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Summary

The proteins SKI and SnoN are implicated in processes as diverse as differentiation, transformation and tumor
progression. Until recently, SKI was solely viewed as a nuclear protein with a principal function of inhibiting
TGF-β signaling through its association with the Smad proteins. However, new studies suggest that SKI plays
additional roles not only inside but also outside the nucleus. In normal melanocytes and primary non-invasive
melanomas, SKI localizes predominantly in the nucleus, whereas in primary invasive melanomas SKI displays both
nuclear and cytoplasmic localization. Intriguingly, metastatic melanoma tumors display nuclear and cytoplasmic
or predominantly cytoplasmic SKI distribution. Cytoplasmic SKI is functional, as it associates with Smad3 and
prevents its nuclear localization mediated by TGF-β. SKI can also function as a transcriptional activator, targeting
the β-catenin pathway and activating MITF and NrCAM, two proteins involved in survival, migration and invasion.
Intriguingly, SKI appears to live a dual life, one as a tumor suppressor and another as a transforming protein. Loss
of one copy of mouse ski increases susceptibility to tumorigenesis in mice, whereas its overexpression is associated
with cancer progression of human melanoma, esophageal, breast and colon. The molecular reasons for such dramatic
change in SKI function appear to result from new acquired activities. In this review, we discuss the mechanisms by
which SKI regulates crucial pathways involved in the progression of human malignant melanoma.

1. The dual life of SKI as tumor suppressor and
tumor promoter

The ski oncogene was originally identified as the
transforming gene, v-ski, of the defective SKV avian
carcinoma viruses (Reviewed in [1]). ski encodes a
transcriptional co-regulator that induces both transfor-
mation and muscle differentiation in avian fibroblasts.
Ski’s biological duality is mirrored by its transcrip-
tional activities: it coactivates or corepresses transcrip-
tion depending on its interactions with other transcrip-
tion factors and the cellular context [2]. The human SKI
protein consists of 728 aminoacids (Figure 1). Struc-
tural domains include from the amino-terminus, a pro-
line rich area (amino acids 61–89), helix-loop-helix
motifs, a cysteine/histidine rich area, a region of basic
amino acids, and a leucine zipper-like domain. SKI in-
teracts with several proteins including Smad 2, 3 and 4,
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MeCP2, RB, the SKI-associated protein SKIP, mSin3,
and N-CoR (reviewed in [3]. Additional protein part-
ners include the homeodomain-interacting protein ki-
nase 2 (HIPK-2), which represses BMP-induced tran-
scriptional activation in association with Ski [4], and
FHL2, a transcriptional regulator of the β-catenin sig-
naling pathway [5,6].

The N-terminal region of SKI is common with v-
ski and SnoN proteins. In particular, the Dachshund
homology domain (DACH) consists of 100 amino
acids that contain a conserved CLPQ motif. Crys-
tallographic analysis of the DACH domain of SKI
suggests that it is utilized for protein-protein inter-
actions [7]. This region is involved in N-CoR, SKIP
and FHL2 binding (Figure 1). Thus, SKI could po-
tentially form alternative complexes with these pro-
teins, and thus, multiply its repressor and activator
activities.
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Figure 1. The SKI protein. Cartoon depicting motifs and domains required for different SKI protein-protein associations. Pro: a proline rich
domain; Zn: a leucine zipper-like domain; AHs: helix-loop-helix motifs; Basic: a region of basic amino acids; αH: a unique tandem repeats
of alpha helical domains which is involved in the dimerization of the SKI family through coiled-coil interactions. Arrowheads indicate three
tandem repeats of 25 amino acids located at residues 572–645. SKI-HD: SKI homodimerization domain. SKI domains required for association
with multiple proteins are indicated by a double arrow line. Lysine 572 localizes within a SUMOylation consensus site.

