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Arkadia is a positive regulator of transforming
growth factor-b (TGF-b) signalling, which induces ubi-
quitylation and proteasome-dependent degradation of
negative regulators of the TGF-b signalling pathway,
i.e. Smad7, c-Ski and SnoN. In the present study, we
examined the roles of Arkadia in human cancer cells.
We first examined the expression of Arkadia in 20
cancer cell lines and 2 non-cancerous cell lines, and
found that it was expressed ubiquitously at both the
mRNA and protein levels. Interestingly, levels of
expression of c-Ski protein, one of the substrates of
Arkadia, were not correlated with those of c-Ski
mRNA. Arkadia induced down-regulation of c-Ski pro-
tein expression in many cell lines examined, but did not
in certain cell lines with high levels of expression of
c-Ski protein. We also found that knockdown of
Arkadia attenuated the induction of TGF-b target
genes, whereas ectopically expressed Arkadia enhanced
it. Notably, over-expression of Arkadia inhibited the
growth of HepG2 cells in the presence as well as the
absence of TGF-b stimulation. Arkadia thus regulates
the levels of expression of c-Ski protein in cell-type-
dependent fashion, and exhibits a tumour suppressor
function by inhibiting tumour cell growth.

Keywords: cancer/degradation/Ski/TGF-b/ubiquitin
ligase.

Abbreviations: CBP, CREB-binding protein; E3,
ubiquitin-protein isopeptide ligase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HA,
haemagglutinin; HDACs, histone deacetylases; MCS,
multi-cloning site; MEF: mouse embryonic fibroblast;
PCR, polymerase chain reaction; PAI-1, plasminogen
activator inhibitor-1; RT, reverse transcription; Sno,
Ski-related novel gene; TGF-b, transforming growth
factor-b.

Transforming growth factor-b (TGF-b) has a diverse
array of activities, including growth inhibition,

regulation of motility, extracellular matrix production,
differentiation and apoptosis, in various target cells
(1). TGF-b signalling must be tightly controlled,
since its abnormality has been reported to cause pro-
gression of various diseases, including cancer and
fibrosis (2). TGF-b plays dual roles in the progression
of cancer (3, 4). In the early stages of carcinogenesis,
TGF-b acts as a tumour suppressor by inhibiting cell
growth. In contrast, TGF-b exerts tumour-promoting
effects by inducing invasion and metastasis in
advanced stages of cancer. Levels of expression of
TGF-b are positively correlated with clinical stage in
certain tumours.

TGF-b signal is transduced through two distinct ser-
ine�threonine kinase receptors, termed type I and type
II (5�8). Upon binding of TGF-b to type II receptor,
type I receptor is recruited to the ligand�receptor com-
plex and is phosphorylated by the constitutively active
type II receptor kinase. Type I receptor is then acti-
vated, and phosphorylates receptor-regulated Smads
(R-Smads), Smad2 and Smad3. Phosphorylated
Smad2 and Smad3 form complexes with Smad4, a
common-mediator Smad (co-Smad), and translocate
into the nucleus. The activated Smad complexes then
bind to promoter regions of target genes either directly
or together with other transcription factors, and regu-
late their transcription in collaboration with transcrip-
tional co-activators and co-repressors (7, 9).

Arkadia was originally identified by gene-trap muta-
genesis in mice as a factor required for induction of the
mammalian node in extraembryonic lineages (10),
and was found to induce mesendoderm by enhancing
nodal-related signalling (11). Arkadia is a nuclear pro-
tein with 989 amino acid residues, including a charac-
teristic RING domain at its C-terminus. We previously
found that Arkadia is an E3 ubiquitin ligase that
enhances TGF-b signalling by targeting negative regu-
lators, i.e. c-Ski/SnoN and Smad7 (12, 13).

c-Ski and SnoN are members of the Ski family of
oncoproteins (9, 14). Ski was originally identified as
the transforming protein (v-Ski) of the avian retrovirus
that induces oncogenic transformation of chicken
embryo cells (15). The Ski family of nuclear oncopro-
teins represses TGF-b signalling principally through
interaction with Smad proteins (16, 17). c-Ski and
SnoN interact with Smad2/3 and Smad4 in activated
Smad complexes (18, 19). They also bind directly to
mSin3A and N-CoR and form a complex containing
histone deacetylases (HDACs), thus repressing tran-
scription (20). In addition, c-Ski and SnoN have been
shown to compete with transcriptional co-activator
p300 and/or CREB-binding protein (CBP) for binding
to Smad complexes (18, 19, 21) and to stabilize inactive
Smad complex on the promoter regions of target genes
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(22). In contrast, Smad7, an inhibitory Smad (I-Smad),
competitively inhibits phosphorylation of Smad2 and
Smad3 through binding to activated type I receptor
kinase of TGF-b in the cytoplasm (23, 24).

