthetic peptide of
this aa 131-144 sequence, which was affinity-purified before
use, and confirmed the specificity of this polyclonal anti-
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body against Arf6, but not other Arf isoforms (Supplemen-
tary Figure S2). We then found that this polyclonal antibody
can precipitate endogenous Arf6, which was once boiled in
1% SDS and reconstituted into RIPA buffer. Using this poly-
clonal antibody, we immunoprecipitated endogenous Arf6

from Cos-7 cell lysates, which were once boiled and recon-
stituted into RIPA buffer. Reblotting of these anti-Arf6
immunoprecipitants by a mouse anti-ubiquitin antibody re-
vealed high-molecular-weight smear bands (Figure 1F).
Smear bands of Arf6 ubiqutination with high molecular

Figure 1. Ubiquitination of Arf6 by Fbx8. (A) Fbx8 makes a complex with Cul1. Cos-7 cell lysates (300 �g), expressing GST-Fbx8,
FLAG-Skp1, Myc-Cul1 or GST, as indicated, were subjected to immunoprecipitation with an anti-Myc antibody and analyzed for the
coimmunoprecipitation of FLAG-Skp1 and GST-Fbx8 by immunoblotting, as indicated. (B–D) Arf6 ubiquitination in reconstituted systems.
Cos-7 cells were transfected with FLAG-Arf isoforms (Arf1, 4, or 6) and HA-ubiquitin together with GST-Fbx8, GST-�Sec7, GST-�Fbox, or
GST, as indicated (B); or with wild type (WT), or the 2A or 3/7/174R mutants of Arf6-FLAG, together with HA-ubiquitin and GST-Fbx8, as
indicated (C). Cos-7 cells, expressing Arf6-FLAG, GST-Fbx8, and HA-ubiquitin, were subjected to fractionation into particulate and cytosolic
fractions (D). Ubiquitination of FLAG-Arfs was assessed by their immunoprecipitation from each cell lysate (300 �g) with an anti-FLAG
antibody and blotting with an anti-HA antibody. In B, another control included an anti-FLAG antibody per se, without cell lysate (anti-FLAG
antibody). In D, blots by an anti-EGFR and an anti-Crk antibody are included as controls for the fractionation. (E) Lack of GEF activity of Fbx8
against Arf6. GEF activities of recombinant GST-Fbx8 (F) and GST-Fbx8 Sec7 (E) were assessed in vitro using recombinant Arf6 as a substrate
in the presence of [35S]GTP-�-S, and the amount of radioactivity bound to Arf6 after incubation for the indicated times were measured.
Controls include incubation with buffer alone (�), or with EFA6 (f). (F) Endogenous ubiquitination of Arf6 by Fbx8. Endogenous Arf6 was
immunoprecipitated from once boiled Cos-7 cell lysates (2 mg) using a rabbit polyclonal anti-Arf6 antibody and then subjected to
immunoblot analysis using a mouse anti-ubiquitin antibody or a mouse anti-Arf6 antibody, as indicated. Rabbit preimmune serum (Rabbit
IgG) was also used as a control. Cos-7 cells, transfected with GST cDNA, GST-Fbx8 cDNA, Fbx8 siRNA duplex, Arf6 siRNA duplex, or control
irrelevant RNA duplex (Irr), were also used as controls, as indicated. Blots of total cell lysates (20 �g, Total) by antibodies as indicated are
also shown in A–D and F. �, IgG heavy chain; Š, IgG light chain in B–D and F. Asterisk in B indicates mono-ubiquitinated Arf6-FLAG.
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weights (�70–90 kDa in appearance) are most likely to
represent polyubiquitination. We also observed ubiquitina-
tion bands at about 35–40 kDa, although it is unknown
whether they represent monoubiquitination of Arf6 at mul-
tiple sites or intermediates of Arf6 polyubiquitination (Fig-
ure 1F). All of these bands, reactive with an anti-ubiquitin
antibody, almost disappeared when cells were treated with
Fbx8 siRNA, whereas they were increased when cells were
transfected with GST-Fbx8 (Figure 1F). We also confirmed
that such smear bands of anti-Arf6 immunoprecipitants sub-
stantially disappeared when cells were treated with Arf6
siRNA (Figure 1F). These results and the results described
above collectively indicate that Fbx8 mediates the ubiquiti-
nation of Arf6.