SKI protein levels correlate with human melanoma
[8], esophageal squamous cell carcinoma [9] and cer-
vical carcinoma [10] tumor progression. In addition,
SKI levels are a prognostic marker in early colorectal
cancer [11], whereas levels of the Ski-related novel
protein N (SnoN) are a prognostic marker in estro-
gen receptor-positive breast carcinomas [12]. These
results contradict recent findings proposing that SKI
functions as a tumor suppressor. Loss of one copy of
ski increases susceptibility to tumorigenesis in mice.
In addition, mouse embryonic fibroblasts derived from
ski−/− mice (MEFs) display increased proliferative ca-
pacity, whereas overexpression of Ski suppressed pro-
liferation. The human SKI gene maps to a region close
to the p73 tumor suppressor gene at the 1p36.3 locus,
which is already known to contain multiple uncharac-
terized tumor suppressor genes. Recent evidence sug-
gests that human SKI could also function as a tumor
suppressor. For example, SKI represses the oncogenic
activation of c-Myb [13], a transcription factor asso-
ciated with myeloid leukemia [14] and cysplatin re-
sistance in colon cancer [15]. In addition, Ski acts as a
co-repressor of RB, a critical cell cycle regulator. How-
ever, high levels of SKI inactivate the repressor function
of RB, an event strongly associated with human can-

cers. Together, these results suggest that high levels of
SKI could result in the displacement of other proteins
and/or association with proteins to which it normally
does not bind, and in doing so, it changes its activity
from tumor suppressor to a transforming protein.

But how are SKI levels regulated? SKI appears to
be transcriptionally upregulated in human melanoma
[16]. Considering that the subtelomeric localization of
human SKI is conserved in chimpanzee, mouse, and rat
homologues (data not shown), it is likely that this gene
may be epigenetically regulated. Alternatively, or in
addition, other transcriptional events and SKI protein
stability may also be differentially regulated in normal
versus tumor cells.

Subcellular localization, association with different
protein partners and post-translational modifications
can dramatically change protein function. A second
level of regulation of SKI activity is its subcellular
distribution. Until recently, SKI and the highly ho-
mologous protein snoN were solely viewed as nu-
clear proteins with a principal function of inhibit-
ing TGF-β signaling through their association with
the Smad proteins. In melanocytes and primary non-
invasive melanomas, SKI localizes predominantly in
the nucleus, whereas in primary invasive melanomas
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SKI displays both nuclear and cytoplasmic localiza-
tion. Furthermore, in metastatic melanoma tumors SKI
localizes to both nuclear and cytoplasmic, or predom-
inantly to the cytoplasmic compartment (Figure 2).
Cytoplasmic SKI associates with Smad3 and prevents
its nuclear localization mediated by TGF-β [8]. Ap-
parently, the protein C184M is responsible for re-
taining SKI in the cytoplasm through the formation
of complexes containing Smad proteins [17]. Thus,
SKI plays additional roles outside the nucleus, most
likely, through the formation of novel protein-protein
associations.

2. SKI is necessary and sufficient for repressing
TGF-β signaling in human melanomas

The TGF-β pathway usually functions to suppress cel-
lular proliferation, and transformation. We and others
have recently found that SKI associates with Smad2
and Smad3 and counteracts their activation of gene ex-
pression in response to TGF-β (reviewed in [3]). The
SKI-interacting domains of Smad2 and Smad3 reside
within the MH2 regions [18,19], which also contain
their interaction with TGF-β receptors, oligomeriza-
tion, interaction with histone acetyltransferases and
transcription factors (Figure 3) [20,21]. SKI represses
TGF-βgignaling by modifying Smad activity through
the use of apparently redundant mechanisms. SKI dis-
places p300/CBP coactivators from Smad complexes
[22], it prevents the nuclear translocation of Smad3 af-
ter TGF-β treatment [8], it prevents ligand-dependent
phosphorylation of Smad2 and Smad3 [23], and stabi-
lizes inactive Smad complexes on Smad-binding ele-
ments [24].

