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Arkadia, a Novel SUMO-Targeted Ubiquitin Ligase Involved in PML
Degradation
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Arkadia is a RING domain E3 ubiquitin ligase that activates the transforming growth factor § (TGF-3) pathway by inducing
degradation of the inhibitor SnoN/Ski. Here we show that Arkadia contains three successive SUMO-interacting motifs (SIMs)
that mediate noncovalent interaction with poly-SUMO2. We identify the third SIM (VVDL) of Arkadia to be the most relevant
one in this interaction. Furthermore, we provide evidence that Arkadia can function as a SUMO-targeted ubiquitin ligase
(STUBL) by ubiquitinating SUMO chains. While the SIMs of Arkadia are not essential for SnoN/Ski degradation in response to
TGEF-f3, we show that they are necessary for the interaction of Arkadia with polysumoylated PML in response to arsenic and its

concomitant accumulation into PML nuclear bodies. Moreover, Arkadia depletion leads to accumulation of polysumoylated
PML in response to arsenic, highlighting a requirement of Arkadia for arsenic-induced degradation of polysumoylated PML.
Interestingly, Arkadia homodimerizes but does not heterodimerize with RNF4, the other STUBL involved in PML degradation,
suggesting that these two E3 ligases do not act synergistically but most probably act independently during this process. Alto-
gether, these results identify Arkadia to be a novel STUBL that can trigger degradation of signal-induced polysumoylated

proteins.

biquitin ligases are important regulators that modulate sig-

naling pathways. Arkadia is a member of the RING finger
ubiquitin ligase superfamily that promotes activation of the trans-
forming growth factor B (TGF-B) signaling pathway. Upon acti-
vation of TGF-B signaling, Arkadia binds to phosphorylated
Smad2/3 (1-3) and induces degradation of the Smad7 inhibitor
(4) and the SnoN/Ski repressors (1, 2, 5), enabling transcription of
TGF-f target genes.

E3 ubiquitin ligases catalyze covalent fixation of an ubiquitin
protein on the lysine residue of their specific substrate through a
sequential enzymatic reaction that involves an E1 activating en-
zyme and an E2 conjugating enzyme. Multiple rounds of this re-
action can also lead to polyubiquitination of the substrate, since
ubiquitin contains many lysine residues (Lys residues 11, 29, 33,
48, and 63) that can be targeted for subsequent attachment of
ubiquitin. The most well characterized functional consequence
of polyubiquitination is the proteasome-dependent degradation
of substrates modified by ubiquitin chains linked through lysine
48. Other ubiquitin-like protein modifiers (UBL), such as the
small ubiquitin-like modifier (SUMO), can also be conjugated to
proteins through a related enzymatic reaction. In most cases, su-
moylation occurs on a lysine residue in the consensus modifica-
tion site ¥-Lys-X-Glu (where ¥ is hydrophobic residues). In ver-
tebrates, proteins can be sumoylated by SUMO1, SUMO2, or
SUMO3, which are three paralogues of SUMO sharing similarity.
SUMO?2 and SUMO3 are highly related and can also be sumoy-
lated because they contain an internal SUMO consensus modifi-
cation site that is missing on SUMO1. This results in the genera-
tion of poly-SUMO2/3 chains on SUMO-modified substrates (6).
Poly-SUMO?2/3 chains can nonetheless be terminated by incorpo-
ration of SUMO1, and mixed poly-SUMO chains have also been
described (7). Sumoylation and polysumoylation are posttransla-
tional modifications induced by a stress signal. While mono- or
multisumoylation of many substrates has been widely character-
ized, it is still unclear which substrates are polysumoylated and
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what the physiological consequences of this modification are.
Polysumoylation is induced in response to heat shock (8) or tri-
valent arsenic (henceforth referred to as arsenic) treatment (9). In
response to heat shock, a large panel of polysumoylated substrates
has been identified in mammals (10, 11), with the most well char-
acterized so far being poly(ADP-ribose) polymerase 1 (PARP-1)
(12). In contrast, the response to arsenic induces polysumoylation
of one specific substrate, the promyelocytic leukemia protein
(PML) (9). Indeed, it is well established that arsenic induces accu-
mulation of PML in nuclear bodies, where it undergoes SUMO
modification and subsequent ubiquitination and degradation by
the proteasome. In acute promyelocytic leukemia (APL), PML is
fused to retinoic acid receptor o (RARa), creating an oncogenic
fusion protein, PML-RARa, that initiates acute leukemia by im-
peding differentiation along the myeloid lineage. Remarkably, ar-
senic also induces sumoylation and subsequent degradation of
PML-RAR« (13-17), and this leads to clinical remissions (18).
Yet, the mechanism by which sumoylated PML is degraded in
response to arsenic treatment has remained puzzling for a long
time. The identification of RING E3 ubiquitin ligase complexes
containing a SUMO-interacting motif (SIM) in the yeast Saccha-
romyces cerevisiae has led to the hypothesis that SUMO-targeted
ubiquitin ligase (STUBL) could specifically induce degradation
of SUMO-modified proteins (reviewed in references 19 to 23).
In mammals, RNF4 is the only STUBL described so far (24),
and it has been shown to play a critical role in the degradation
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of PML and PML-RARa by specifically recognizing and ubiq-
uitinating arsenic-induced polysumoylated PML (9, 25-28).

In the present work, we report that RNF111/Arkadia also func-
tions as a STUBL involved in the arsenic-induced PML degrada-
tion. Notably, we identified three successive SIMs localized in the
N-terminal region of Arkadia that display a strong affinity for
poly-SUMO2 and show that the third SIM, VVDL, is the most
relevant for this binding. We further demonstrate that, in re-
sponse to arsenic, Arkadia interacts with polysumoylated PML
and relocalizes to PML nuclear bodies in a SIM-dependent man-
ner. Finally, depletion of Arkadia impairs the subsequent degra-
dation of polysumoylated PML in nuclear bodies, indicating that
it might act in concert with RNF4 in this process. However, since
we could not detect any heterodimerization or synergistic effect
between Arkadia and RNF4, our results suggest that they may act
in parallel and/or sequentially during this process. Altogether, our
results not only identify a new inducible mechanism of action for
Arkadia but also suggest that it constitutes a new STUBL that
degrades polysumoylated substrates.

