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Background: SKI is an oncoprotein with partial understanding of its molecular mechanisms.
Results: Through regulation of Ubc9, SKI can increase MDM2 sumoylation to enhance p53 degradation.
Conclusion: Up-regulation of Ubc9 is a novel biochemical function of SKI and is essential for its transforming activity.
Significance: This is a first example that an oncoprotein can transform cells through regulation of Ubc9, a critical component
of cellular sumoylation.

Protooncogene Skiwas identified based on its ability to trans-
form avian fibroblasts in vitro. In support of its oncogenic activ-
ity, SKI was found to be overexpressed in a variety of human
cancers, although the exact molecular mechanism(s) responsi-
ble for its oncogenic activity is not fully understood. We found
that SKI can negatively regulate p53 by decreasing its level
through up-regulation of MDM2 activity, which is mediated by
the ability of SKI to enhance sumoylation of MDM2. This stim-
ulation ofMDM2 sumoylation is accomplished through a direct
interaction of SKI with SUMO-conjugating enzyme E2, Ubc9,
resulting in enhanced thioester bond formation and mono-su-
moylation of Ubc9. A mutant SKI defective in transformation
fails to increase p53 ubiquitination and is unable to increase
MDM2 levels and to increase mono-sumoylation of Ubc9, sug-
gesting that the ability of SKI to enhance Ubc9 activity is essen-
tial for its transforming function. These results established a
detailed molecular mechanism that underlies the ability of SKI
to cause cellular transformation while unraveling a novel con-
nection between sumoylation and tumorigenesis, providing
potential new therapeutic targets for cancer.

Ski was found more than 20 years ago as the only transform-
ing oncogene discovered through in vitro viral replication assay
(1). It was shown to be able to transform chicken and quail
embryo fibroblasts as evidenced by the overgrowth of virally
infected cells inmonolayer culture and anchorage-independent
colony formation in soft agar, hallmarks of cellular transforma-
tion. Consistent with its role as an oncoprotein, SKI was found
to be overexpressed in a variety of human cancers, including

melanoma (2), leukemia (3), colorectal (4), pancreatic (5),
esophageal (6), and gastric (7) cancers. Although there is scarce
evidence to suggest that SKI can transform mammalian cells
except melanocytes (8), a reduction of SKI through small inter-
fering RNA technology lessens the tumorigenic properties of
cancer cells (9). Transgenicmice overexpressing Ski show over-
growth of type II muscle fibers but no enhanced tumor forma-
tion (10). Mice lacking the Ski gene result in early postnatal
lethalitywith exencephaly caused by failed closure of the cranial
neural tube during neurulation as well as a host of developmen-
tal abnormalities (11). Humans diagnosed with a haploid defi-
ciency of SKI due to 1p36 deletion display similar phenotypes as
shown in mice with a constitutional lack of Ski gene (12).
The connection of the SKI oncoprotein with the TGF� sig-

naling pathway was established a decade ago by the finding that
SKI can physically interact with Smad proteins, including
Smad2, -3, and -4 (13–15). Smad proteins are the central medi-
ators of TGF� signaling pathways transmitting signals of the
activated receptor at the plasmamembrane to the nucleus (16).
Upon activation of receptor through ligand binding, type I
receptor kinase is activated and phosphorylates Smad protein
that subsequently oligomerizes with Smad4, and the complex
translocates to the nucleus to regulate target gene transcrip-
tion. SKI regulates the TGF� signaling at multiple levels; it
interacts with the Smad proteins and inhibits the transcrip-
tional activation of target genes, likely by recruiting the nuclear
corepressor complex. Indeed, SKI has been found to be a
component of the nuclear corepressor complex capable of
inhibiting the transcriptional activation of reporter constructs
(17). In addition, it has also been found that SKI can interact
with the type I TGF� receptor directly and can lead to repres-
sion of the receptor activity (18). Because TGF� signaling is a
major cellular pathway that negatively regulates epithelial cell
proliferation, the transforming capability of SKI is at least par-
tially derived from its ability to neutralize the inhibition of cell
proliferation by the TGF� pathway. However, in the initial
characterization of Ski oncogene in avian fibroblast cells, TGF�
signaling was thought to be promoting Ski-induced transfor-
mation by inhibiting Ski-inducedmyogenic differentiation (19).
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Thus, TGF� signaling cooperates with Ski to transform avian
fibroblast cells. This apparent contradiction of the role of TGF�
signaling in Ski-induced cellular transformation has not been
fully reconciled.
Small ubiquitin-like modifier (SUMO)3 has been found to be