Limited Colocalization of Fbx8 with Arf6 at Cell
Peripheries
To determine which populations of Arf6 proteins are poten-
tial targets for Fbx8, we next examined the subcellular colo-
calization of Fbx8 with Arf6. For this, we again used Cos-7
cells expressing GST-Fbx8, because endogenous expression
of Fbx8 in Cos-7 cells was too low to be detected clearly by

immunolabeling. The inactive form of Arf6, as seen in se-
rum-starved cells, is mostly localized to the cytoplasm (Pe-
ters et al., 1995; D’Souza-Schorey et al., 1995; Radhakrishna et
al., 1996, 1997; Hashimoto et al., 2004b). We found that
GST-Fbx8 is also predominantly localized to the cytoplasm
in serum-starved cells (Figure 2A). However, GST-Fbx8 and
Arf6 did not colocalize well with each other in the cytoplasm
in these serum-starved cells, although their very minor
colocalization in the cytoplasm may occur (Figure 2A).
Consistently, Fbx8-mediated ubiquitination of Arf6 did
not occur efficiently in these serum-starved cells, com-
pared with that in cells cultured in the presence of serum
(Figure 2B). This inefficiency of Arf6 ubiquitination is
unlikely to be due to a general inefficiency of protein
ubiquitination in these serum-starved cells, because it has
been shown that protein ubiquitination can occur in such
serum-starved cells (de Melker et al., 2004). We also con-
firmed that EGF-induced ubiquitination of EGF receptors
occurs efficiently in these serum-starved cells (data not
shown).

A significant fraction of Arf6 is activated and recruited to
the plasma membrane, when cells are cultured in the pres-

Figure 2. Colocalization of Fbx8 with Arf6 at cell
peripheries. (A) Cos-7 cells were transfected with
GST-Fbx8, GST-�Sec7, or GST-�Fbox. Twenty-four
hours after transfection, cells were either starved for
serum or continued to be cultured in the presence of
serum for another 20 h, as indicated. Cells were then
fixed and labeled with a mouse anti-Arf6 antibody
and a rabbit anti-GST antibody coupled with Cy3-
conjugated anti-mouse IgG and Cy2-conjugated
anti-rabbit IgG polyclonal antibodies, respectively.
Merged images are shown as an overlay of Arf6 (red)
and GST-Fbx8 proteins (green). The boxed regions
are shown in higher magnification to the right. Scale
bar, 20 �m. More than 20 cells were observed in each
of three independent experiments, and representa-
tive images are shown. (B) Cos-7 cells, transfected
with GST-Fbx8, Arf6-FLAG, and HA-ubiquitin, were
either serum-starved or cultured with serum, as in A;
ubiquitination of Arf6-FLAG was examined as in
Figure 1B. Blots of 20 �g of total cell lysates are also
shown (Total). �, IgG heavy chain; Š, IgG light chain.
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ence of serum (Peters et al., 1995; D’Souza-Schorey et al.,
1995; Radhakrishna et al., 1996, 1997). We found that a
significant fraction of GST-Fbx8 is also recruited to the
plasma membrane in cells cultured in the presence of serum
and is well colocalized with Arf6 at the cell peripheries
(Figure 2A). Deletion of the Sec7 domain and the F-box
domain of Fbx8 caused the loss of the plasma membrane
localization of Fbx8 (Figure 2A). However, it should be
noted that not all Arf6 proteins recruited to the cell periph-
eries are colocalized with GST-Fbx8. It should also be noted
that the majority of GST-Fbx8, as well as the majority of
Arf6, still remained in the cytoplasm even in these cells
cultured in the presence of serum, and they were not well
colocalized with each other in the cytoplasm (Figure 2A).
Together with the above observations, these results collec-
tively suggest that only a small fraction of cellular Arf6
proteins can be targeted by Fbx8. These results also imply
that targeting of Arf6 by Fbx8 occurs primarily after both
Arf6 and Fbx8 are recruited to the plasma membrane,
whereas not all Arf6 proteins recruited to the plasma mem-
brane are targeted by Fbx8.