MATERIALS AND METHODS

Plasmids and constructions. The following plasmids were previously de-
scribed. The hemagglutinin (HA)-tagged Smad2 (HA-Smad2) and HA-
Smad3 plasmids were gifts from C. Hill, the HA-Smad7 plasmid was a gift
from J. Wrana, the HA-SnoN plasmid (29) was a gift from K. Luo, and the
HA-Ski, 6Myc-SnoN, and 6Myc-Ski plasmids (30) were gifts from K. Mi-
yazono. The CAGA12-Luc plasmid was described in reference 31, and the
Flag-Ark wild type (Flag-Ark-wt; mouse, short isoform) and Flag-Ark-
RING* (C931A mutant, mouse, short isoform) plasmids were gifts from
S. C. Lin (32). The Flag-RNF4 (rat cDNA) plasmid was a gift from J. J.
Palvimo (33). pcDNA3-HA-SUMO2-wt and pcDNA3-HA-SUMO2-
K11R were gifts from A. Sharrocks (6) and have been described in refer-
ence 34. GFP-PML-IV-wt in an enhanced green fluorescent protein
(EGFP) vector (Clontech) and GFP-PML-IV-3KR in pcDNA3 were gifts
from David Bazett-Jones (35).

All the Flag-Ark constructs described were cloned in the pBICEP-
CMV2 (Sigma) vector, where the Flag tag is a 3X Flag. Flag-Ark-wt and
Flag-Ark-RING* were subcloned at Notl/BamHI in pBICEP-CMV2
(Sigma). SIM mutants Flag-Ark-SIM1* (V298A, V3004, and 1301A),
Flag-Ark-SIM2* (V324A, 1326A, and V327A), Flag-Ark-SIM3* (V380A,
V381A, and L383A), Flag-Ark-SIM13*, Flag-Ark-SIM23*, and Flag-Ark-
SIM123* were generated by site-directed mutagenesis on pBICEP-CMV2
Flag-Ark-wt using a QuikChange kit (Stratagene). Flag-Ark-SIM123*-
RING* was generated by subcloning of the EcoRI-EcoRV insert from
Flag-Ark-SIM123* into Flag-Ark-RING*. Flag-Ark-1-400 and Flag-Ark-
1-400-SIM123* were generated by PCR on Flag-Ark-wt and Flag-Ark-
SIM123* and subcloned at NotI-Sall in pBICEP-CMV2. Flag-Ark-280-
400 and GST-Ark-280-400 wt or SIM mutants were generated by PCR on
Flag-Ark-wt or Flag-Ark-SIM mutants and subcloned at EcoRI/Sall in
pBICEP-CMV2 or pGEX4T3 (GE Healthcare). Flag-Ark-400-Cter-
RING* was generated by PCR on Flag-Ark-RING* and subcloned at
EcoRI/BamHI in pBICEP-CMV2. GST-Ark-665-Cter was cloned at
EcoRI/Sall in pGEX4T3 from PCR on Flag-Ark-wt. Amino-terminal
SUMO1-glutathione S-transferase (GST) and SUMO3-GST fusions
where cloned as Ncol-HindIII fragments into pET16 (Novagen). GST-
RNF4 corresponds to the human cDNA cloned in pGEX-2T (GE Health-
care). HA-PML-III was cloned in pSG5 (Stratagene) into the EcoRI site.
GFP-PML-IV-wt cloned into the pBabe-puro lentiviral vector (Cell Bio-
labs) was used for infection.

Cell culture, treatment, and transfection and luciferase assay. HeLa,
HEK293, and HT-1080 cells were cultured in Dulbecco modified Eagle
medium with 10% fetal calf serum. Cells were induced at the indicated
times with 2 ng/ml TGF-B1 (PreproTech). The HT-1080-GFP-PML
stable cell line was generated by infection of the ecotrope HT1080-E14 cell
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line (a gift from Eugene Kandel, Roswell Park Cancer Institute, NY) (36,
37) with pBabe-puro green fluorescent protein-labeled PML (GFP-PML)
retrovirus. Arsenic (As,O; A1010; Sigma) was resuspended in NaOH (0.1
M), and cell treatment was performed at a final concentration of 1 WM.
Transient transfections of plasmids were performed using Lipo-
fectamine 2000 according to the manufacturer’s instruction. Small
interfering RNA (siRNA) transfection in the HT1080 cell line was
performed with the Dharmafect-1 reagent using 50 nM (final concen-
tration) Thermo Scientific Dharmacon siRNA according to the man-
ufacturer’s instruction. The following siRNAs from Thermo Scientific
were used: siRNA for Ark (siArk; SMARTpool; MQ-007002-01), indi-
vidual siArk(1) (D-007002-03) and siArk(2) (D-007002-04), individ-
ual nontargeting siRNA (siNT; D-001810-02), and siRNA for RNF4
(siRNF4; SMARTpool; M-006557-03).

For luciferase assay, HEK293 cells were transfected with 0.2 ug
CAGAI12-Lug, 0.05 wg TK-Renilla, and increasing amounts of Arkadia
constructs up to 0.25 pg. TGF-f was added 24 h after transfection for 8 h
before lysis in passive lysis buffer (Promega). Sequential measurements of
luciferase and Renilla activity were performed using a dual-luciferase re-
porter system (Promega). Luciferase activities were normalized to Renilla
activities.

Western blotting and immunoprecipitations. Whole-cell extracts
were prepared from 6-well plates by direct lysis in Laemmli’s sample buf-
fer (60 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 5% [-mercaptoeth-
anol, 0.01% bromophenol blue), followed by sonication and boiling be-
fore loading. Western blotting was performed using standard procedures.
The following antibodies were used for either Western blotting, immuno-
precipitation, or immunofluorescence, as indicated: anti-Flag (Sigma),
antihemagglutinin (anti-HA; Roche), anti-myc (Roche), anti-GFP (Ab-
cam), anti-SUMO2/3 (ab3742; Abcam), anti-PML (H-238; Santa Cruz),
anti-Ark (anti-RNF111 [MO05]; Abnova), and rabbit anti-RNF4 (a kind
gift from J. J. Palvimo).

Immunoprecipitations were performed using either whole-cell extract
in lysis buffer (20 mM Tris, pH 7.5, 300 mM NaCl, 5 mM EDTA, 1%
NP-40, 10% glycerol, protease inhibitors [Roche], 20 mM N-ethyl-
maleimide [NEM]) or nuclear extracts. Nuclear extracts were produced
by successive extraction of the cytoplasmic fraction with hypotonic
buffer (20 mM HEPES, pH 7.5, 10 mM NaCl, 0.2 mM EDTA, 20%
glycerol, 1.5 mM MgCl,, 0.1% Triton X-100, 25 mM NaF, 25 mM
glycerol phosphate, 1 mM dithiothreitol [DTT], 20 mM NEM), fol-
lowed by extraction of the nuclear fraction with hypertonic buffer (500
mM NaCl). The nuclear extract was then diluted to 300 mM NaCl with
hypotonic buffer prior to immunoprecipitation. Binding was per-
formed overnight with 5 g of the corresponding antibody coupled to
20 wl of a protein G-Sepharose bead slurry. After 3 washings with 300
mM NacCl buffer, proteins were eluted with Laemmli’s sample buffer.
For transfected cells, immunoprecipitations were performed in lysis
buffer containing 300 mM NaCl.