involved in a variety of cellular processes, including intracellu-
lar trafficking, stress response, DNA replication, DNA damage
repair, as well as transcriptional regulation (20). Four versions
of SUMO, 1–4, have been identified. SUMO1–3 is expressed in
the precursor forms and requires proteolytic activation to
expose the invariant Gly-Gly motif at the C terminus of the
mature SUMO for target conjugation. Much like the cellular
ubiquitination process, SUMO activation enzyme E1, SUMO-
conjugating enzyme E2, and SUMO ligase enzyme E3 are
required to transfer the SUMO moiety to target proteins.
SUMO E1 activates the SUMO through thioester bond forma-
tion between C-terminal Gly of SUMO and the catalytic cys-
teine residue of E1; the activated SUMO is then transferred to
E2with a similar thioester bond. Although E2 itself can transfer
SUMO to target proteins, SUMO ligase E3 through enhancing
efficiency and substrate specificity facilitates this process by
transferring SUMO from the high energy bond to the �-posi-
tion of lysine of the target protein. Unlike ubiquitin modifi-
cation, the main function of sumoylation is not a signal of
destruction of the target through proteasomal degradation,
instead it plays a role in a variety of cellular processes. SUMO
modification in some cases has been shown to antagonize ubiq-
uitination through competitive modification (21–23). Another
difference between ubiquitination and sumoylation is their
respective core enzymes that carry out the modifications. It
appears that there is only one E2 enzyme for sumoylation,
although there are many E2s that can fulfill the ubiquitin-con-
jugating activity. Similar to regulation by ubiquitination, there
are also proteases, sentrin-specific proteases, that can hydro-
lytically remove the SUMOmoiety, and thus reverse the mod-
ification of sumoylation. These sentrin-specific proteases are
also responsible for the activation of SUMO precursor by
removing their C-terminal peptides to expose the Gly-Gly
motif. Like many biological processes, the core machinery of
SUMO modification has also been found to be regulated by
other proteins. For example, RSUME and SF2/ASF have been
found to enhance SUMO E2 enzyme Ubc9 to regulate target
sumoylation (24, 25), although Rhes can enhance cross-sumoy-
lation between E1 and Ubc9 (26).
Several prominent proteins involved in tumorigenesis have

been found to be modified by sumoylation. For example, p53
can be modified by sumoylation with either enhancement or
reduction of its activity (27). Similarly, MDM2, the main ubiq-
uitin E3 ligase for p53, has been found to be sumoylated
(28), and this sumoylation was shown to be associated with
increased activity of MDM2 (29). MDM2 can be self-ubiquiti-
nated and degraded. Sumoylation of MDM2 decreases its self-
ubiquitination and degradation, whereas de-sumoylation leads
to enhanced MDM2 self-ubiquitination. UV damage can
decrease MDM2 sumoylation through a SUMO protease

SUSP4. MDM2 sumoylation requires its N-terminal domain of
amino acids 40–59 (30).
We report here that SKI is capable of regulating sumoyla-

tion of MDM2 through its ability to interact with and regu-
late SUMO E2 enzyme Ubc9, resulting in enhanced MDM2
activity and decreased p53 protein. This novel function of
SKI is likely a major molecular mechanism for its oncogenic
activity as p53 is an important tumor suppressor, and a
mechanism that leads to its destruction will greatly contrib-
ute to cellular transformation.

EXPERIMENTAL PROCEDURES

Culture of Mammalian Cells—LNCaP was cultured in RPMI
1640medium;H1299,U2OS,HEK293, 293T,HepG2, andmink
lung epithelial cells were cultured in Dulbecco’s modified
Eagle’s medium; HCT116 and HCT116 p53�/� cells were in
McCoy’s 5Amedium, and all were supplementedwith 10% fetal
calf serum, 2 mM glutamine, penicillin, and streptomycin at
37 °C with 5% CO2.
Nucleic Acids—Chemical siRNA for Ski, PIAS1, and PIAS3

were from IDT Inc. with the following sequences: Ski, sense
5�-rCrCrArGrUrArArGrGrArGrArCrUrUrGrArArArUrUrC-
rAGA-3� and antisense 5�-rUrCrUrGrArArUrUrUrCrArArG-
rUrCrUrCrCrUrUrArCrUrGrGrUrU-3�; PIAS1, sense 5�-rUr-
GrGrUrUrArUrGrArGrCrCrUrUrArGrArGrUrUrUrCrUG-
A-3� and antisense 5�-rUrCrArGrArArArCrUrCrUrArArGrG-
rCrUrCrArUrArArCrCrArUrU-3�; and PIAS3, sense 5�-rCrA-
rCrUrGrArUrCrArArGrGrArGrArArArUrUrGrArCrUGC-3�
and antisense 5�-rGrCrArGrUrCrArArUrUrUrCrUrCrCrUr-
UrGrArUrCrArGrUrGrCrC-3�. Dharmafect was used to trans-
fect siRNA into cells. Expression plasmidswere introduced into
cells with BioT transfection reagent (Bioland Inc.) according to
the instruction of the vendor, and empty vector DNA was used
to provide equal amount of DNA in each transfection. PCR
primers for p53 target gene quantification are as follows: p21,
forward 5�-CTGGAGACTCTCAGGGTCGAA-3� and reverse
5�-GGATTAGGGCTTCCTCTTGGA-3�; Noxa, forward 5�-
CTCTTTCCTCCTCGCCACTT-3� and reverse 5�-CGTGCA-
CCTCCTGAGAAAAC-3�; Tsp1, 5�-GGGAAGAAAATCAT-
GGCTGA-3� and reverse 5�-GGTCGCACGTTCTAGGAGT-
C-3�; Mdm2 mRNA (p2 promoter), forward 5�-CGATTGGA-
GGGTAGACCTGT-3� and reverse 5�-GGTCTCTTGTTCC-
GAAGCTG-3�;Mdm2 (last exon), forward 5�-CAGACGGGG-
ACTAGCTTTTG-3� and reverse 5�-AGGTTGCAGTGA-
GCCAAGAT-3�; andGapdh, forward 5�-CATGGGTGTGAA-
CCATGAGA-3� and reverse 5�-CAGTGATGGCATGGACT-
GTG-3�. RNAwas isolated usingQiagenRNeasy kit, and cDNA
was generated using SuperscriptII reverse transcriptase
(Invitrogen).
Biochemical and Cell Biological Reagents and Procedures—