Importantly, SKI is necessary and sufficient for
repressing TGF-β signaling in human melanomas.
Down-regulation of SKI protein levels by antisense
SKI vectors [8] or RNAi technology (Chen and
Medrano, unpublished) inhibits melanoma cell growth
and clonogenicity and restores TGF-β-mediated
growth inhibition. These results highlight the critical
role SKI plays in melanoma proliferation and suggest
that cessation of melanoma cell proliferation can be
readily achieved by targeting SKI. Furthermore, such
approach can be clinically relevant, since growth inhi-
bition occurs in spite of likely BRAF mutations, and
event associated with melanoma genesis and progres-
sion [25].

Figure 2. Overexpression and variable intracellular localization of
SKI during melanoma progression in vivo. (A) Malignant melanoma
in situ (intraepidermal melanoma) demonstrating strong nuclear
labeling of the melanoma cells. (B) Nodular primary invasive
melanoma with many, but not all, of the tumor cells labeled in a nu-
clear pattern. (C) Metastatic melanoma with strong, predominantly
cytoplasmic labeling. All panels immunolabeled for SKI, Fast Red
chromogen, brief hematoxylin counterstain, original magnification
×436 (A and C), ×218 (B).



268 Reed et al.

Figure 3. SKI associates with Smad proteins and FHL2 in melanoma
cells. (A) SKI disrupts TGF-β signaling by associating with the Smad
proteins (modified from [19,58]. (B) Association of SKI with FHL2
links SKI with the β-catenin pathway (modified from [32,34]).

3. SKI is a potent inhibitor of the retinoblastoma
(RB) protein

Ski directly interacts with the retinoblastoma pro-
tein (RB), forming complexes containing mSin3 and
HDAC1. Overexpression of SKI can partially represses
RB activity [26]. However, SKI in association with the
Ski-interacting protein 1 (Skip1) can completely over-
come the G1 arrest and senescent morphology induced
by RB [27]. These results suggest that high levels of
SKI can also alter cellular senescence induced by RB
complexes containing the PML protein [28]. Thus, high
levels of SKI can cause lesions in the RB pathway simi-
lar to deletions or mutations of p16INK4a, an event asso-
ciated with mouse and human melanoma genesis and/or
progression (reviewed in [29–31]).

4. SKI is a potent activator of the β-catenin-
signaling pathway in human melanoma

4.1. FHL2: A SKI enigmatic partner

A yeast two hybrid screen identified FHL2/DRAL,
as a SKI-binding protein [32]. The acronym LIM

derives from Lin-11, I sl-1, and Mec-3, three
transcription factors in which a specific motif,
LIM, was originally described [18,33]. LIM do-
mains are characterized by the cysteine-rich consen-
sus CX2CX16−23HX2CX2CX2CX16−21CX2−3(C/H/D)
[34], and function as adapters and modifiers in protein
interactions [35]. FHL2 also functions as a co-repressor
or co-activator depending on the promoter and/or cel-
lular context [5] FHL2 has been found to interact with
many proteins including the androgen receptor [17,36],
hCDC47, a member of the minichromosome mainte-
nance protein family regulating DNA replication [37],
presenilin 2 [17,36,38], RNA recognition motifs [39],
DNA-binding nuclear protein hNP220 [40], TUCAN-
CARDINAL [41], the promyelocytic leukemia zinc fin-
ger protein [42], β-catenin [5,6,17,36], titin, and vari-
ous metabolic enzymes [43], and BRCA1 [44] among
others. Transfected FHL2/DRAL displays intriguing
apoptotic functions in several cell lines [45] including
melanoma [32]. SKI blocks FHL2-mediated apoptosis,
by turning FHL2 into a growth-stimulator for mouse
melanocytes and human melanoma cells [32].