Immunofluorescence. For immunofluorescence, cells were fixed in
paraformaldehyde (4%) for 10 min. Permeabilization and blocking were
performed at the same time for 30 min in phosphate-buffered saline (PBS)
buffer containing 0.3% bovine serum albumin and 0.3% Triton X-100.
Primary and secondary antibodies (Alexa) were incubated successively for
1 h in blocking buffer. Washings were performed in PBS—-0.1% Triton
X-100, with the last wash containing DAPI (4',6-diamidino-2-phenyl-
indole) at 0.1 wg/ml. Coverslips were then mounted onto glass slides in
Prolong Gold antifade reagent (Life Technologies) and analyzed on an
Olympus microscope using cell” software or on a Nipkow confocal mi-
croscope using Metamorph software.

Generation of recombinant proteins and GST pulldown. GST-la-
beled proteins (GST proteins) were transformed into Escherichia coli
strain BL21, and proteins were produced overnight at 37°C after induc-
tion with 0.1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) during
exponential growth. Proteins were extracted in 50 mM Tris-HCI (pH 8),
150 mM NaCl, 25% glycerol, and protease inhibitors (Roche) supple-
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mented with 1 mg/mllysozyme and 0.5% NP-40. For GST pulldown, 5 g
of each GST protein was conjugated to 20 .l of a glutathione-Sepharose
bead slurry (GE Healthcare), and the conjugated proteins were incubated
at 4°C overnight on a wheel with HEK293 cell lysate or with 1 ug of
recombinant poly-SUMO2 chains (Boston Biochem) in lysis buffer (20
mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 10% glycerol,
20 mM NEM, protease inhibitors [Roche]). The beads were washed 3
times with lysis buffer, and proteins were eluted with Laemmli’s sample
buffer and analyzed by Western blotting.

In vitro ubiquitination assay. Flag-Arkadia or Flag-RNF4 constructs
were transfected in HEK293 cells in 6-well plates, and Flag-tagged pro-
teins were immunoprecipitated as described above in radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris [pH 8], 150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, protease inhibitors [Roche]) to
avoid binding of endogenous poly-SUMO and washed 3 times with RIPA
buffer, 2 times with 500 mM NaCl buffer to remove any specific binding,
and 2 times with 1X ubiquitination buffer (50 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1 mM DTT) to equilibrate. Ten microliters of agarose-bound
Flag-proteins was then added to 200 ng of recombinant poly-SUMO2
(Boston Biochem) on ice for 30 min. Ubiquitination assays were then
performed in the presence of 100 ng UbcHS5b, 100 ng UbcH5¢, 5 pg
HA-Ub, 50 ng UBEI, and 1X energy-regenerating solution containing
ATP and MgCl, (all reagents were from Boston Biochem) in ubiquitina-
tion buffer for 45 min at 37°C. Reactions were stopped by the addition of
Laemmli’s sample buffer and boiling, and the reaction mixtures were
analyzed by Western blotting.

RESULTS

Arkadia interacts with SUMO through its three SIMs. Inspec-
tion of the human Arkadia amino acid sequence revealed the pres-
ence of three putative SIMs characterized by the sequence of four
amino acids V/L/I, V/L/1, X, and V/L/I or V/L/I, X, V/L/I, and
V/L/1, suggesting that Arkadia could interact noncovalently with
SUMO. The three SIMs lie within a region encompassing amino
acids 280 to 400 and are highly conserved among vertebrate spe-
cies (Fig. 1A). Using GST pulldown with SUMO1-GST and
SUMO3-GST, we confirmed that Arkadia binds to both SUMO1
and SUMO3, although we noticed that Arkadia has more affinity
for SUMO3 than SUMOI (Fig. 1B and C). To assess the require-
ment of the three putative SIMs in this interaction, we generated
individual (SIM1*, SIM2*, SIM3*), double (SIM13%, SIM23*),
and triple (SIM123*) mutants by replacement of the three hydro-
phobic residues of the SIMs with alanine, which is known to dis-
rupt SIM binding to SUMO (38) (Fig. 1A). GST pulldown exper-
iments indicated that SIM3 is the most critical for SUMO binding,
while SIM2 and SIM 1 mutations have a milder effect and no effect,
respectively (Fig. 1B). However, mutation of the three SIMs was
necessary for complete abrogation of Arkadia binding to SUMO3
(Fig. 1C), indicating that the three SIMs are functional for Arkadia
interaction with SUMO. We then sought to determine if Arkadia
interacts with SUMO-modified proteins in vivo by attempting to
coimmunoprecipitate endogenous SUMO2/3 with either Flag-
Ark-wt, the SIM 123 mutant, or the RING mutant in HEK293 cells
(Fig. 1D). Note that Arkadia is unstable as a result of autoubiqui-
tination, and therefore, ubiquitinated forms of Arkadia can be
observed when the RING domain is intact. Endogenous SUMO2/
3-modified proteins spread from 55 kDa to 200 kDa, while free
SUMO?2/3 migrated at 17 kDa (Fig. 1D, input). We found that
SUMO2/3-modified proteins coimmunoprecipitated with Flag-
Ark-wt, whereas mutation of the three SIMs of Arkadia (Flag-Ark-
SIM123*) abolished this interaction. Mutation of the RING do-
main (Flag-Ark-RING*) did not affect Arkadia binding to
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SUMO2/3-modified proteins. Interestingly, free SUMO2/3 did
not immunoprecipitate with Flag-Ark, suggesting that Arkadia
interacts with only SUMO-modified proteins. Finally, we also
confirmed that endogenous Arkadia coimmunoprecipitated with
endogenous SUMO-modified proteins (Fig. 1E). Altogether, these
results demonstrate that Arkadia interacts with SUMO2-modified
proteins through its three SIMs.