Anti-SKI, p53, and Ubc9 antibodies were from Santa Cruz Bio-
technology. Anti-FLAGM2 antibody was from Sigma (A1205).
Anti-HA antibody was from Roche Applied Science. Anti-
SUMO1 antibody was from Epitomics. For immunoprecipita-
tion and immunoblotting, cells were collected by scraping or
trypsinization and lysed in lysis buffer (20 mM KCl, 150 mM

NaCl, 1% IGEPAL, 50mMTris-HCl (pH 7.5), 50mMNaF, 1mM

EGTA, 1 mM DTT, and 1� protease inhibitor mixture (Roche3 The abbreviation used is: SUMO, small ubiquitin-like modifier.
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Applied Science) and 10% glycerol). Immunoprecipitations
were performed with appropriate antibody and protein A- or
G-Sepharose (Upstate Biotechnology). Beads were washed
three times in lysis buffer, and immunoprecipitated proteins
were separated on SDS-PAGE followed by Western blotting
with primary and horseradish peroxidase-conjugated second-
ary antibodies (Bio-Rad). Immunoreactive proteins were visu-
alized by enhanced chemiluminescence (SuperSignal West
Femto, Pierce). CellTiter Glo (Promega Inc.) was used tomeas-
ure relative cell number according to the manufacturer. For
FACS analysis to gauge the sub-G1DNA content, the cells were
collected and fixed in 70% ethanol followed byRNase treatment
and 1 �g/ml propidium iodide staining, and the cells were then
analyzed by FACS.
MDM2 Sumoylation Assay—Expression plasmid for His6-

MDM2 was transfected into 293T cells together with other
expression plasmids. 40 h after transfection, cellswere collected
and lysed in 150�l of RIPA buffer (regular buffer� 0.1% SDS�
0.5% sodium deoxycholate) followed by centrifugation. The
supernatant was mixed with 8 M guanidine hydrochloride to
obtain 6 M guanidine hydrochloride with 20 mM sodium phos-
phate buffer (pH 7.5), 20 mM imidazole, 1 mMDTT. This lysate
was centrifuged at room temperature for 10min, and the super-
natantwasmixedwith 20�l of nickel-nitrilotriacetic acid beads
in 50% bead slurry. After binding for 3 h, the beadswerewashed
three times with urea buffer (8 M urea with 20 mM sodium
phosphate buffer (pH 7.5)) followed by incubation with sample
buffer at 95 °C for 10 min. The supernatant was then separated
by SDS-PAGE followed by immunoblot analysis.

RESULTS

Overexpression of SKI Leads toDecreased p53—SKI is a trans-
forming oncoprotein for chicken embryo fibroblast cells upon
overexpression. Previously, we and others have established that
SKI can interact with Smad proteins and negatively regulate
TGF� signal transduction (13–15), and it was widely thought
that this inhibition of TGF� signaling is the underlying mech-
anism of its transforming activity. Although this mechanistic
explanation is plausible, we suspected that other mechanism(s)
might also be involved in the oncogenic activity of SKI. There-
fore, we examined in cells with overexpression of SKI the abun-
dance of p53 protein, one of the essential tumor suppressor
proteins in regulating cell proliferation and differentiation. As
shown in Fig. 1A, overexpression of SKI in mink lung epithelial
cells leads to a decrease of p53, and this reduction is independ-
ent of the status of TGF� signaling (data not shown). Consist-
ent with this reduction, the protein level of p21waf1, one of the
p53 target genes, also decreases. Moreover, this reduced p53
level is likely a result of decreasedmetabolic stability as its half-
life is apparently reduced in cells with overexpression of SKI
(Fig. 1B). These findings therefore suggested the possibility that
a higher level of SKI results in a reduction of p53, thus resulting
in cellular transformation.We further tested whether in a tran-
sient overexpression system SKI can also cause a reduction of
p53. As shown in Fig. 1C, in human colorectal carcinomaHCT-
116 cells with or without endogenous Tp53 (see supplemental
Fig. 1), overexpression of SKI by itself cannot decrease p53 lev-
els; however, SKI can enhance the reduction of p53 caused by

the wild type MDM2, the main ubiquitin E3 ligase for p53, but
not the RING finger mutant of MDM2 (C464A) (31). These
results suggest that a higher level of SKI can result in an
MDM2-dependent p53 reduction likely through enhanced p53
degradation. To rule out the possibility that SKI can only regu-
late p53 in an overexpression system, we also examined the
impact of SKI depletion on endogenous p53 activity. As shown
in Fig. 1D, siRNA-mediated loss-of-function of SKI in the pros-
tate cancer cell line LNCaP results in elevated p53 levels and
enhanced apoptosis as determined by cell number enumeration
through measurement of ATP levels as well as of sub-G1 DNA
content in a fluorescent-activated cell sorter (FACS) analysis
(Fig. 1, E and F). Consistent with these findings, we also found
that a subset of p53 target genes are up-regulated in response to
a reduction of SKI and up-regulation of p53 (Fig. 1G). Taken
together, these results strongly suggest that SKIwith both phys-
iological and quasi-physiological expressions can negatively
regulate p53 through MDM2, and this aspect of SKI is likely a
major contributor for its transforming activity.
SKI Enhances p53Ubiquitination—p53 is amajor tumor sup-