Noncanonical Nature of the Fbx8-mediated Ubiquitination
of Arf6
Protein ubiquitination was originally identified as a signal
for proteasome-mediated rapid degradation (Hershko
and Ciechanover, 1992). Recently, a number of reports
have described noncanonical types of protein ubiquitina-
tion, which are not immediately coupled to proteasome-
mediated degradation (Sun and Chen, 2004). We then
investigated the nature of Fbx8-mediated Arf6 ubiquiti-
nation, by using proteasome inhibitors. Because ubiquiti-
nation of endogenous Arf6 by endogenous Fbx8 can only
be detected very faintly, we again used a reconstitution
system using Cos-7 cells. Cos-7 cells expressing Arf6-
FLAG, GST-Fbx8, and HA-ubiquitin were treated with
MG132, Epoxomycin, Lactacystin, and an inactive deriv-
ative of MG132, ZLLH. We also used a calpain inhibitor,
E64, as another control. None of these compounds notably
increased the amounts of ubiquitinated Arf6-FLAG (Fig-
ure 3A). Amounts of the nonubiquitinated form of Arf6-
FLAG were also not notably changed by these compounds
(Figure 3A). We also examined the effects of these inhib-
itors in cDNA-untransfected Cos-7 cells and found that
the amounts of endogenous Arf6 in untransfected Cos-7
cells are also not notably changed by these treatments
(Figure 3B). These results suggest that Fbx8-mediated
ubiquitination of Arf6 may not be immediately linked to
proteasomal degradation of Arf6.

Constitutive Ubiquitination and Proteasomal
Degradation of Fbx8
In the same sets of cells as described above, we found that
all three proteasome inhibitors, but not ZLLH or E64,
cause the clear appearance of ubiquitinated forms of GST-
Fbx8, which are detected as slow-migrating smear bands
reactive with an anti-HA antibody (some were stacked at
the top of the gel), whereas such ubiquitinated forms of
GST-Fbx8 are otherwise almost undetectable (Figure 3A).
Amounts of the nonubiquitinated form of GST-Fbx8 (63-
kDa band) were also significantly increased by these pro-
teasome inhibitors, but not by ZLLH or E64 (Figure 3A).
GST protein itself did not undergo ubiquitination or sta-
bilization under these conditions (data not shown). More-
over, amounts of endogenous, nonubiquitinated form of
Fbx8 in untransfected Cos-7 cells were also significantly
increased by these proteasome inhibitors, but not by other

control compounds (Figure 3B). These results suggested
that Fbx8 may be constitutively ubiquitinated and protea-
somally degraded in Cos-7 cells.

Fbx8 Acts to Suppress Arf6 Activity
Given that Fbx8-induced Arf6 ubiquitination is noncanoni-
cal and not immediately linked to proteasomal degradation
of Arf6, we then investigated the possible roles of this ubiq-
uitination. For this, we examined the effects of Fbx8 knock-
down on the activity of Arf6. Cos-7 cells express a low level
of Arf6 protein (Supplementary Figure S3), and we found
that it is difficult to detect clearly the possible changes of
Arf6 activity in Cos-7 cells by biochemical methods, such as
the GGA pulldown method (data not shown). On the other
hand, NMuMG cells, a mouse normal mammary epithelial
cell line, expressed a several fold higher amount of Arf6
protein endogenously than that in Cos-7 cells (Supplemen-