4.2. SKI activates MITF and Nr-CAM, inducing
proliferation and migration of mouse melanocytes
and human melanoma cells

The mitf gene, originally cloned from a transgenic in-
sertional mutation at the mouse microphthalmia locus,
encodes a basic-helix-loop-helix/leucine zipper protein
critical for melanocyte cell-fate choice during com-
mitment from pluripotent precursor cells in the neu-
ral crest (Reviewed in [46]). MITF cooperates with
LEF-1, a key transducer of the Wnt signal, to trans-
activate the dopachrome tautomerase (DCT) gene pro-
moter [47,48]. The DCT protein is an early melanoblast
marker and a mediator of the melanoma-specific re-
sistance to cis-diaminedichloroplatinum [47,49]. Thus,
activation of the β-catenin pathway and MITF expres-
sion appears to be essential for growth and survival
of melanoma cells. We demonstrated that SKI is a
more potent activator of MITF than β-catenin. SKI
also targets Nr-CAM, a protein involved in prolifer-
ation, motility and tumorigenicity [50].

5. Conclusions

Resistance of cancerous cells to TGF-ß has been linked
to mutations in genes involved in the TGF-ß signaling
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pathway, including TGF-ß receptors I and II, Smad2,
or Smad4 (reviewed in [51]). However, melanoma tu-
mors appear to have escaped the pressure for such mu-
tations [52] by developing high levels of the SKI pro-
tein. Melanoma cells constitutively produce TGF-β1;
high levels of SKI prevent the autocrine and negative
effects of TGF-β, but not its paracrine effects on the tu-
mor stroma that result in increased deposition of extra-
cellular matrix protein in the interstitium of the tumor
[53]. These observations are important, as the tumor-
associated reactive stroma is beginning to be appre-
ciated as a critical component for the tumor’s evolu-
tion [54]. Furthermore, recent evidence suggests that
the volume of reactive stroma in prostate tumors is a
significant predictor of disease-free survival [55]. Be-
cause stroma is an integral component of all carcinoma
tumors, a combination of Breslow and stromal scor-
ing could also become a better predictor for melanoma
evolution.

Compared to other transforming proteins including
myc, ras and Sarc, we are only beginning to appreci-
ate that SKI is aberrantly expressed in an ever growing
number of human tumors. Because of the mechanis-
tic link of SKI with TGF-β and β-catenin, it is be-
coming clear that SKI could be a powerful driver of
melanoma tumor progression. β-catenin/TCF activity
functions as a “master switch” and oncogene by con-
trolling proliferation versus differentiation in epithelial
cells (reviewed in [56,57]. Exploring further how SKI
regulates this pathway in melanomas will be an impor-
tant step for understanding the role of Wnt signaling in
melanoma evolution.

Also, use of improved ChIP on Chip technologies
should help define in the future a SKI-induced tran-
scriptome in several human cancers overexpressing this
protein. This will be crucial for unraveling additional
pathways regulated by SKI and also for understanding
how the cellular context regulates SKI function. In ad-
dition, determining whether SKI inactivation can dis-
rupt melanoma tumor progression in vivo will be impor-
tant for defining the pathogenesis of human melanoma
and for designing new treatments for this disease.

6. Key unanswered questions

There are many intriguing questions begging for an-
swers. We do not fully understand the biological con-
sequences of cytoplasmic only SKI expression. Nei-
ther know we why SKI is retained in the cytoplasm

Figure 4. A model for SKI-regulated pathways involved in progres-
sion of human melanoma.

of some metastatic melanoma tumors. We also know
virtually nothing regarding post-translational modifi-
cations of the SKI protein. SUMO, a small ubiquitin-
related modifier, is known to covalently attach to a num-
ber of nuclear regulatory proteins such as p53, IkappaB,
promyelocytic leukemia protein and c-Jun. Preliminary
experiments suggest that SKI can be SUMOylated in
melanoma cells (Lin and Medrano, unpublished re-
sults) (Figure 1). The potential sumoylation site on
Lys572 resides within the region involved in dimer-
ization of the SKI family. Is SUMOylation required
for homodimerization or heterodimerization and/or re-
quired for extending SKI protein half-life (Figure 4)? It
will also be important to determine whether phospho-
rylation plays any role in SKI function and localization.
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