SIMs of Arkadia are not involved in TGF-B-induced SnoN/
Ski degradation. Arkadia is an essential component required for
the activation of the TGF-[3 pathway (39, 40). We and others have
previously shown that upon TGF-f3 stimulation, Arkadia binds to
phosphorylated Smad2/3 and induces degradation of SnoN/Ski,
thereby enabling induction of the Smad-dependent transcription
(1, 2, 5). This function requires the C-terminal RING domain of
Arkadia, which mediates ubiquitination of SnoN/Ski. To deter-
mine whether the highly conserved SIMs are also involved in this
function, we first investigated the effect of their mutation on the
ability of Arkadia to interact with its regulators and substrates in
the TGF-B pathway. To this aim, we compared binding of HA-
tagged Smad2, Smad3, SnoN, Ski, and Smad7 to Flag-Ark-wt or
Flag-Ark mutated in the SIMs by coimmunoprecipitation. Exper-
iments were carried out in HEK293 cells that have an active TGF-3
pathway generated by an autocrine signal. Of note, we used the
RING-mutated form of Arkadia (RING*) in order to avoid deg-
radation of the substrates. Our results indicated that mutation of
the SIMs, which abolished binding to SUMO2, did not affect
binding of Arkadia to any of its known partners in the TGF-f3
pathway (Fig. 2A). Moreover, coexpression experiments indicated
that mutation of the SIMs did not impair Arkadia’s ability to in-
duce degradation of SnoN or Ski, while mutation of the RING
domain did (Fig. 2B). Interestingly, as described in Fig. 1D,
Arkadia autoubiquitination was still observed when the SIMs were
mutated but was abolished when the RING domain was mutated,
indicating that the SIMs are not required for efficient autoubiqui-
tination and degradation of Arkadia. Finally, we were unable to
observe a significant difference in Arkadia’s ability to induce a
Smad-dependent luciferase reporter derived from the PAI-1 pro-
moter (CAGA,,-Luc) when the SIMs were mutated, while the
RING mutation disabled this Arkadia function (Fig. 2C). In order
to rule out the possibility that the lack of an effect of the SIM
mutation was not due to interference with endogenous wild-type
Arkadia, we performed the same experiment in cells in which
Arkadia had previously been silenced with an siRNA. As shown in
Fig. 2D, we were unable to detect any significant difference be-
tween wild-type Arkadia and the SIM mutant. In view of these
observations, we concluded that the SIMs are dispensable for
Arkadia-induced degradation of SnoN/Ski and the attendant
activation of TGF- signaling.

Arkadia specifically binds and ubiquitinates poly-SUMO?2 in
a SIM-dependent manner. It has been proposed that successive
SIMs generate a preferential interface for interaction with SUMO
chains, with each SIM binding one SUMO (41). Recently, the E3
ubiquitin ligase RNF4 was shown to interact specifically with poly-
SUMO through four consecutive SIMs (9). To establish whether
the SIMs of Arkadia could also generate a preferential binding for
SUMO chains, we compared the ability of Flag-Ark to coimmu-
noprecipitate with wild-type HA-SUMO2 or HA-SUMO2-K11R
mutated in the SUMO consensus that cannot form SUMO2 poly-
mers (Fig. 3A). The HA-SUMO2-K11R mutant displays a similar
global sumoylation pattern as HA-SUMO2-wt, likely because
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most detected SUMO conjugates are mono- or multisumoylated
(Fig. 3A, input). However, we found that Flag-Ark coimmunopre-
cipitated significantly more sumoylated proteins in the presence
of HA-SUMO2-wt than in the presence of HA-SUMO2-KI11R,
suggesting that Arkadia preferentially binds polysumoylated pro-
teins in vitro. We then performed in vitro GST pulldown of recom-
binant SUMO2 chains of various sizes (from monomers to octam-
ers) with the region from amino acids 280 to 400 of Arkadia
containing either wild-type (GST-Ark-280-400-wt) or mutated
(GST-Ark-280-400-SIM123*) SIMs. As expected, we found that
Arkadia interacted with poly-SUMO?2 chains through its SIMs,
since the interaction could be observed with Ark-280-400-wt but
not with Ark-280-400-SIM123* (Fig. 3B). More importantly, the
three SIMs of Arkadia preferentially interact with trimers to oc-
tamers of SUMO2, whereas interaction with SUMO2 monomers
or dimers was not detectable, similar to what was observed for RNF4.
In order to define which SIM contributes to poly-SUMO?2 bind-
ing, we then performed pulldown of poly-SUMO2 with GST-Ark-
280-400 mutated in each SIM individually or in combination (Fig.
3C). We found that SIM3 is the most critical SIM involved in the
poly-SUMO? interaction. Additional mutation of SIM1 or SIM2
had little effect on binding efficiency, although mutation of the
three SIMs is nonetheless required for complete abolition of this
interaction. These results clearly demonstrate the preferential
binding of Arkadia to SUMO?2 chains and further suggest that
poly-SUMO2 could be a target for the E3 ubiquitin ligase activity
of Arkadia. To address this hypothesis, we performed an in vitro
ubiquitination assay using recombinant poly-SUMO?2 in the pres-
ence or absence of Flag-purified wild-type or mutant Arkadia.
Flag-RNF4 was used as a positive control (Fig. 4A). The SUMO2/3
immunoblot revealed that a smear of higher-molecular-mass spe-
cies was specifically detected in the presence of wild-type Arkadia
or RNF4 but not in the presence of Arkadia mutated in its RING
domain or in its 3 SIMs, indicating that Arkadia induces ubiquiti-
nation of poly-SUMO?2 in a RING- and SIM-dependent manner
and might therefore constitute a new STUBL. Notably, our results
also reveal that Arkadia displays weaker STUBL activity than
RNF4, presumably because it is a more complex protein. Finally,
to rule out the possibility that Arkadia STUBL activity is not due to
copurification of RNF4 and vice versa, we performed an in vitro
ubiquitination assay with Arkadia purified from cells that had
been depleted or not of RNF4 and, conversely, with RNF4 purified
from cells that had been depleted or not of Arkadia (Fig. 4B).
Under these experimental conditions, we could not observe any
significant and reproducible decrease in the STUBL activity of
either E3, indicating that Arkadia and RNF4 have distinct STUBL
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functions. Altogether, these results show that Arkadia binding to
poly-SUMO? leads to ubiquitination of the SUMO?2 chain itself,
suggesting that Arkadia might constitute a novel STUBL.

Arkadia binds to polysumoylated PML and relocalizes to
PML nuclear bodies in response to arsenic. Modification of sub-
strates with SUMO chains occurs in response to a cellular stress,
and to date the best-characterized substrate for such modification
is PML, which undergoes polysumoylation in response to arsenic
treatment, which is commonly used in APL therapy (9, 27). In
cultured cells, PML or the PML moiety of the oncogenic fusion
protein PML-RARa found in APL is rapidly polysumoylated and
accumulates in PML nuclear bodies upon arsenic treatment (at 1
h), and this modification results in subsequent degradation of
PML or PML-RARa (9, 14, 25, 27, 28). This observation
prompted us to investigate whether Arkadia could interact with
arsenic-induced polysumoylated PML by coimmunoprecipita-
tion of HA-tagged PML with different Flag-Ark mutants in
HEK293 cells. We confirmed that high-molecular-mass poly-
sumoylated PML species accumulate after 1 h of arsenic treatment
(Fig. 5A, input). More importantly, we were able to detect a spe-
cific interaction of sumoylated PML with Arkadia (Fig. 5A, IP:
a-Flag). As predicted, this association was observed with the N-
terminal portion of Arkadia corresponding to the region from
amino acids 1 to 400 or amino acids 280 to 400 that contains intact
SIMs but not with the corresponding region mutated in the SIMs
or with the remaining fragment of Arkadia containing amino ac-
ids 400 to the C terminus (Fig. 5A). Moreover, no binding with
polysumoylated PML was observed with the PML-3KR mutated
in the three SUMO acceptor sites (27) (Fig. 5B). Interestingly, we
also found that wild-type Arkadia interacted with arsenic-induced
polysumoylated PML-RAR«, whereas Arkadia mutated in the
SIMs did not (Fig. 5C). Note that some nonspecific binding could
be observed with unmodified PML or PML-RAR« in these differ-
ent experiments (Fig. 5A to C), raising the possibility that Arkadia
also binds unmodified PML. Nevertheless, our results demon-
strate that robust binding to arsenic-induced SUMO-modified
PML or PML-RARa is observed only when the SIMs of Arkadia
are intact, indicating that Arkadia specifically binds these sumoy-
lated substrates via its SIMs.