pressor protein that is inactivated in many human cancers.
Nearly half of the human cancers harbor mutations of Tp53,
whereas p53 is inactivated in a large proportion of tumors with-
out Tp53 mutation through a multitude of mechanisms. For
example, overexpression of MDM2, loss of the p14Arf protein,
which is a negative regular of MDM2, and expression of viral
oncoproteins, including HPV16 E6, adenovirus E1A, and SV40
large T antigen (32), can all lead to p53 inactivation. Although
several ubiquitin E3 ligases have been shown to regulate p53
levels (33), the genetically modified mouse withoutMdm2 has
unequivocally demonstrated the centrality ofMdm2 in regulat-
ing the p53 protein level (34). As described earlier, we found
that SKI can enhance the MDM2-mediated p53 decrease (Fig.
1,A and C); therefore, we examined whether SKI can positively
regulate MDM2-mediated ubiquitination of p53. As shown in
Fig. 2A, although expression of MDM2 alone enhanced the
ubiquitination of p53, co-expression of SKI dramatically
increased the p53ubiquitination shownboth by the ubiquitin in
the p53 immunoprecipitation as well as p53 in the immunopre-
cipitation of ubiquitin (supplemental Fig. 2). These results sug-
gest that SKI can enhanceMDM2-mediated p53 ubiquitination
and thus proteasomal degradation, which likely results in a
decreased p53 level. It has been shown that a mutant SKI with
an insertion of four amino acids, alanine, arginine, proline, and
glycine (ARPG) replacing aspartic acid at position 181, inacti-
vated the transforming function of SKI in chicken embryo
fibroblast cells (35), and we therefore tested whether the trans-
forming capacity of SKI is correlated with its ability to enhance
ubiquitination of p53. As shown in Fig. 2B, lane 4, expression of
the SKI mutant ARPG, at a comparable level of wild type SKI
protein, did not enhance, if reduced, p53 ubiquitination, sug-
gesting that the transforming ability of SKI is tightly associated
with its interaction withMDM2 to result in p53 ubiquitination.
In addition, we also tested whether SKI at a physiological level
can regulateMDM2-mediated p53 ubiquitination. As shown in
Fig. 2C, siRNA-mediated reduction of endogenous SKI protein
also reduced p53 ubiquitination conferred upon by MDM2
expression. These results suggest that SKI at both normal and
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overexpression levels is capable of enhancingMDM2-mediated
ubiquitination of p53, and this activity is tightly associated with
the transforming function of SKI.
SKI Positively Regulates MDM2 through Sumoylation—The

ability of SKI to enhance MDM2-mediated ubiquitination of

p53 suggests several possible modes of action of SKI in the
regulation of p53. It is possible that SKI directly regulates p53’s
propensity of being ubiquitinated by MDM2 followed by pro-
teosomal degradation. It is also possible that SKI can positively
enhance the activity of MDM2 through direct physical interac-

FIGURE 1. SKI negatively regulates p53. A, overexpression of SKI leads to a decrease of p53. p53, p21waf1 level was examined with immunoblot analysis in mink
lung epithelial cells overexpressing SKI (Ski13) or vector control. B, half-life of p53 was decreased in Ski13 cells. C, SKI enhances decrease of p53 by MDM2 but
not by mutant MDM2. Various expression plasmids were introduced into HCT116 cells without Tp53, and the p53 was examined by immunoblot (IB) analysis
with anti-p53 antibody. The mutant MDM2 has alanine at amino acid 464 instead of cysteine (C464A). The amount of plasmids was made equal by adding
vector DNA, and the transfection efficiency was monitored with GFP expression. MDM2 and SKI expression were monitored with anti-HA and anti-FLAG
antibodies. CHX, cycloheximide. D, reduction of SKI results in an increase of p53 level. siRNA for SKI was introduced into LNCaP cells, and the levels of SKI, p53
and GAPDH were examined by immunoblot analysis. E and F, reduction of SKI results in a decrease of cell number and an increase of apoptosis. 48 h after siRNA
for SKI was introduced into LNCaP cells, the cell number was measured using CellTiter Glo (E), and the sub-G1 content was measured with FACS analysis (F).
G, reduction of SKI results in an increase of several p53 target genes. SYBR quantitative PCR was used to measure the quantity of transcript level of p53 target
genes in cells with transfection of control siRNA or siRNA for SKI. The level in control cells was arbitrarily set as 1 followed by correction with relative total RNA
level using GAPDH measurements.
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tion with MDM2; alternatively, SKI can regulate MDM2
through post-translational modification without direct physi-
cal interaction. We established that in an overexpression sys-
tem, SKI could physically interact with MDM2 (supplemental
Fig. 3). However, repeated attempts in a variety of cell types
failed to demonstrate this physical interaction at endogenous
expression levels. Nevertheless, we can clearly demonstrate
that overexpression of SKI increases the abundance of MDM2,
consistentwith its ability to decrease the p53 level (Fig. 3,A, and
middle panel of B). Conversely, a depletion of SKI by siRNA in
HepG2 cells can decrease endogenous MDM2 levels (Fig. 3B,
right panel), supporting the view that SKI can positively regu-
late the abundance of MDM2. Moreover, the increased level of
MDM2 by SKI is likely a result of increased stability of MDM2
as shown in Fig. 3C, whereas the SKI mutant ARPG fails to
increase the stability of MDM2 (Fig. 3C, right panel). These
results suggest that SKI can functionally enhanceMDM2, likely
its protein level or activity, yet it does not do so through high
affinity or direct physical interaction with MDM2.
It is known that MDM2 can be broadly regulated by two