Figure 3. Effects of proteasomal inhibitors on Arf6 and Fbx8. (A)
Cos-7 cells, expressing Arf6-FLAG, GST-Fbx8, and HA-ubiquitin
were treated with MG132 (20 �M), Epoxomycin (2 �M), Lacta-
cystin (27 �M), ZLLH (20 �M) and E64 (280 �M) for 5 h before
lysis. The control included treatment with only DMSO, used as a
solvent (None). Ubiquitination of Arf6-FLAG and GST-Fbx8 was
assessed by their precipitation (Pulldown) from cell lysates (300
�g) using an anti-FLAG antibody and glutathione-beads, respec-
tively, coupled with immunoblotting with an anti-HA antibody.
Amounts of nonubiquitinated Arf6-FLAG and GST-Fbx8 are
shown by an anti-FLAG and an anti-GST immunoblot, respec-
tively. Total, 20 �g of cell lysates. �, IgG heavy chain; Š, IgG light
chain. (B) cDNA-untransfected cells were treated with chemical
compounds as in A, and amounts of endogenous Fbx8 and Arf6
proteins were analyzed by an anti-Fbx8 and an anti-Arf6 immu-
noblot, respectively, using total cell lysates (20 �g). A �-actin
immunoblot is included as a control.
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tary Figure S3). NMuMG cells also express Fbx8 protein (see
Figure 4). We found that activities of endogenous Arf6 in
NMuMG cells are significantly increased upon Fbx8 siRNA-
treatment (Figure 4). Activity of endogenous Arf1, used as a
control, was not notably changed by Fbx8 siRNA (Figure 4).
Therefore, Fbx8 appears to suppress the activities of Arf6.
However, it should be noted that protein levels of the en-
dogenous, nonubiquitinated form of Arf6 are not notably
increased (nor decreased) by Fbx8 siRNA-treatment (Figure
4). This is consistent with the above notion that only a small
fraction of Arf6 may be targeted by Fbx8. In a separate
experiment, we confirmed that endogenous Arf6 ubiquiti-
nation also occurs in NMuMG cells, a ubiquitination that
disappears when endogenous Fbx8 is knocked down by
Fbx8 siRNA-treatment, as in the case of Cos-7 cells (Figure
4). Similar to Cos-7 cells, the protein level of endogenous
Fbx8, but not Arf6, was also increased in NMuMG cells
when these cells were treated with proteasomal inhibitors
(data not shown).

Fbx8-mediated Arf6 Ubiquitination Interferes with the
Interaction of Modified Arf6 with Its Activator and
Effector
To probe the possible mechanism as to how Fbx8-mediated
ubiquitination of Arf6 blocks its activation or function, we
next examined whether this ubiquitination affects the inter-
action of Arf6 with its auxiliary proteins. Several GEF do-