We then investigated whether the specific binding of Arkadia
to polysumoylated PML could lead to accumulation of Arkadia in
PML nuclear bodies. Consistent with previous reports (9, 14, 25,
27), accumulation of sumoylated PML after 1 h of arsenic treat-
ment induced an increase in PML nuclear body number and in-
tensity in HeLa cells, as gauged by immunofluorescence staining
of endogenous PML and SUMO2/3 (Fig. 6A). We found that

FIG 1 Arkadia interacts noncovalently with SUMO through three SIMs. (A) Arkadia contains three SIMs in the region from amino acids 280 to 400. SIMs are
localized at position 300 (SIM1, VVVI), position 326 (SIM2, VEIV), and position 382 (SIM3, VVDL) of the human protein. The RING domain is localized in the
C-terminal region. Sequence alignment of the region from amino acids 280 to 400 of Arkadia orthologues from vertebrate species indicates that the three SIMs
are highly conserved throughout evolution. Asterisks indicate conserved amino acids. The different Arkadia mutants generated are represented in the lower
panel, where the mutated motifs are indicated in black. (B and C) Arkadia interacts with SUMO through its three SIMs. HEK293 cells were transfected with the
indicated Flag-Ark constructs, and equal amounts of whole-cell lysates were subjected to GST pulldown experiments with immobilized GST, SUMO1-GST, or
SUMO3-GST. The Arkadia protein was detected by Western blotting (WB) with anti-Flag antibody before (5%) and after pulldown of the lysate. Blots were
stained with Ponceau S prior to immunostaining in order to control the amount of GST proteins in the experiment. (D) The three SIMs of Arkadia are required
for interaction with SUMO2 modified proteins in vivo. HEK293 cells were transfected with empty vector, Flag-Ark-wt, Flag-Ark-SIM123* mutated in the SIM,
or Flag-Ark-RING* mutated in the RING. Flag immunoprecipates from whole-cell extracts were analyzed by Western blotting using anti-Flag and anti-
SUMO2/3 antibodies. The corresponding lysates (input) were analyzed using anti-SUMO2/3 antibody. IP, immunoprecipitation. (E) Arkadia and SUMO2
interact at an endogenous level. Whole-cell extracts of HeLa cells were immunoprecipitated with anti-rabbit IgG (control) or anti-SUMO2/3 and analyzed by
Western blotting along with input (10% whole-cell lysate) using anti-SUMO2/3 and anti-Ark antibodies. Numbers to the left of the gels are molecular masses
(in kDa).
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FIG 2 Arkadia SIMs are not essential for TGF-[ signaling activation. (A) SIMs are not necessary for the interaction of Arkadia with its different partners in the
TGF-B pathway. HEK293 cells were cotransfected with the indicated combination of Flag-Ark-RING* or Flag-Ark-SIM123*-RING* and plasmids expressing
HA-tagged Ski, SnoN, Smad2, Smad3, and Smad7. Flag immunoprecipates were analyzed by Western blotting using anti-Flag and anti-HA antibodies. The
corresponding whole-cell lysates (input) were analyzed using anti-HA antibody. (B) The SIMs of Arkadia are not necessary for SnoN and Ski degradation.
HEK293 cells were transfected with 6-myc—SnoN or 6-myc—Ski together with Flag-Ark-wt, Flag-Ark-SIM123%, or Flag-Ark-RING* and along with a GFP
expression vector as an internal control for transfection. Whole-cell lysates were analyzed with anti-Flag, anti-myc, and anti-GFP antibodies. (C and D) Arkadia
SIMs are not necessary for Smad-dependent transcription on a synthetic reporter. HeLa cells were transfected with CAGA,,-Luc together with TK-Renilla and
Flag-Ark-wt, Flag-Ark-SIM123%, or Flag-Ark-RING*, as indicated. TGF-3 was added or not 8 h before lysis and measurement of luciferase and Renilla activities.
Experiments were done in triplicate and repeated three times. (D) Cells were transfected with a nontarget siRNA (siNT) or siRNA targeting Arkadia (siArk) 48
h prior to plasmid transfection. Arkadia knockdown efficiency was evaluated by Western blotting on whole-cell extracts using anti-Ark antibody, as shown on the
right. Actin was used as a loading control.
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FIG 3 Arkadia interacts specifically with polysumoylated proteins and poly-SUMO?2 chains through its SIMs. (A) Arkadia interacts with poly-SUMO2 chains in
vitro. HEK293 cells were transfected with empty vector or Flag-Ark-wt, along with HA-SUMO2-wt or the HA-SUMO2-K11R mutant, which cannot form
poly-SUMO2 chains. Flag immunoprecipates from nuclear extracts were analyzed by Western blotting using anti-Flag and anti-HA antibodies. The correspond-
ing lysates before immunoprecipitation were analyzed using anti-HA antibody. (B) Arkadia interacts with poly-SUMO2 chains in vitro. Recombinant poly-
SUMO?2 chains (1 to 8 SUMO2 molecules, as shown by the arrowheads) were subjected to GST pulldown experiments with immobilized GST, GST-Ark-280-
400-wt, GST-Ark-280-400-SIM123*, or GST-RNF4. Poly-SUMO?2 proteins in the input (25%) and after pulldown were detected with anti-SUMO2/3 antibody
by Western blotting. The blot was stained with Ponceau S prior to immunostaining in order to control the amount of GST proteins in the experiment. (C) SIM3
is the most critical SIM for poly-SUMO interaction. The experiment was performed as described for panel B with the indicated GST-Ark-280-400 SIM mutants.
Numbers to the left of the gels are molecular masses (in kDa).