biochemical mechanisms as follows: one involves post-transla-
tional modification, and the other involves proteinaceous reg-
ulators that modulate its cellular localization and activity (36–
41). For the former, protein kinase B (AKT) can phosphorylate
MDM2 and result in its nuclear translocation (42), which is
crucial for its ability to degrade p53. In addition, sumoylation of
MDM2 has been shown to enhance theMDM2 level and activ-
ity (29). Thus, it is possible that SKI can regulateMDM2activity
through these modifications. We tested the latter possibility,
and found, as shown in Fig. 4, A and B, that SKI can clearly
increase MDM2 sumoylation mediated by SUMO E3 ligases,
PIAS1 and PIAS3 (protein inhibitors of activated STAT1 and
-3). PIAS1 has been shown to enhance MDM2 sumoylation
(28), although its impact on MDM2 activity is not clear. PIAS3
is known to interact with and sumoylate Smad4 protein (43),
which has also been shown to interact with SKI (13), thus it is
plausible that SKI can alter the substrate specificity of PIAS3

leading to sumoylation of MDM2. In limited cases, protein
sumoylation has been found to antagonize ubiquitination thus
increasing substrate protein abundance, although hypersu-
moylation has also been associated with sumoylation-induced
ubiquitination with a consequent reduction of target protein
abundance (44–46). MDM2 has been shown to be modified by
sumoylation, which results in increased MDM2 activity pre-
sumably as a result of an increased protein level (29). The ability
of SKI to enhance MDM2 sumoylation is thus consistent with
its function to enhance MDM2 levels as well as to increase
MDM2-mediated p53 ubiquitination. To provide further evi-
dence that SKI can increase MDM2 activity through enhanced
sumoylation of MDM2, we examined whether reduction of
PIAS1 and/or PIAS3 can result in abrogation of the ability of
SKI to up-regulateMDM2 activity. As shown in Fig. 4D, siRNA
against PIAS1 or PIAS3 alone does not reduce MDM2-medi-
ated p53 ubiquitination; however, combined reduction of
PIAS1 and PIAS3 results in a drastic reduction of p53 ubiquiti-
nation by MDM2, suggesting that different PIAS proteins
might be able to compensate each other in mediating MDM2
sumoylation and that SKI can communicate with both of them,
potentially with different potencies. The potency of the siRNA
for PIAS1 and -3 was demonstrated in Fig. 4E, lower panel,
where respective siRNA can decrease PIAS1 and -3 protein lev-
els. This result thus suggests that overexpression of SKI posi-
tively regulates ubiquitination of p53 byMDM2, likely through
the latter’s sumoylation by PIAS1 and -3. Consistent with the
notion that MDM2 sumoylation by SKI is critical for the trans-
forming ability of SKI, the SKI mutant (ARPG) fails to enhance
MDM2 sumoylation as shown in Fig. 4C, providing a mecha-
nistic explanation for the failure of ARPG to enhance MDM2-
mediated p53 ubiquitination as demonstrated in Fig. 2B. To
examine whether SKI can regulate endogenous p53 through
regulation ofMDM2 sumoylation, we examined the level of p53
in LNCaP cells in response to reduction of SKI as well as PIAS1
and PIAS3. As shown in Fig. 4E, reduction of SKI, PIAS1, and
PIAS3 individually does not lead to a change of p53 protein

FIGURE 2. SKI enhances MDM2-mediated p53 ubiquitination. A, SKI increases p53 ubiquitination by MDM2. Various plasmids were introduced into H1299
cells, and the amount of plasmids was equalized with empty vector. 40 h after transfection, the cells were treated with 20 �M MG-132 for 4 h, lysed with 2% SDS
buffer, and heated at 95 °C for 5 min followed by dilution with regular buffer to 0.1% SDS and centrifugation. The supernatant was immunoprecipitated (IP) with
anti-p53 antibody, followed by the immunoblot (IB) analysis with anti-HA antibody. The blot was stripped and probed again with anti-FLAG antibody to gauge
the p53 level. A separate portion of the lysate was used to analyze the expression level of MDM2 and SKI with immunoblot analysis. B, wild type but not mutant
SKI enhances p53 ubiquitination by MDM2. The experiment was done essentially as in A in H1299 cells. C, endogenous SKI was crucial for MDM2-mediated p53
ubiquitination. The experiment was done essentially as in A except with introduction of siRNA for SKI.
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levels, possibly due to limited reduction of the individual pro-
tein by the siRNA; however, a combined reduction of SKI and
PIAS1 or PIAS3 results in increased p53 levels, concomitant
with a reduction of MDM2 levels. This result supports the
notion that SKI and PIAS1 or PIAS3 operate in a linear pathway
in that SKI through PIAS1 or PIAS3 can result in increased
MDM2 levels through sumoylation, and a combined reduction
of both components leads to a reduction of MDM2 sumoyla-
tion severe enough to cause a reduction of protein levels with a
consequent increase of p53 levels. Similarly, we also found that
in human embryonic kidney HEK293 cells, exogenous expres-
sion of SKI leads to a reduction of endogenous p53 levels, likely
through enhanced MDM2 sumoylation and activity as this
reduction of p53 level can be reversed by co-expression of
siRNA forPIAS3, but not byPIAS1, suggesting that SKI through
PIAS3 can regulate endogenous p53 levels by modulating
MDM2 sumoylation. The reason for the failure of PIAS1 to
reverse the effect of SKI, despite its collaboration with SKI to
enhance MDM2 sumoylation (Fig. 4A) and collaborate with
SKI to maintain MDM2 levels (Fig. 4E), remains obscure. We
can speculate that additional factors in HEK293 cells might
have altered the substrate specificity such that PIAS1 behaves
differently when it is in the context of overexpression with SKI
as shown in Fig. 4A. These data together strongly suggest that
SKI can cause down-regulation of endogenous p53 by up-reg-
ulating MDM2 activity through enhanced sumoylation of
MDM2 by PIAS1 or PIAS3. It is also clear that because SKI is a
modulator of MDM2 through PIAS1 or PIAS3, depending on
the particular cellular context, alteration of SKI alone may not
be sufficient to modulate the level or activity of MDM2 and
ultimately the level of p53.
SKI Positively Regulates Ubc9 Activity—The unique feature