Misexpression of these negative regulators has
been implicated in various pathological conditions.
Increased expression of Smad7 has been found in
inflammatory bowel disease (25) and pancreatic
cancer (26). Reduction of Smad7 protein has been
reported in human fibroblasts of patients with sclero-
derma (27) and in tissues with renal fibrosis in mice
(28). Increased expression of SnoN or c-Ski has been
implicated in the progression of oesophageal squa-
mous cell carcinomas (29, 30), melanomas (31),
estrogen-receptor-positive breast carcinomas (32) and
colorectal carcinomas (33). Some of these cancers exhi-
bit gene amplification of c-Ski or SnoN (29, 33, 34).
Since increased expression of c-Ski or SnoN has
been reported to be associated with poor prognosis,
overactivity of SnoN and c-Ski may cause cancer. In
contrast, systemic deletion of one copy of the Sno or
Ski gene causes increased susceptibility to chemical
carcinogens (35, 36). Control of the levels of expression
of these negative regulators within appropriate ranges
thus appears to be important.

Arkadia appears to play important roles in cancers
through regulation of the protein expression of c-Ski/
SnoN and TGF-b signalling. However, the roles
played by Arkadia in tumours have yet to be fully
determined. We describe here the relationship between
expression of Arkadia and that of c-Ski/SnoN, as well
as the roles played by Arkadia in tumour cells.

Materials and Methods

Cell culture
Cells were cultured in the medium shown in Supplementary Table I,
in a 5% CO2-humidified atmosphere at 37�C.

Lentiviral production and infection
Lentivirus expression vectors (37) for Arkadia and multi-cloning site
(MCS) were constructed as previously described (38). Briefly, hae-
magglutinin (HA)-tagged mouse Arkadia or MCS was inserted into
pENTR vectors (Invitrogen), and then transferred to pCSII-EF-RfA
vectors using LR clonase (Invitrogen). 293FT cells (6 � 106 cells;
Invitrogen) were transfected using Lipofectamine 2000 (Invitrogen)
with pCSII-EF-RfA containing Arkadia or MCS, pCAG-HIVgp
and pCMV-VSV-G-RSV-Rev. The culture supernatants were col-
lected 72 h after transfection and used for transduction of HepG2
and OCUM-2MLN cells. HepG2 cells were infected with the lenti-
virus twice.

RNA interference
RNA interference using siRNA oligonucleotides was performed as
described below. Sequences of RNA oligonucleotides used to knock
down human Arkadia, human c-Ski and human SnoN were as fol-
lows: siArkadia RNF111-HSS123238 (forward, 50-UAACACUUC
UCGUUUCUUCCUCUGC-30; reverse, 50-GCAGAGGAAGAAA
CGAGAAGUGUUA-30), siArkadia RNF111-HSS123240 (for-
ward, 50-AACACAAUUCUGCACAUACGAAGGG-30; reverse,
50-CCCUUCGUAUGUGCAGAAUUGUGUU-30), sic-Ski SKI-
HSS109772 (forward, 50-UUGUGCGAGUGCACCACGAACUU
GU-30; reverse, 50-ACAAGUUCGUGGUGCACUCGCACAA-30)
and siSnoN SKIL-HSS109774 (forward, 50-AAUAAACCCUGAC
AUUUGCCUAGGC-30; reverse, 50-GCCUAGGCAAAUGUCAG
GGUUUAUU-30). For knockdown of Arkadia, RNF111-
HSS123238 or RNF111-HSS123240 was used. Similar knock-down
efficiency was confirmed with these two siRNAs. Pre-annealed

oligonucleotides (Stealth RNAi oligonucleotides) were obtained
from Invitrogen. Oligonucleotides for negative controls were also
purchased from Invitrogen. Transfection of these oligonucleotides
was performed using HiPerFect transfection reagent (Qiagen) at
the same time as seeding of cells. Oligonucleotides were used at
final concentrations of 50 nM or 100 nM for silencing of Arkadia
expression, with 50 nM used for SnoN expression and 100 nM for
c-Ski expression. Cells were cultured 40 or 60 h (for MKN45 cells)
before analysis.