mains have been shown to bind stably to their cognate small
GTPases in their GDP-bound forms in vitro, if GTP is not
present (Hart et al., 1994; Hussain et al., 2001). ARNO (ADP
ribosylation factor nucleotide binding site opener) is a GEF
for Arf GTPases including Arf6 (Frank et al., 1998). The
nonubiquitinated form of Arf6-FLAG was pulled down in
vitro by the Sec7 domain of ARNO, fused to GST, in the
absence of GTP, whereas such pull down was undetectable
with the ubiquitinated forms of Arf6-FLAG (Figure 5). On
the other hand, we have shown previously that AMAP1
(multidomain Arf GAP protein) binds stably to the GTP-
bound form of Arf6 via its ArfGAP domain and acts as an
effector for GTP-Arf6 in tumor invasion, but not as a GAP
enzyme for Arf6 (Onodera et al., 2005). The ubiquitinated
forms of Arf6-FLAG were not found to bind to the ArfGAP
domain of AMAP1, fused to GST, under conditions in which
a significant amount of nonubiquitinated Arf6-FLAG was
coprecipitated with this domain (Figure 5). In these assays,
GST-Fbx8, used for the induction of Arf6-FLAG ubiquitina-
tion, is still present in the cell lysates. Levels of the nonu-
biquitinated Arf6 protein, pulled down with ARNO or
AMAP1 probes, were not notably changed either in the
presence of GST-Fbx8 or GST alone (Figure 5). Therefore,
GST-Fbx8 was unlikely to prevent binding of Arf6 to ARNO
and AMAP1 probes. These results suggest that Fbx8-medi-
ated ubiquitination of Arf6 has the potential to interfere with
the interactions of Arf6 with its activators and effectors.
Lys3, 7, and 174, which are putative ubiquitination sites of
Arf6, are not located within the subdomains of Arf6 directly
involved in its interaction with the Sec7 domain or the
ArfGAP domain, whereas they are all located within a close
proximity in the three-dimensional structure of Arf6 (Pas-
qualato et al., 2001). We also confirmed that ubiquitination
deficient mutant Arf6, 3/73174R-FLAG, is able to bind to the
Sec7 domain of ARNO and the ArfGAP domain of AMAP1
(Figure 5). These interferences by ubiquitination may be due
to steric hindrance.

Figure 4. Increased activity of endogenous Arf6 by Fbx8 siRNA
treatment. NMuMG cells were transfected with an siRNA duplex
specific for Fbx8 or with an irrelevant sequence (Irr). After culturing
for 24 h, activities of Arf6 and Arf1 were measured by precipitating
their active forms from cell lysates (300 �g) using GST-GGA (GGA
pulldown) coupled with anti-Arf6 and anti-Arf1 immunoblots, re-
spectively. Endogenous ubiquitination of Arf6 was also assessed by
the same ubiquitination assay, using a rabbit polyclonal anti-Arf6
antibody as described in Figure 1F. Blots of 20 �g of total cell lysates
are also shown (Total). Assays were performed three times, and a
representative figure is shown.

Figure 5. Interference of the interactions of Arf6 with ARNO and
AMAP1 by ubiquitination. Cos-7 cells were transfected with GST
alone or GST-Fbx8, Arf6-FLAG, or Arf6 3/7/174R-FLAG and HA-
ubiquitin. Twenty-four hours after transfection, cell lysates (300 �g)
were prepared and incubated with 5 �g of GST-fusion proteins of
the ARNO Sec7 domain (GST-ARNO) and the AMAP1 ArfGAP
domain (GST-AMAP1), or GST alone, each coupled with glutathi-
one-Sepharose beads, as indicated. Proteins pulled down with these
glutathione beads were analyzed using an anti-HA antibody and an
anti-FLAG antibody. As a control, immunoprecipitation of Arf6-
FLAG with an anti-FLAG antibody from the same cell lysates (80
�g) was included (FLAG). Another control included an anti-FLAG
antibody per se, without cell lysate (anti-FLAG antibody). �, IgG
heavy chain; Š, IgG light chain.
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Loss of Fbx8 Expression in Invasive Breast Cancer Cells
Contributes to Arf6 Activation and Invasiveness
Fbx8 mRNA expression has been reported to be lost in
several tumor cells, such as colorectal carcinoma SW480 cells
and lung carcinoma A549 cells, whereas Fbx8 mRNA is
expressed in normal colon and lung (Ilyin et al., 2000). We
have shown previously that Arf6 is overexpressed in highly
invasive breast cancer cells such as MDA-MB-231, Hs578T,
and MDA-MB-435s; and its activity is essential for their
invasive activities (Hashimoto et al., 2004a). We then exam-
ined the expression of Fbx8 in these breast cancer cells as
well as in a primary culture of human normal mammary
epithelial cells (HMECs). We found that all of these breast
cancer cells expressed almost comparable levels of Fbx8
mRNA to that of HMECs (Figure 6A). However, although
protein expression of Fbx8 was detectable in HMECs, Fbx8
protein was undetectable in these breast cancer cells (Figure
6B). Moreover, although Fbx8 protein level was increased in
HMECs upon MG132 treatment, protein expression of Fbx8
was still undetectable in all of these breast cancer cells even
after MG132 treatment (Figure 6B).