of mammalian sumoylation is that there is a single SUMO-
conjugating enzyme, Ubc9, that controls the general protein
sumoylation. Thus, if a protein like SKI can directly regulate
Ubc9, it can broadly regulate substrate sumoylation.We exam-
ined this possibility by performing a GST pulldown experiment
with GST-Ubc9 and cellular SKI protein. We generated a
recombinant GST-Ubc9 fusion protein as well as the control

GST protein. As shown in Fig. 5A, when the same amount of
these recombinant proteins was incubated with lysates pre-
pared from 293T cells overexpressing SKI or its mutant ARPG
protein, SKI as well as the ARPGmutant is capable of interact-
ingwith theUbc9 protein, but notwithGSTprotein, suggesting
that SKI can directly interact with Ubc9 protein. This interac-
tion can also be confirmed in vivo with the presence of SKI
protein in the immunoprecipitate of anti-Ubc9 antibody as
shown in the lower panel of Fig. 5A. Moreover, we found that
SKI, but not the mutant ARPG protein, can enhance auto-su-
moylation of Ubc9 in a transient expression system (Fig. 5B).
We alsomonitored the in vivo sumoylation profile with expres-
sion of Ubc9 in the absence or presence of SKI or its mutant. As
shown in Fig. 5C, expression of SKI, but not the ARPGmutant,
significantly enhances the detectable protein sumoylation
marked by epitope-tagged SUMO1protein, suggesting that SKI
can enhance Ubc9-mediated cellular sumoylation, possibly
through direct interaction with Ubc9. This enhancement of
Ubc9 is directly linkedwith its transforming ability as the trans-
formation-defective mutant ARPG fails to do so. To examine
themolecular mechanism of this enhanced sumoylation by SKI
protein, we reconstituted Ubc9 modification with the SKI pro-
tein in vitro. We purified the SKI protein or ARPG mutant by
releasing it through FLAG peptide competition from immuno-
precipitates of these proteins expressed in 293T cells (Fig. 5D).
We then incubated the recombinant Ubc9 protein with SUMO
E1 as well as activated SUMO1 protein in the presence of ATP
as the energy source. As shown in Fig. 5E, SKI can significantly
increase the thioester bond formation of Ubc9 with SUMO1
as the thioester bond between Ubc9 and SUMO1 is sensitive to
the reducing agent in the reaction, thus allowing us to monitor
their abundance by their disappearance in response to dithio-
threitol (DTT). The SUMO1-Ubc9 thioester bond formation
serves as an intermediate for Ubc9 before substrate sumoyla-
tion, and thusmore thioester bond formationwill translate into
more substrate modification. We also reconstituted this Ubc9
modification using GST-Ubc9 as a substrate. We noticed a
higher basal activity of this Ubc9 protein in mediating its
SUMO modification (data not shown), presumably due to the

FIGURE 3. SKI positively regulates MDM2 protein. A, overexpression of SKI leads to an increase of MDM2 levels. 293T cells were transfected with expression
plasmids for SKI and/or MDM2, and the exogenous MDM2 protein level was examined by immunoblot (IB) analysis. B, overexpression and reduction of SKI leads
to an increase or decrease of endogenous MDM2 protein. Stable expression of SKI in U2OS cells results in increased MDM2 levels compared with the vector
cells, although siRNA for SKI in HepG2 cells results in a decrease of MDM2 level. C, SKI increases the metabolic stability of MDM2 protein. 40 h after transfection
with expression plasmids for SKI, SKI(ARPG), and MDM2, 293T cells were treated with cycloheximide for the indicated time, and MDM2 protein level was
analyzed by immunoblot analysis.
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artificial dimerization of Ubc9 by the GSTmoiety. Using GST-
Ubc9 as the substrate, as shown in Fig. 5F, SKI but not the
ARPG protein can clearly increase Ubc9-mono-sumoylation as
evidenced by the DTT-resistant Ubc9-SUMO1 conjugate. It
has been reported that sumoylation of Ubc9 can alter substrate
sumoylation byUbc9 (47), and thus an increase ofUbc9 sumoy-
lation likely will result in an enhanced sumoylation of certain
substrate proteins. Taken together, we conclude that SKI can
directly interact with Ubc9 and enhance its thioester bond for-
mation as well as its own modification with SUMO1, resulting
in increased activity of Ubc9. To our knowledge, this is the first
demonstration that an oncoprotein can directly enhance Ubc9