Immunoblotting
MDA-MB-231 cells and mouse embryonic fibroblasts (MEFs) (39)
were treated with 1 ng/ml TGF-b (TGF-b1, R & D Systems) before
analysis, where indicated. Cells were lysed with a buffer containing
1% Nonidet P-40, 20mM Tris�HCl, pH 7.4, 150mM NaCl, 1mM
phenylmethylsulphonyl fluoride, 1% Trasyrol, 50 mM MG132
(Peptide Institute) and 5mM EDTA. Cleared cell lysates were sepa-
rated by SDS�PAGE and transferred to Fluoro Trans W membrane
(Pall). Immunoblotting was performed as described previously (13)
using the following antibodies: anti-Arkadia 3AP4 (13) for simulta-
neous detection of both endogenous human Arkadia and exogenous
mouse Arkadia, anti-RNF111 (Abnova) for immunoblotting of
endogenous Arkadia in human cell lines, anti-c-Ski (Millipore) for
detection of endogenous c-Ski in human cell lines and in MEFs,
anti-SnoN H-317 (Santa Cruz Biotechnology) for immunoblotting
of endogenous SnoN, and anti-tubulin DM 1A (SIGMA). Bands of
immunoblotting were quantified using Quantity One 1-D Analysis
software (Bio-Rad Laboratories).

Semi-quantitative RT�PCR
Total RNAs from wild-type and Arkadia�/� MEFs were extracted
using the RNeasy Mini Kit (Qiagen). Reverse transcription and
semi-quantitative RT�PCR was performed as described previously
(13). The primer sequences used for detection of mouse c-Ski were:
forward, 50- GAGGGTGCCCCGGGTCTCAG-30; reverse, 50- AC
GGTGGTGCAGGGTGGACT-30.

Real-time RT�PCR
Total RNA from HEK293, HaCaT, and 20 tumour cell lines was
prepared using the RNeasy Mini Kit. cDNA synthesis was per-
formed as described previously (13). Quantitative RT�PCR was per-
formed using Power SYBR Green PCR Master Mix (Applied
Biosystems) or FastStart Universal SYBR Green Master [Rox]
(Roche) and a 7500 Fast Real-Time PCR System (Applied
Biosystems). The primer sequences used were as follows: human
SnoN (forward, 50-CTGTGTTGGAAGGGGAATCT-30; reverse,
50-TTTGCTGGAGTGTAAATTCTCG-30) and human p15INK4b

(forward, 50-GCCGCCCACAACGACTTTAT-30; reverse, 50-GCT
TGCAGGCTTACAGGCTTTC-30). Primers for human Arkadia,
human Smad7, and human GAPDH were previously described
(12). Primers for human c-Ski, human plasminogen activator
inhibitor-1 (PAI-1), and human p21WAF were also previously
described (40).

Results

Accumulation of c-Ski protein by knockdown
of Arkadia
We previously reported that ectopic expression of
Arkadia induces ubiquitylation and proteasome-
dependent degradation of c-Ski (13). To determine
whether endogenous Arkadia affects expression of
c-Ski protein, we compared the levels of expression
of c-Ski protein in Arkadia-knocked-down and control
MDA-MB-231 cells. Since c-Ski has been reported to
undergo degradation in response to TGF-b stimula-
tion (41), we also compared the time courses of protein
expression of c-Ski after TGF-b stimulation. As shown
in Fig. 1A, c-Ski protein accumulated in Arkadia-
silenced cells in the absence of TGF-b stimulation, sug-
gesting that Arkadia induces c-Ski degradation under
resting conditions. Upon stimulation with TGF-b,
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c-Ski protein was degraded within 15min in the con-
trol cells, consistent with previous reports (41).
TGF-b-induced degradation was not abrogated in
Arkadia-knocked-down cells, suggesting the possibility
of involvement of E3 ubiquitin ligases other than
Arkadia. We also performed a similar experiment
using Arkadia�/� and wild-type MEFs, and obtained
similar results (Fig. 1B). c-Ski protein was hardly
detected in wild-type MEFs, but accumulated in
Arkadia�/� MEFs, whereas expression levels of c-Ski
mRNA were similar between WT and Arkadia�/�

MEFs. c-Ski protein was significantly reduced 15min
after TGF-b stimulation in Arkadia�/� MEFs. These
findings suggest that Arkadia is involved in the degra-
dation of c-Ski protein in the absence of TGF-b stim-
ulation. Although Arkadia may also play a role in
TGF-b-induced degradation of c-Ski, other ubiquitin
ligases may also play a role in it.