We finally examined whether forced expression of Fbx8
suppresses Arf6 activity of breast cancer cells and sup-
presses their invasive activities. We found that expression of
GST-Fbx8 in all of these breast cancer cells suppresses their
Arf6 activities and Matrigel invasion activities (Figure 6, C
and D). Using MDA-MB-231 cells, we moreover confirmed
that both the �Sec7 and �Fbox mutants of Fbx8 do not
suppress their Arf6 activity and Matrigel invasion activity
(Figure 6, C and D) and that Arf6 ubiquitination is evoked

when cells are transfected with GST-Fbx8 (Figure 6E). We
furthermore confirmed that coexpression of the 3/7/174R mu-
tant of Arf6, together with GST-Fbx8, can restore the invasion
activity of MDA-MB-231 cells, whereas wild-type Arf6 cannot
(Figure 6D). Expression of each protein in these experiments,
including EGFP used as a marker for the transfection, was
assessed by immnoblotting (Supplementary Figure S4). These
results indicate that Fbx8 has the potential to suppress Arf6
activity that is involved in invasion, most likely via its
activity to ubiquitinate Arf6, and suggest that impairment of
Fbx8 protein expression may contribute to the acquisition of
invasive phenotypes of some breast cancer cells.

DISCUSSION

In this article, we provide new insight into the cellular
regulation of Arf6. Our results indicate that Fbx8 mediates
the ubiquitination of Arf6 and acts to suppress Arf6 activity
and function. Several small GTPases have been shown to
undergo ubiquitination, as described earlier. RhoA and Rac1
are polyubiquitinated, which is linked to their immediate
proteasomal degradation, whereas H-Ras has been shown to
be mono- and di-ubiquitinated and is not degraded imme-
diately. We show that ubiquitination of Arf6 occurs predom-
inantly as polymer forms and yet it does not appear to be
immediately linked to its proteasomal degradation. There-
fore, the mechanism by which ubiquitination regulates the
activity of Arf6 appears to be novel and distinct from those
known for other small GTPases.

Figure 6. Lack of Fbx8 protein expression
in invasive breast cancer cells. (A) Expres-
sion of Fbx8 mRNA in breast cancer cells and
HMECs. Expression of �-actin mRNA is in-
cluded as a control. (B) Expression of Fbx8
protein. Cells were treated with or without
20 �M MG132 for 5 h before analysis.
Twenty micrograms of each cell lysate were
subjected to immunoblotting with an anti-
Fbx8 antibody. Reblotting of filters with an
anti-�-actin antibody is included as a con-
trol. (C and D) Forced expression of Fbx8
suppresses Arf6 activity and Matrigel inva-
sion. Cells were transfected with GST-Fbx8
or GST alone, as indicated. MDA-MB-231
cells were further transfected with GST-
�Sec7, GST-�Fbox, Arf6 3/7/174R-FLAG, or
Arf6 3/7/174R-FLAG plus GST-Fbx8, as in-
dicated. After culturing for 30 h, cells were
lysed and subjected to GST-GGA pulldown
(GGA pulldown) to measure endogenous
Arf6 activities (C), or were subjected to the
Matrigel invasion assay (D). In C, blots of 50
�g of total cell lysates are also shown (To-
tal), in which an anti-�-actin antibody blot is
included as a control. In D, pEGFP-C1 was
simultaneously transfected to identify trans-
fection-positive cells, and percentages of trans-
fection-positive cells that transmigrated through
Matrigel were calculated by normalizing the
values obtained for the GST transfected cells
as 100%. Data are from three independent ex-
periments in each of which more than 80 cells
were scored. Error bars, means � SEM (E)
Ubiquitination of endogenous Arf6 in MDA-
MB-231 cells untransfected or transfected with
GST-Fbx8 or GST alone was analyzed by immunoblotting as in Figure 1F. Rabbit preimmune serum (Rabbit IgG) was used as a control. �,
IgG heavy chain; Š, IgG light chain.
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Our results and results in the literature reveal that Fbx8
expression is impaired in some tumor cells. In the case of
colon and lung cancer cells, mRNA expression of Fbx8 has
been shown to be lost, as mentioned earlier. In the case of the
invasive breast cancer cells that we examined, protein ex-
pression of Fbx8 is impaired, although these cells express
Fbx8 mRNA. Therefore, the genetic alterations and mecha-
nisms involved in the loss of Fbx8 expression appear to vary
among different types of tumor cells. We demonstrated that
forced expression of Fbx8 suppresses Arf6 activities and the
invasive activities of these breast cancer cells. Therefore, loss
of Fbx8 expression appears to contribute to the development
of malignancy of some breast cancer cells. It will hence be
interesting to analyze the expression of Fbx8, in its protein
and mRNA, in clinical specimens of various human tumors.