activity through up-regulation of its biochemical activity. We
also noted that there is a clear difference between wild type SKI
and the ARPG mutant in that SKI protein can dramatically
increase the mono-sumoylation of Ubc9, whereas ARPG
mutant lacks this activity, strongly supporting the notion that
the transforming capability of SKI at least partially derives from
its up-regulation of Ubc9 activity through enhancing Ubc9
mono-sumoylation.

DISCUSSION
Amultitude of molecular mechanisms has been put forward

to explain the oncogenic activity of SKI. The most notable one

FIGURE 4. SKI regulates MDM2 through sumoylation to result in a decrease of endogenous p53. A, SKI can enhance MDM2 sumoylation through PIAS1.
24 h after expression, plasmids were introduced into 293T cells, and cells were lysed in RIPA buffer, and the supernatant was diluted into denaturing buffer. The
MDM2 was isolated through nickel-nitrilotriacetic acid (NTA) beads followed by immunoblot (IB) analysis with anti-FLAG antibody to reveal MDM2 sumoyla-
tion. The blot was stripped and probed with anti-MDM2 antibody to reveal the MDM2 level. Separate lysate was used to examine PIAS1 and SKI expression
levels using anti-PIAS1 and anti-SKI antibody, respectively. B, SKI can enhance MDM2 sumoylation through PIAS3. 40 h after transfection, cells were processed
as in A. A portion of the lysate was analyzed to gauge the protein expression through immunoblot with anti-PIAS3 and anti-SKI antibody. C, SKI mutant ARPG
fails to increase MDM2 sumoylation. 40 h after transfection, cells were processed as in A. A portion of the lysate was analyzed to gauge the protein expression
through immunoblot with anti-PIAS3 and anti-SKI antibody. D, SKI enhances p53 ubiquitination through PIAS1 and -3. H1299 cells were transfected with
various combinations of expression plasmids as well as siRNAs. The cells were processed as in Fig. 2. The effectiveness of siRNA for PIAS1 or -3 is shown in E. E, SKI
and PIAS1 or -3 are required for maintaining the p53 level in LNCaP cells. Various siRNAs were introduced into LNCaP cells, and 40 h later, cells were lysed, and
endogenous p53 as well as other proteins were examined by immunoblot analysis. The effectiveness of siRNA for PIAS1 or -3 was shown by the reduction of
PIAS1 or -3 in 293T cells transfected with the expression plasmid alone or with the respective siRNA shown in the lower panel. F, down-regulation of p53 by
overexpression of SKI can be reversed by a reduction of PIAS3. Expression plasmids for SKI and siRNAs were introduced into HEK293 cells, and 40 h later, cells
were lysed, and endogenous p53 and MDM2 were examined by immunoblot analysis.
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is its connectionwithTGF� signaling by its physical interaction
with and inhibition of transcriptional activation by Smad pro-
teins (13–15). It has also been found that SKI is capable of inhib-
iting transcriptional repression mediated by retinoblastoma
tumor suppressor through complex formation (48). Its connec-
tion with Sirt1 and SKIP provides additional possibilities that
potentially underlie its transforming capability (49, 50). We
provided evidence that SKI can interact with the central com-
ponent of cellular sumoylation machinery, Ubc9, and enhance
Ubc9-mediated protein sumoylation. More specifically, SKI
can enhance PIAS1- and PIAS3-mediated sumoylation of
MDM2 and in this manner increaseMDM2 levels and enhance
MDM2-mediated p53 ubiquitination and proteasomal degra-
dation. This is themost direct route for SKI to neutralize one of
the essential tumor suppressor proteins in the cell and likely the
major molecular mechanism that is responsible for its ability to
cause cellular transformation.

A lack of transformation of mammalian cells by SKI raises an
intriguing question. Overexpression ofMDM2 has been shown
to readily collaborate with several oncogenes to cause cellular
transformation (51), and if SKI is capable of enhancingMDM2,
then it should also readily collaborate with other oncogenes to
cause transformation. Yet repeated attempts to demonstrate
the transforming capability of Ski in mammalian cells yielded
inconclusive results at best. Indeed, there are several reports
suggesting that SKI is a tumor suppressor rather than an onco-
protein. For example, mouse embryo fibroblasts with a haploid
deficiency of Ski grow faster in culture than cells with wild type
Ski (52). In light of our evidence that SKI interacts with and
enhances the activity of Ubc9, we can now rationalize the trans-
forming ability of SKI in this broad context of cellular sumoy-
lation. In this regard, p53 has also been shown to be sumoylated
(53), and SKI can also enhance its sumoylation in mammalian
cells through overexpression (supplemental Fig. 4). If sumoyla-