BroadexpressionofArkadiainvariouscancercell lines
TGF-b has two opposing effects on the progression
of cancer. Since Arkadia enhances TGF-b signalling
(12), we hypothesized that Arkadia may affect cancer
progression via enhancement of TGF-b signalling. We
first examined Arkadia expression in 20 cancer cell
lines. As shown in Fig. 2A, the levels of expression
of Arkadia mRNA in these cell lines were not very
different (3-fold at a maximum; top panel).
Expression of Arkadia protein was also observed
widely in these cell lines, although the levels of expres-
sion were different when the intensities of the immu-
noblot bands were compared (7-fold at a maximum;
second panel).

We then examined the levels of expression of c-Ski
and SnoN. Increased expression of c-Ski and SnoN has
been reported in several human cancers (30�32),
although in some cases this was accompanied by

Fig. 1 Arkadia contributes to degradation of c-Ski protein. (A) Knockdown of Arkadia was performed by siRNA. MDA-MB-231 cells were
transfected with siArkadia oligonucleotide or negative control oligonucleotide at the same time as seeding. Cells were treated with 1 ng/ml
TGF-b and harvested at the indicated time points. Cell lysates were subjected to SDS�PAGE, followed by immunoblotting using anti-c-Ski
antibody (top panel), anti-RNF111 (Arkadia) antibody (middle panel) and anti-tubulin antibody (bottom panel). Asterisk denotes non-specific
bands. The specific bands of c-Ski and Arkadia were quantified and normalized to those of tubulin. Values shown at the bottom of corre-
sponding panels were relative to those of negative control at 0min. (B) Wild-type (WT) MEF cell line (WTF1) and Arkadia�/� MEF cell lines
(FAKC and FAKD) were treated with 1 ng/ml TGF-b and harvested at the indicated time points. Time courses of expression of c-Ski protein
upon TGF-b stimulation were examined (top panel). Asterisk denotes non-specific bands. The specific bands of c-Ski were quantified and
normalized to those of tubulin. Values shown at the bottom of top panel were relative to that of WT MEF at 0min. Expression of Arkadia and
c-Ski mRNA are shown at the bottom.
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Fig. 2 mRNA and protein expressions of Arkadia, c-Ski and SnoN in various tumour cell lines. (A�C) Levels of mRNA expression of Arkadia (A),
c-Ski (B) and SnoN (C) were compared among 20 tumour cell lines and two non-cancerous cell lines (top panels). Vertical axis shows relative
expressions of human Arkadia (A), c-Ski (B) or SnoN (C) normalized to human GAPDH determined by real-time RT�PCR. Cell lysates were
obtained in parallel with RNA preparation from the 20 tumour cell lines and two non-cancerous cell lines. The lysates were subjected to
SDS�PAGE followed by immunoblotting with anti-RNF111 (A), anti-c-Ski (B) or anti-SnoN (C) (middle panels). Bands for each protein were
confirmed with siRNA of Arkadia (siAkd) in HeLa cells, that of c-Ski (siSki) in MDA-MB-231 cells, and that of SnoN (siSno) in HepG2 cells
(right two lanes in each panel). NC denotes negative control oligonucleotide-transfected cells. Asterisks denote non-specific bands. The specific
bands of Arkadia (A), c-Ski (B) and SnoN (C) were quantified and normalized to those of tubulin. Values shown at the bottom of corresponding
panels were relative to that of cells with the lowest expression of each protein.
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gene amplification of c-Ski or SnoN (29, 33, 34). As
shown in Fig. 2B and C, mRNA levels of c-Ski and
SnoN varied markedly among the cell lines tested.
Levels of c-Ski mRNA differed nearly 8-fold between
EBC-1 and MKN7 (Fig. 2B, top panel), and levels of
SnoN mRNA differed nearly 10-fold between
KATOIII and MCF7 (Fig. 2C, top panel). Levels of
expression of c-Ski/SnoN proteins were also varied
markedly among these cancer cell lines. When
bands of immunoblotting were quantified, the
levels of expression of c-Ski protein differed 14-fold
between A549 and OCUM-2M (Fig. 2B, second
panel), and those of SnoN protein differed 430-fold
between EBC-1 and OCUM-2MD3 (Fig. 2C, second
panel).