transfected Flag-Ark-wt colocalized with endogenous PML and  had no effect (Fig. 6A, Flag-Ark-SIM123* and Flag-Ark-RING*,
SUMO?2/3 in PML nuclear bodies and that this colocalization was  and B). These results indicate that arsenic-induced binding of
dramatically increased after 1 h of arsenic treatment, when PML  Arkadia to SUMO-modified PML redirects Arkadia to PML nu-
nuclear bodies increased in number and intensity (Fig. 6A, Flag-  clear bodies in a SIM-dependent manner. Conversely, we could
Ark-wt, and B). Mutation of the SIMs of Arkadia completely abol-  not observe any significant effect of overexpressed SIM-mutated
ished this colocalization, whereas mutation of the RING domain  Arkadia on PML nuclear body number or size upon 1 h of arsenic
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FIG 4 (A) Arkadia ubiquitinates poly-SUMO2 chains in a SIM- and RING-dependent manner. HEK293 cells were transfected with either Flag empty
vector, Flag-Ark-wt, Flag-Ark-RING*, Flag-Ark-SIM123*, or Flag-RNF4 as a positive control. The different Flag constructs were purified on anti-Flag
agarose beads, and 10 pl of Flag-purified proteins was incubated in the presence of recombinant poly-SUMO2 chains for 30 min on ice. In vitro
ubiquitination was then performed for 45 min at 37°C in the presence of HA-Ub, E1 (UBE1), E2 (UbcH5b and UbcH5c), and ATP. Ubiquitinated
poly-SUMO2 was visualized by Western blotting as a shift of higher-molecular-mass species using anti-SUMO2/3 antibody. The relative level of
Flag-purified proteins used in the assay was evaluated in parallel by Western blotting using an anti-Flag antibody, as shown in the lower blot. (B) Arkadia
and RNF4 independently ubiquitinate poly-SUMO2 chains. HEK293 cells were transfected with siArk or siRNF4. At 48 h after siRNA transfection, cells
were transfected with Flag-Ark-wt or Flag-RNF4-wt, as indicated. At 24 h after plasmid transfection, cell lysates were extracted and Arkadia and RNF4
expression were evaluated by Western blotting using anti-Ark and anti-RNF4 as well as antiactin as a loading control. The rest of the lysate was purified
with anti-Flag agarose beads. Ten microliters of Flag-purified proteins was used for in vitro ubiquitination assay of poly-SUMO?2 chains, as described for
panel A. Ubiquitinated poly-SUMO2 was visualized by Western blotting as a shift of higher-molecular-mass species using anti-SUMO2/3 antibody.

Numbers to the left of the gels are molecular masses (in kDa).

treatment, suggesting that Arkadia is not required for nuclear
body formation and that it does not act as a dominant negative
ligase to prevent accumulation of SUMO-modified PML in PML
nuclear bodies (Fig. 6A, Flag-Ark-SIM123%). A similar observa-
tion was made for RING-mutated Arkadia, confirming that
Arkadia E3 ubiquitin ligase activity is not involved in the recruit-
ment of SUMO-modified PML to PML nuclear bodies (Fig. 6A,
Flag-Ark-RING*). Altogether, these results demonstrate that,
upon arsenic treatment, the SIMs of Arkadia act as a localization
signal that targets Arkadia to PML nuclear bodies through its in-
teraction with polysumoylated PML.

Arkadia is involved in arsenic-induced degradation of poly-
sumoylated PML. The rapid polysumoylation of PML or PML-
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RARa in response to arsenic treatment is followed by their pro-
teasomal degradation, a process that is known to require the
STUBL RNF4 (9, 27). The observation that Arkadia is a poly-
SUMO-specific E3 ubiquitin ligase that binds polysumoylated
PML in response to arsenic thus raised the possibility that it is a
new STUBL involved in proteasomal degradation of PML or
PML-RARa. To probe this possibility, we generated an HT1080-
GFP-PML stable cell line that expresses low levels of GFP-PML in
order to follow the kinetics of PML sumoylation and degradation
in response to arsenic after depletion of endogenous Arkadia.
Cells transfected with either control (siNT), Arkadia (siArk), or
RNF4 (siRNF4) siRNA were exposed to arsenic for different times,
and the fate of PML was evaluated by either Western blotting
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FIG 5 Arkadia interacts with sumoylated PML through its SIMs. (A and B) Arkadia specifically interacts with SUMO-modified PML through its SIMs. HEK293
cells were transfected with the indicated Flag-Ark constructs together with HA-PML (A) or with GFP-PML-wt or GFP-PML-3KR mutated in the 3 SUMO
consensus sites (B). Cells were treated or not with arsenic for 1 h. Flag immunoprecipates were analyzed by Western blotting using anti-Flag and anti-HA (A) or
anti-GFP (B) antibody. The corresponding whole-cell lysates (input) were analyzed using anti-HA (A) or anti-GFP (B) antibody. #, nonspecific binding of
unmodified GFP-PML under all conditions. Numbers to the left of the gels are molecular masses (in kDa). (C) Arkadia specifically interacts with SUMO-
modified PML-RARa through its SIMs. HEK293 cells were transfected with Flag-Ark-wt or Flag-Ark-SIM123* together with PML-RARa. Cells were treated or
not with arsenic for 1 h. Flag immunoprecipates were analyzed by Western blotting using anti-Flag and anti-PML antibodies. The corresponding whole-cell

lysates (input) were analyzed using anti-PML antibodies.

using anti-GFP antibody or GFP-based fluorescence microscopy
(Fig. 7). As observed in HeLa cells, PML sumoylation was clearly
detected 1 h after arsenic treatment in HT1080-GFP-PML cells
transfected with control siRNA (siNT), as evidenced by the shift of
higher-molecular-mass species in Western blots (Fig. 7A). Of
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note, we confirmed that this shift was associated with the concom-
itant accumulation of GFP-PML in PML nuclear bodies by immu-
nofluorescence (Fig. 7B and C). Interestingly, both PML sumoy-
lation and PML accumulation in nuclear bodies were still
observed 1 h after arsenic treatment when Arkadia was depleted,
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FIG 6 SIMs relocalize Arkadia to PML nuclear bodies in response to arsenic. (A) HeLa cells transfected with Flag-Ark-wt, Flag-Ark-SIM123*, or Flag-Ark-
RING* were treated or not with arsenic for 1 h before fixation. Cells were analyzed by immunofluorescence microscopy using anti-Flag antibody (red) to visualize
Arkadia and anti-PML antibody or anti-SUMO2/3 antibody (green) to visualize endogenous PML or SUMO2/3. DNA was stained with DAPI (blue). (B) PML
nuclear bodies (NB) that colocalize with Flag-Ark-wt or Flag-Ark-SIM123* were visualized with anti-PML staining, and the numbers of PML nuclear bodies in

30 transfected cells were counted.