Fbx8 appears to ubiquitinate only small, limited
amounts of cellular Arf6 and is yet able to significantly
suppress its activity. Our results show that only a limited
fraction of cellular Arf6 colocalizes with Fbx8. Our results
also show that knockdown of Fbx8 by siRNA does not
notably increase the amounts of the nonubiquitinated
form of Arf6, whereas activity of intracellular Arf6 is
significantly increased in the Fbx8 siRNA-treated cells.
Consistently, the amounts of nonubiquitinated Arf6 is not
notably decreased even when Fbx8 is overexpressed and
dense ubiquitination of Arf6 occurs, whereas Arf6 activity
is substantially blocked under these conditions (see Fig-
ures 1B and 6C). Our analyses moreover show that Arf6
and Fbx8 become well colocalized with each other only
after they are both recruited to the plasma membrane,
whereas not all Arf6 proteins recruited to the plasma
membrane are colocalized with Fbx8. The active form of
Arf6 is predominantly localized to the plasma membrane,
whereas the inactive form of Arf6 is predominantly local-
ized to the cytoplasm, as mentioned earlier. On the other
hand, Arf6 proteins recruited to the plasma membrane
may not necessarily be in the active form. Therefore, it is
conceivable that Fbx8 is able to target Arf6, when Fbx8
and Arf6 are both recruited to the plasma membrane and
that such populations of Arf6, which are potential targets
of Fbx8, may be in the active form or under processes to
be activated. On the other hand, it is suggested that Arf6
can also be activated and function at cytoplasmic endo-
membranes (Brown et al., 2001). We have not yet analyzed
in detail whether Fbx8 targets such a population of Arf6,
which is activated and functions in the cytoplasm.

The important question that remains is, what are the
biological contexts in which Fbx8-mediated suppressive
control of Arf6 activity occurs. In general, substrate proteins
are covalently modified, such as by phosphorylation and
hydroxylation, to be recognized by their cognate E3 ligases
(Glickman and Ciechanover 2002; Kaelin, 2005). It is also
well known that several E3 ligases ubiquitinate immature or
misfolded proteins for their degradation (Meusser et al.,
2005). We showed that myristoylation of Arf6 is necessary
for its ubiquitination by Fbx8, and it is unlikely that Fbx8
ubiquitinates premature or misfolded Arf6 molecules. On
the other hand, Smurf1 recognizes the nucleotide-binding
status of RhoA to ubiquitinate this small GTPase (Wang et
al., 2003). We found, however, that both the GTP-bound
form [Arf6 (Q67L)] and the GDP-bound form [Arf6 (T27N)]
of Arf6 can be ubiquitinated almost equally when they are
coexpressed with GST-Fbx8 in Cos-7 cells (Supplementary
Figure S5). Recently, isomerization of proline residues of
cyclinE molecules was suggested to provide a cue to be
recognized by the E3 ligase SCFhcd4� (van Drogon et al.,
2006), whereas it is also known that cyclinE, which is freed