In some cell lines, the levels of expression of c-Ski
were high at the mRNA but low at the protein level
(MKN7 and MKN28/74), whereas in other cell lines
they were low at the mRNA level but high at the pro-
tein level (OCUM-2M, OCUM-2D, OCUM-2MLN,
KATOIII, MKN45 and A375). Similar results were
obtained for SnoN (Fig. 2C; A549 and MCF7).

Arkadia was thus ubiquitously expressed in various
cancer cell lines at both the mRNA and protein levels,
whereas in some cell lines levels of expression of c-Ski
and SnoN varied at both mRNA and protein levels
and levels of expression of mRNA and protein were
not correlated.

Dysfunction of Arkadia in degradation of c-Ski in
some cancer cell lines
Since Arkadia was expressed in all the 22 cell lines
tested, we examined whether Arkadia functions as an
E3 ubiquitin ligase in these cell lines. We knocked
down Arkadia and determined protein expression of
c-Ski. c-Ski protein accumulated in MDA-MB-231
(Fig. 1A), HeLa, PC-3u, U373MG and MKN28/74

cells upon knockdown of Arkadia (Fig. 3A), indicating
that Arkadia down-regulates c-Ski in these types of
cells. However, as shown in Fig. 3B, accumulation of
c-Ski protein was not observed in OCUM-2MLN and
MKN45 cell lines upon silencing of Arkadia. These
findings suggest that Arkadia does not degrade c-Ski
in some cancer cell lines. The high levels of expression
of c-Ski protein in these cell lines can be attributed to
dysfunction of Arkadia.

Enhancement of TGF-b target gene expression
by endogenous Arkadia
We next examined mRNA expression of TGF-b target
genes upon knockdown of Arkadia. HeLa cells were
transfected with siRNA oligonucleotide and treated
with TGF-b for the indicated periods of time. SnoN
is one of the target genes of TGF-b (42), and, as shown
in Fig. 4A, induction of SnoN mRNA was reduced
(left panel) when expression of Arkadia was silenced
(right panel), suggesting that endogenous Arkadia con-
tributes to enhancement of TGF-b signalling. We also
used OCUM-2MLN cells in which c-Ski protein did
not accumulate upon knockdown of Arkadia. As
shown in Fig. 4B, induction of target genes including
SnoN (left top panel), PAI-1 (left bottom panel) and
Smad7 (right bottom panel) was attenuated when
Arkadia was silenced (right top panel). These findings
suggest that Arkadia functions as an enhancer of
TGF-b signalling in OCUM-2MLN cells, although it
does not function as an E3 ubiquitin ligase for c-Ski.

Reduction of c-Ski protein expression by
exogenous Arkadia
We further performed gain-of-function experiments,
and examined the effects of exogenous Arkadia on
c-Ski protein expression. HepG2 cells were used since
the levels of expression of c-Ski and SnoN proteins

Fig. 3 Effect of knockdown of Arkadia on c-Ski protein expression. (A and B) Expression of endogenous Arkadia was knocked down by
transfection of siArkadia oligonucleotide into the indicated tumour cell lines. Lysates from non-transfected cells (nt), control
oligonucleotide-transfected cells (NC) and Arkadia-knocked down cells (siAkd) were subjected to SDS�PAGE followed by immunoblotting
with anti-c-Ski (top panels). Bands of c-Ski were confirmed by siRNA of c-Ski in MKN28/74 cells (right two lanes in the right top panel of A).
Knockdown of Arkadia was confirmed by immunoblotting with anti-RNF111 (middle panels). Asterisks denote non-specific bands.
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were high and that of Arkadia was low in them
(Fig. 2). OCUM-2MLN cells were also used since
endogenous Arkadia did not contribute to degradation
of endogenous c-Ski protein in them (Fig. 3B). Wild-
type Arkadia (WT) or a RING finger domain-deleted
mutant of Arkadia (�C) was expressed in these cells
using a lentivirus vector expression system. Expression
of Arkadia was confirmed using anti-Arkadia anti-
body. As shown in Fig. 5 (top panels), expression
of exogenous Arkadia was higher than that of endo-
genous Arkadia in control cells. In both cell lines

examined, c-Ski protein was down-regulated in cells
expressing Arkadia-WT but up-regulated in those
expressing Arkadia-�C. These findings showed that
exogenous Arkadia induced degradation of endogen-
ous c-Ski in these cells through its ubiquitin ligase
activity.