confirming our earlier observation (Fig. 6A) that Arkadia does not
significantly affect this process. In agreement with previous stud-
ies, Western blot analysis of the HT1080-GFP-PML cells treated
with the control siRNA indicated that sumoylated PML is com-
pletely degraded 24 h after arsenic treatment and this is associated
with a dramatic decrease of the unmodified PML protein level
(Fig. 7A). The degradation of PML was also detectable by immu-
nofluorescence assay, since a complete decline in the fluorescence
intensity of GFP-PML was observed after 24 h of arsenic exposure
(Fig. 7B). Strikingly, we observed that depletion of Arkadia had an
effect similar to that of RNF4 depletion after 24 h of arsenic expo-
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sure, in that it led to an accumulation of polysumoylated PML
detectable as supershifted higher-molecular-mass species of PML
by Western blotting (Fig. 7A). This effect was associated with a
strong accumulation of GFP-PML in large nuclear bodies 24 h
after exposure to arsenic, as opposed to its degradation in the
corresponding control siRNA (Fig. 7B and C). Neither effect oc-
curred as a result of off-target effects, as similar results were ob-
tained with two different individual siRNAs targeting Arkadia by
Western blotting (Fig. 7D) or by immunofluorescence assay (Fig.
7E). Arkadia depletion had no effect on the stability of unmodified
PML in the absence of arsenic treatment, which confirmed that
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this E3 ubiquitin ligase is specifically involved in the degradation
of the polysumoylated form of PML that accumulates after arsenic
treatment.

Arkadia and RNF4 act independently in arsenic-induced
degradation of polysumoylated PML. RING finger proteins usu-
ally function as dimers, and RNF4 has been shown to ho-
modimerize (42, 43). We then sought to determine whether Arka-
dia and RNF4 could interact through their RING domain and
function as a heterodimer. We performed GST pulldown of Flag-
Ark-wt or Flag-RNF4 with recombinant full-length GST-RNF4 or
GST-Ark-665-Cter, which contains the RING C-terminal (Cter)
region (Fig. 8A). We confirmed that GST-RNF4 pulled down
Flag-RNF4. Likewise, we found that GST-Ark-665-Cter pulled
down Flag-Ark-wt, demonstrating that Arkadia can also ho-
modimerize, most probably through its RING domain. However,
no binding of Flag-Ark-wt or Flag-RNF4 was observed with GST-
RNF4 or GST-Ark-665-Cter, respectively, indicating that Arkadia
and RNF4 cannot form heterodimers. Consistent with this find-
ing, we were unable to detect an in vitro interaction between Arka-
dia and RNF4, even after arsenic treatment (data not shown),
arguing against the possibility that these E3 ligases could form
physical complexes. In support of this finding, we also observed
that combined depletion of Arkadia and RNF4 under limited
siRNA conditions (partial depletion) does not have a significant
synergistic effect on degradation of polysumoylated PML com-
pared to depletion of each one singly, indicating that these two E3
ligases might work independently rather than synergistically dur-
ing this process (Fig. 8B).

DISCUSSION

Arkadia is an E3 ubiquitin ligase whose role has so far been re-
stricted to its requirement in the TGF- signaling response. In this
pathway, Arkadia acts as a signal-dependent E3 ubiquitin ligase
for SnoN and Ski (2). Here, we demonstrate that Arkadia is also
involved in another signal-dependent degradation process to co-
ordinate degradation of PML in response to arsenic treatment.
Interestingly, in the TGF-B pathway, the degradation signal for
SnoN/SKki is triggered by binding of Arkadia to phospho-Smad?2,
which accumulates upon TGF-f induction, whereas in this new
model (Fig. 9), the degradation signal is induced by binding of
Arkadia to polysumoylated PML, which accumulates after arsenic
treatment. Indeed, in the present work, we have shown that Arka-
dia interacts with SUMO-modified PML after arsenic treatment
and is redirected to PML nuclear bodies in a SIM-dependent man-
ner, where it is required for the subsequent degradation of poly-
sumoylated PML.

Arkadiaisanovel poly-SUMO-targeted ubiquitin ligase. Our
finding that Arkadia can bind and ubiquitinate SUMO2 chains in
a SIM- and RING-dependent manner suggests that Arkadia is a
new member of the STUBL family that targets sumoylated pro-
teins to degradation. STUBL is a new family of RING finger ubiq-
uitin ligases, initially identified in the yeast Saccharomyces cerevi-
siae, that includes SIx5 and SIx8 (reviewed in references 19 to 23).
SIx5 and SIx8 function as heterodimers that bind SUMO through
one SIM and ubiquitinate the substrate through the RING domain
of SIx8. Although the identity of the SUMO-modified substrates
has not been established, depletion of either SIx5 or SIx8 leads to
accumulation of sumoylated proteins (44), and these STUBLs are
required for genome stability in yeast (21). In mammals, over 200
RING-containing proteins have been reported, but the only
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STUBL characterized so far is RNF4, which contains four SIMs
that generate preferential binding to poly-SUMO chains, suggest-
ing that in mammals, STUBLs specifically target poly-SUMO-
modified substrates for degradation (9). Our finding that the
RING finger E3 ubiquitin ligase Arkadia also contains three suc-
cessive SIMs in its N-terminal region raised the possibility that it
constitutes a new poly-SUMO-specific ubiquitin ligase. In sup-
port of this hypothesis, we found that Arkadia is able to bind
specifically poly-SUMO?2 via its three SIMs and displays the stron-
gest affinity to poly-SUMO?2 trimers or longer chains compared to
its affinity to mono-SUMO or dimers of SUMO, as described for
RNF4 (9). Interestingly, one of these SIMs appears to be more
critical for this interaction, suggesting that poly-SUMO binding is
mainly driven by the VVDL SIM3 motif. Furthermore, our find-
ing that Arkadia can also ubiquitinate poly-SUMO?2 chains in a
SIM- and RING-dependent manner demonstrates that Arkadia
contains STUBL activity. We noticed, however, that Arkadia
STUBL activity in vitro seems to be less efficient than RNF4 activ-
ity, presumably because it is a more complex protein than RNF4
and might be subjected to regulation. Importantly, we identified
polysumoylated PML to be a new substrate that binds Arkadia in
response to arsenic and found that this interaction occurs only
when the SIMs are intact. Finally, we showed that Arkadia is nec-
essary for the degradation of polysumoylated PMLs that have
accumulated in response to arsenic treatment. Degradation of
polysumoylated PMLs is the most well characterized poly-
SUMO-dependent degradation process in mammalian cells. Since
RNF4 has been shown in previous work to be also involved in this
degradation process (9, 25, 27, 28), this raised the question of the
entangled mechanism of action of these two STUBLs. Our results
indicate that both E3 ligases are required for this degradation,
suggesting that they are not redundant in this process. However,
we could not detect any interaction of Arkadia with RNF4 in
mammalian cells like that shown for the STUBL Slx5 and SIx8 in
yeast. Moreover, Arkadia and RNF4 do not seem to act synergis-
tically in the degradation of sumoylated PML, suggesting that they
might, rather, work independently in this process. Arsenic-in-
duced sumoylation of PML is a rapid process that is achieved
within 1 h, whereas degradation of SUMO-modified PML is a
longer process that takes up to 24 h to be completed (9). It is
therefore possible that this mechanism of degradation is a multi-
step process that would involve two E3 ligases in parallel and/or
sequentially. One explanation could be that Arkadia could act as
an E4 to potentiate the degradation process driven by RNF4.
Another possibility is that Arkadia and RNF4 ubiquitinate
polysumoylated PML through different ubiquitin chain link-
ages that would both be necessary for degradation of PML.
Indeed, it has recently been shown that Arkadia can ubiquiti-
nate the pn2 subunit of clathrin adaptor 2 through the uncon-
ventional lysine 27 linkage (45). Hence, our identification of
the requirement for Arkadia in the arsenic-induced SUMO-
dependent degradation of PML adds up to the possibility that it
is a crucial STUBL in the mechanism by which arsenic exerts its
chemotherapeutic effect on APL.