FIGURE 5. SKI positively regulates Ubc9 both in vivo and in vitro. A, SKI can directly interact with Ubc9. Approximately equal amounts of GST or GST-Ubc9
protein was mixed with lysate prepared from 293T cells with expression of FLAG-SKI, FLAG-SKI(ARPG), or control transfection. The GST fusion protein was
retrieved with glutathione-Sepharose beads and washed three times with lysis buffer. The bead-bound proteins were analyzed by immunoblot (IB) analysis
with anti-FLAG antibody to reveal the presence of SKI/ARPG protein in the GST-Ubc9 pulldown. The exposure time for the lysate protein was about 1/10 of that
for the pulldown. In the lower panel, LNCaP cells were treated with paraformaldehyde for 10 min before collection, and lysed and immunoprecipitated (IP) with
anti-Ubc9 antibody or control antibody. The immunoprecipitates were analyzed together with 10 �g of input lysate with SDS-PAGE followed by immunoblot
with anti-SKI antibody or antibody for heavy chain. B, SKI enhances Ubc9 sumoylation in vivo. 293T cells were transfected with various plasmids, and the Ubc9
protein was immunoprecipitated with anti-Ubc9 antibody followed by immunoblot with anti-FLAG antibody to reveal the extent of the Ubc9 sumoylation.
C, SKI enhances Ubc9-mediated sumoylation in vivo. 293T cells were transfected with various combinations of expression plasmids, and in vivo sumoylation was
determined by immunoblot analysis with anti-FLAG antibody using the total lysate after SDS-PAGE. D, purified SKI and SKI(ARPG) protein. SKI and SKI(ARPG)
were first immunoprecipitated with anti-FLAG antibody from 293T cells expressing FLAG-Ski or FLAG-Ski(ARPG), and then the immunoprecipitates were
washed and incubated with FLAG peptide. The proteins were then quantitated by immunoblot with anti-FLAG antibody. E, SKI increases thioester bond
formation of Ubc9 in vitro. 30 ng of Ubc9 protein was mixed with 60 ng of E1, 250 ng of His6-Sumo1, and purified SKI/ARPG protein in 15 �l at 37 °C for 30 min.
The reaction mixture was then separated by SDS-PAGE in the presence or absence of DTT in the sample buffer followed by immunoblot analysis with anti-Ubc9
antibody. F, SKI increases mono-sumoylation of Ubc9 in vitro. 10 ng of GST-Ubc9 protein was mixed with 110 ng of E1, 600 ng of His6-Sumo1 as in E followed
by immunoblot analysis with anti-Ubc9 antibody. The designation of Ubc9 conjugated with one SUMO1 molecule is based on its molecular weight increase
and resistance to DTT.
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tion can compete against ubiquitination, it is conceivable that
SKI in thismanner can also enhance p53 stability. Thus, SKI can
cause opposing effects in regulating p53 activity. On the one
hand, more MDM2 sumoylation leads to more protein and
activity and thus a reduced p53 level; on the other hand, SKI can
directly enhance the p53 level through sumoylation-mediated
stabilization or other p53 activities. It is likely that this opposing
activity on p53 weakens the potency of SKI in causing cellular
transformation and limits its target cells only to avian embryo
fibroblast cells. Moreover, it is conceivable that in a certain
cellular context, SKI favors the p53 sumoylation, resulting in
enhanced tumor suppressor activity, and thus SKI in this fash-
ion acts as a tumor suppressor rather than an oncoprotein. The
precise molecular circuitry that dictates the ultimate activity of
SKI is not clear; nevertheless, our novel finding will provide a
molecular guide to unravel its role in a particular biological
context.
In contrast to cellular ubiquitination machinery, there are a

limited number of core components mediating protein sumoy-
lation. There are so far one SUMO-activating enzyme E1 and
one conjugating enzyme E2, and a handful of SUMO E3s,
including PIAS1–4, Polycomb protein Pc2, and RanGAP1. A
recent report of the TRIM protein family likely will expand the
SUMO E3 family (54). As with many cellular enzymes, there
will be positive and negative regulators for their functions.
RSUME andASF2 have been shown to positively regulate Ubc9
activity, althoughwith distinctmolecularmechanisms. RSUME
acts as an enhancer for Ubc9 activity leading to increased
SUMO-Ubc9 thioester bond formation (24), although ASF2
does not lead to enhanced thioester bond formation while aug-
menting substrate sumoylation byUbc9 (25). In this regard, SKI
is shown to both enhanceUbc9-SUMO1 thioester bond forma-
tion as well as sumoylation of Ubc9 itself. Because it is known
that Ubc9 sumoylation can alter substrate sumoylation, it is
conceivable that SKI can indirectly alter substrate sumoylation
in a more dramatic manner by also enhancing thioester bond
formation thus providing more SUMO donor. In this regard,
SKI can also be viewed as a SUMO E3 for Ubc9.
We have provided evidence that oncoprotein SKI can inter-

act withUbc9 protein, and up-regulateMDM2 activity through
enhanced sumoylation with a consequent down-regulation of
the p53 level. This activity of SKI likely is a major determinant
of its transforming ability as it directly links to the central tumor
suppressor, p53, in the cell. This finding suggests that in tumors
where SKI is overexpressed but the p53 protein is intact, SKI
may contribute to tumor initiation and progression through
down-regulation of p53 via increased sumoylation. At the same
time, a reduction of cellular sumoylation cascademight provide
therapeutic benefits in causing inactivation of MDM2 protein
with a reactivation of p53.
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