Inhibition of growth of HepG2 cells by Arkadia in
the presence and absence of TGF-b stimulation
To examine the effects of Arkadia in cancer cells,
growth assay was performed using cells that express

Fig. 4 Knockdown of Arkadia attenuates induction of TGF-b target genes. (A and B) HeLa cells (A) and OCUM-2MLN cells (B) were transfected
with siArkadia oligonucleotide (siAkd) for silencing of endogenous Arkadia expression, or control oligonucleotide (NC), or remained untreated
(nt). Cells were treated with 1 ng/ml TGF-b and harvested at the indicated time points. mRNA expression of SnoN, Arkadia, PAI-1 and Smad7
was determined by real-time RT�PCR. Vertical axis shows relative expressions of these genes normalized to human GAPDH.
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Arkadia-WT or Arkadia-�C. We used HepG2 cells,
since OCUM-2MLN cells do not respond to TGF-b
for growth inhibition (38). As previously reported (43),
growth of HepG2 cells was inhibited by treatment with
TGF-b (Fig. 6A MCS). Cell growth was inhibited by
expression of Arkadia-WT but not by Arkadia-�C in
the absence of ligand. In addition, Arkadia-WT, but
not Arkadia-�C, enhanced TGF-b-induced growth
inhibition. These findings suggest that Arkadia
represses HepG2 cell growth in the presence as well
as the absence of TGF-b.

We then examined mRNA expression of TGF-b
target genes in Arkadia-expressing HepG2 cells.
Control cells (MCS), wild-type Arkadia-expressing
cells (WT) and Arkadia-�C-expressing cells (�C)
were treated with TGF-b for the indicated periods of
time. Arkadia-WT, but not �C, enhanced induction of
target genes of TGF-b, including SnoN and Smad7
(Fig. 6B, top panels), suggesting that ectopic Arkadia
enhanced TGF-b signalling through its C-terminal
RING domain. Since TGF-b has been reported to

Fig. 6 Arkadia inhibits HepG2 cell growth. (A) Cell growth assay was performed as previously described (43). Numbers of HepG2 cells
expressing Arkadia-WT (WT) or Arkadia-�C (�C) and control cells (MCS) were counted at day 4 with or without treatment with 0.5 ng/ml
TGF-b. (B) HepG2 cells expressing Arkadia-WT (WT) or Arkadia-�C (�C) or control cells (MCS) were treated with 0.5 ng/ml TGF-b for the
indicated periods of time. mRNA expressions of p21, p15, SnoN and Smad7 were determined by real-time RT�PCR. Vertical axis shows relative
expressions of these genes normalized to human GAPDH.

Fig. 5 Exogenous Arkadia reduces protein expression of c-Ski.

HepG2 and OCUM-2MLN cells were infected with lentivirus
harbouring multi-cloning site control (MCS), Arkadia-WT (WT)
or Arkadia-�C (�C). Lysates from these cells were subjected to
SDS�PAGE followed by immunoblotting with anti-Arkadia
antibody (top panels), anti-c-Ski antibody (middle panels) and
anti-tubulin antibody (bottom panels). Asterisk denotes non-specific
bands.
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inhibit cell growth by regulating expression of cell cycle
regulators (44), we examined the expression of p21WAF

and p15INK4b. As shown in Fig. 6B, expression of
p21WAF was up-regulated in WT cells but not in �C
cells, in the presence as well as the absence of TGF-b
stimulation (left bottom panel). Expression of p15INK4b

was also up-regulated in WT cells but not in �C cells
in the presence of TGF-b stimulation (right bottom
panel). These findings suggest that Arkadia inhibits
HepG2 cell growth, at least in part through induction
of p21WAF and p15INK4b.