Relevance of Arkadia binding to poly-SUMO in TGF-f path-
way regulation. In our study, we sought to determine whether the
STUBL function of Arkadia could also be involved in TGF- sig-
nal transduction. Our results indicate that the SIMs of Arkadia are
dispensable for SnoN/Ski interaction and degradation and their
mutation does not significantly impair the ability of Arkadia to
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FIG 8 Arkadia and RNF4 have independent STUBL functions. (A) Arkadia and RNF4 homodimerize but do not form heterodimers. HEK293 cells were
transfected with Flag-Ark-wt or Flag-RNF4-wt constructs, and equal amounts of whole-cell lysates were subjected to GST pulldown experiments with immo-
bilized GST, GST-RNF4, or GST-Ark-665-Cter. Arkadia and RNF4 proteins were detected by Western blotting with anti-FLAG antibody before (5%) and after
pulldown of the lysate. Blots were stained with Ponceau S prior to immunostaining in order to control the amount of GST proteins in the experiment. (B) Arkadia
and RNF4 are independently involved in arsenic-induced degradation of PML. HT1080-GFP-PML cells were transfected with a limiting amount of siRNA, siNT
(60 nM), siArk (50 nM), or siRNF4 (10 nM) or with a combination of siArk (50 nM) and siRNF4 (10 nM). At 48 h after transfection, cells were exposed or not
to arsenic for 1 h or 24 h. Whole-cell lysates were analyzed by Western blotting with anti-GFP, anti-Ark, anti-RNF4, and antiactin antibodies. Numbers to the left

of the gels are molecular masses (in kDa).

induce a TGF-B-dependent synthetic reporter derived from the
PAI-1 promoter. Our results further indicate that, unlike muta-
tion of the RING domain, mutation of the SIMs does not have a
dominant negative effect on Arkadia function in the TGF-f path-
way. While SnoN has been shown to be sumoylated on lysines 50
and 383 (46, 47), our results suggest that sumoylation of SnoN is
not required for effective degradation by Arkadia upon TGF-3
signaling. This is in agreement with the finding that sumoylation
of SnoN does not affect its metabolic stability or its ability to
repress TGF-B signaling, as shown by the analysis of a loss-of-
function lysine mutant or a gain-of-function SnoN-SUMO fusion
(46, 47). However, it is not yet clear if some particular stress con-
ditions can induce polysumoylation of SnoN, and it is possible
that Arkadia binding to poly-SUMO might nonetheless be in-
volved in the fine-tuning of some TGF-f3 responses under such
conditions. Conversely, it is also possible that stimuli increasing
general polysumoylation delocalize Arkadia from its substrate in
the TGF-B pathway and therefore exert an indirect negative effect
on the pathway. Consistent with this, we found that arsenic treat-
ment, by generating a new polysumoylated target for Arkadia,
delocalizes Arkadia to PML nuclear bodies.

Arkadia binding to poly-SUMO reveals new potential func-
tions for Arkadia. Polysumoylation is a newly identified post-
translational modification, and our identification of Arkadia as an
E3 that can target poly-SUMO-modified proteins might also con-
tribute to a better understanding of the functional consequences
of such modification in mammals. Polysumoylation appears to be
specifically induced by different cellular stresses which are known
to generate multiple alterations that affect genome integrity,
thereby perturbing cell homeostasis. Interestingly, this could pro-
vide an additional antitumor function for Arkadia, besides its tu-
mor suppressor role described in TGF-{ signaling (48). In mam-
malian cells, heat shock induces changes in the polysumoylation
state of more than 300 proteins (10, 11), which may thus consti-
tute as many new potential targets for Arkadia. Furthermore,
RNF4 STUBL activity has recently been involved in the cellular
response to DNA damage through its binding with the sumoylated
mediator of DNA damage checkpoint (MDC1) (49-51). In light
of these observations, one would surmise that Arkadia could also
function to guard the genome by eliminating such sumoylated
proteins accumulated under stress conditions. Whether Arkadia
or RNF4 can target indifferently all these polysumoylated proteins

FIG 7 Arkadia is involved in arsenic-induced degradation of sumoylated PML. (A) Depletion of Arkadia inhibits arsenic-induced degradation of sumoylated
PML. HT1080-GFP-PML cells were transfected with a nontargeting siRNA (siNT) and siRNA SMARTpool targeting Arkadia (siArk) or RNF4 (siRNF4). Cells
were exposed to arsenic at the indicated times. Whole-cell lysates were analyzed by Western blotting with anti-Ark, anti-RNF4, anti-GFP, and antiactin
antibodies. A high exposure (exp.) and a low exposure of the same anti-GFP Western blot are shown. (B) Depletion of Arkadia inhibits arsenic-induced
degradation of PML nuclear bodies. HT1080-GFP-PML cells were transfected with siNT, siArk, or siRNF4. Cells were exposed to arsenic at the indicated times
before fixation, permeabilization, and DAPI staining. GFP-PML (green) expression and cellular localization were then analyzed by GFP-based fluorescence with
the same laser intensity for each condition and are represented alone or merged with DAPI (blue). Bars, 20 wm. (C) Quantification of the number of PML nuclear
bodies visualized with anti-PML staining in 30 cells under the indicated conditions, as described for panel B. (D and E) The same experiments described for panels
A and B, respectively, performed with two individual siRNAs targeting Arkadia, siArk(1), and siArk(2). Numbers to the left of the gels are molecular masses
(in kDa).
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FIG 9 Model for the E3 ubiquitin ligase activity of Arkadia induced by arsenic versus TGF-f. Upon TGF-f induction, interaction of Arkadia with phosphor-
ylated Smad2 triggers degradation of SnoN, whereas upon arsenic treatment, interaction of Arkadia with poly-SUMO in PML nuclear bodies induces degradation

of polysumoylated PML together with RNF4.

or shows some preferential binding to such substrates remains to

be defined.
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