from CDK2 and is not phosphorylated, is targeted by SCFSkp2

for ubiquitination (Nakayama et al., 2000). On the other
hand, it has been reported that recognition of Smad1 by
Smurf1 may be independent of the modification of Smad1
and simply mediated by their interaction through the WW
domain of Smurf1 and the PPXY motif of Smad1 (Zhu et al.,
1999). Ubiquitination of Aux/IAA, a transcription repressor,
by virtue of an F-box protein, TIR, also appears to be inde-
pendent of the modification of Aux/IAA (Dharmasiri et al.,
2005). A cell-free system of protein ubiquitination in vitro is
a powerful way to analyze the precise mechanism of ubiq-
uitination. However, Arf6 is a membrane protein, and we
showed that Fbx8-mediated Arf6 ubiquitination occurs in
the membrane fraction. At this moment, it is well known
that reconstitution in vitro of such protein ubiquitination
that takes place at membranes is very difficult. Moreover,
our results strongly suggest that Fbx8-mdiated Arf6 ubiq-
uitination is noncanonical. Noncanonical ubiquitinations
may utilize ubiquitin lysines other than Lys48 for their poly-
mer formation. However, clear experimental demonstra-
tions of such noncanonical utilization of ubiquitin lysines
onto membrane proteins have so far been successful only for
a limited number of cases (Geetha et al., 2005; Jura et al.,
2006). In our case, we also tried in vain to determine which
lysines of ubiquitin are utilized for Arf6 modification. The
precise mechanisms by which Fbx8 recognizes Arf6 as its
substrate for ubiquitination remain totally unknown and
await to be determined.

We show that overexpression of Fbx8 increases the levels
of Arf6 ubiquitination in Cos-7 cells. Therefore, cellular lev-
els of Fbx8 protein may be one of the factors regulating Arf6
ubiquitination. On the other hand, our results indicate that
Fbx8 is ubiquitinated and degraded proteasomally. There-
fore, it will be important to clarify mechanism by which
Fbx8 is ubiquitinated, together with the mechanism of reg-
ulation of this ubiquitination. Whether transcription of Fbx8
gene and levels of Fbx8 mRNA are regulatable and whether
the expression of Fbx8 protein is regulated by mechanisms
other than its ubiquitination and degradation, such as by
translational control of Fbx8 mRNA, should also be investi-
gated. Possible dysfunction of such mechanisms in human
tumors also await to be analyzed.

In conclusion, we show that Arf6 has a novel mechanism
for its suppressive control through Fbx8. Our results also
imply that loss of Fbx8 expression may contribute to tumor
malignancy. In the case of RhoA, its ubiquitination by
Smurf1 has been implicated such as in cell polarity, motility,
and epithelial-mesenchymal transdifferentiation (Wang et
al., 2003) and also in the mesenchymal-type invasion of
colon cancer cells (Sahai et al., 2007). Noncanonical ubiquiti-
nation of H-Ras has been shown to be involved in the
endosomal association of modified H-Ras and hence in the
regulation of Raf/MAP kinase signaling (Jura et al., 2006).
Further understanding of the precise biological contexts and
timings in which ubiquitination-mediated regulation of
these small GTPases, including Arf6, occur besides their
classical regulation by GEFs and GAPs. Also, precise mech-
anisms as to how these small GTPases become recognized
by their cognate E3 ligases will unveil important biological
processes in which these small GTPases are crucially in-
volved, such as in cell growth and migration, tissue remod-
eling, and tumor progression. It may also be worth analyz-
ing whether other Arf isoforms are ubiquitinated by some
E3 ligases.
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