Discussion

c-Ski has been reported to undergo degradation in
response to TGF-b stimulation (41). The E3 ubiquitin
ligases involved in this process have yet to be fully
determined. Recently, Le Scolan et al. (45) reported
that knockdown of Arkadia abrogated TGF-b-
induced degradation of c-Ski, suggesting that
Arkadia is responsible for the degradation of c-Ski.
In our study, however, knockdown of Arkadia in
MDA-MB-231 cells failed to attenuate the decrease
in c-Ski protein upon TGF-b stimulation (Fig. 1A).
We also found that TGF-b-stimulation resulted
in down-regulation of c-Ski in Arkadia�/� MEFs
(Fig. 1B), although the down-regulation was incom-
plete. These findings suggest that ubiquitin ligase(s)
other than Arkadia are involved in TGF-b-induced
degradation of c-Ski protein, at least under some
experimental conditions. The differential effects of E3
ubiquitin ligases may depend on cell type or cellular
context.

Arkadia was expressed broadly in various cancer cell
lines. In contrast, the levels of expression of c-Ski/
SnoN protein varied markedly among these cancer
cells (Fig. 2). Interestingly, in some cancer cell lines
examined, levels of expression of c-Ski/SnoN at the
mRNA and protein levels were not correlated. These
findings suggest that c-Ski and SnoN are regulated at
the post-transcriptional level in these cancer cells. The
lack of correlation between expressions of c-Ski/SnoN
at the mRNA and protein levels may be due in part to
dysfunction of Arkadia, since Arkadia did not degrade
c-Ski protein in some of these cancer cell lines.
Regulation by ubiquitin ligases other than Arkadia
or regulation at translational level may also account
for this lack of correlation.

In OCUM-2MLN cells, Arkadia degrades neither
c-Ski protein (Fig. 3B) nor SnoN protein (our unpub-
lished data), but does enhance TGF-b signalling
(Fig. 4B). These findings indicate that endogenous
Arkadia enhances TGF-b signalling through ubiquity-
lation of substrates other than c-Ski or SnoN. In
HepG2 cells, c-Ski, SnoN and Smad7 are important
substrates of Arkadia in maximal enhancement of
TGF-b signalling (13). It remains to be determined
whether Arkadia degrades Smad7 in OCUM-2MLN
cells, since Smad7 protein was not detected by immu-
noblotting in the present study (data not shown). Thus,
the possibility cannot be excluded that substrate(s) of
Arkadia other than c-Ski, SnoN, or Smad7 are

involved in the negative regulation of TGF-b signalling
in OCUM-2MLN cells.

The question why Arkadia does not degrade c-Ski in
OCUM-2MNL cells remains to be addressed.
Expression of c-Ski protein was reduced when
Arkadia was ectopically expressed in OCUM-2MLN
cells (Fig. 5). Endogenous c-Ski in these cells is thus
sensitive to degradation by Arkadia. We detected no
mutations in the RING finger domain of endogenous
Arkadia in OCUM-2MLN cells (data not shown), con-
sistent with the finding that Arkadia still enhances
TGF-b signalling in these cells. It is possible that in
OCUM-2MLN cells Arkadia harbors mutation(s)
in its c-Ski/SnoN-interacting region. Alternatively,
endogenous Arkadia in these cells may be post-
translationally modified and thereby lose its effects
on c-Ski/SnoN. Investigation of the mutations and
intracellular modifications of Arkadia is of importance
for further understanding of the regulation of TGF-b
signalling in cancer cells.

Overexpression of Arkadia inhibited basal growth of
HepG2 cells. We found that expression of p21WAF was
higher in HepG2 cells overexpressing Arkadia-WT
than in control cells or cells overexpressing Arkadia-
�C in the absence of TGF-b stimulation (Fig. 6B).
It remains to be determined how Arkadia enhances
the expression of p21WAF in the absence of TGF-b
stimulation. Arkadia may have substrates other than
c-Ski, SnoN or Smad7 when it inhibits the basal
growth of HepG2 cells, although overexpression of
Arkadia may exhibit non-physiological effects.

In the present study, we have shown that endogen-
ous as well as exogenous Arkadia positively regulates
the expression of TGF-b target genes in HeLa,
OCUM-2MLN and HepG2 cells. In addition, we
found that Arkadia inhibits the growth of HepG2
cells in the presence of TGF-b stimulation. Arkadia
may function as a tumor suppressor by inhibiting
the growth of tumour cells that are sensitive to
TGF-b-induced cytostasis. Examination of the roles
of Arkadia in late-stage cancer will also be needed in
the near future. Further analysis will reveal how
Arkadia regulates the dual effects of TGF-b on
tumourigenesis and cancer development.

Supplementary Data

Supplementary data are available at JB online.
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