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Abstract
Many biological processes such as cell proliferation, differentiation, and cell death depend
precisely on the timely synthesis and degradation of key regulatory proteins. While protein
synthesis can be regulated at multiple levels, protein degradation is mainly controlled by the
ubiquitin—proteasome system (UPS), which consists of two distinct steps: (1) ubiquitylation of
targeted protein by E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme and E3
ubiquitin ligase, and (2) subsequent degradation by the 26S proteasome. Among all E3 ubiquitin
ligases, the SCF (SKP1-CUL1-F-box protein) E3 ligases are the largest family and are responsible
for the turnover of many key regulatory proteins. Aberrant regulation of SCF E3 ligases is
associated with various human diseases, such as cancers, including skin cancer. In this review, we
provide a comprehensive overview of all currently published data to define a promoting role of
SCF E3 ligases in the development of skin cancer. The future directions in this area of research are
also discussed with an ultimate goal to develop small molecule inhibitors of SCF E3 ligases as a
novel approach for the treatment of human skin cancer. Furthermore, altered components or
substrates of SCF E3 ligases may also be developed as the biomarkers for early diagnosis or
predicting prognosis.
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INTRODUCTION
The ubiquitin—proteasome system provides one of the key mechanisms regulating cellular
protein homeostasis. Ubiquitylation occurs through three sequential steps in cells. Ubiquitin
(Ub) is first activated by the E1 ubiquitin-activating enzyme in an ATP-dependent manner.
The activated Ub is subsequently transferred to an E2 ubiquitin-conjugating enzyme and
then attached to a target protein, catalyzed by an E3 ubiquitin ligase. The targeted protein
can be mono-ubiquitylated with one ubiquitin attachment or polyubiquitylated with multiple
ubiquitin attachments in different linkages. Mono-ubiquitylation controls numerous cellular
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processes such as receptor transport, virus budding, signal transduction, and DNA damage
repair (Ikeda and Dikic, 2008), whereas polyubiquitylation could either alter protein
function if the ubiquitin linkage is through K63 (Chen and Sun, 2009), or lead to
degradation by the 26S proteasome if the linkage is through K48 (Hershko and Ciechanover,
1998) (Fig. 1). The polyubiquitin chains can be disassembled by deubiquitylation enzymes
(DUBs, also known as isopeptidases) for recycling (D’Andrea and Pellman, 1998).
Therefore, ubiquitylation is a dynamic, reversible, and covalent modification of targeted
proteins.

The human genome encodes two E1 ubiquitin-activating enzymes, at least 38 E2 ubiquitin-
conjugating enzymes, and more than 600 distinct E3 ubiquitin ligases (Ye and Rape, 2009).
The largest family of E3 ubiquitin ligases is the SCF E3 ligases, which is conserved among
eukaryotic cells from yeast to humans, and consists of four structural and functional
components: (1) an adaptor protein SKP1, (2) a scaffold protein Cullin-1 (CUL1), (3) a
substrate-recognizing F-box protein, and (4) a RING protein RBX1 or RBX2 (Fig. 2). All
SCF E3 ligases share a similar structure in which CUL1 binds to SKP1 and an F-box protein
at the N-terminus and a RING protein RBX1 or RBX2 at the C-terminus (Zheng et al.,
2002). Substrate specificity of SCF E3 ligases is determined largely by the F-box protein,
which usually recognizes phosphorylated target protein (Jin et al., 2004), whereas CUL1-
RBX1 or CUL1-RBX2 constitutes the core ligase activity, catalyzing the transfer of the
ubiquitin from an E2 to the substrate (Wu et al., 2000) (Fig. 2). By promoting targeted
degradation of many key regulatory proteins, SCF E3 ligases play the critical roles in many
biological processes, including cell cycle progression, DNA replication, signal transduction,
and development (Nakayama and Nakayama, 2006; Deshaies and Joazeiro, 2009). SCF E3
ligases are altered in many human cancers, and thereby have been emerging as attractive
anticancer targets (Sun, 2006; Jia and Sun, 2011).

Notably, aberrant regulation of SCF E3 ligases is clinically related to a broad range of
human cancers including skin cancer (Jia and Sun, 2011). Importantly, skin cancer is a
common human cancer with over 1 million new cases yearly in the USA (Siegel et al.,
2012). Melanoma and non-melanoma are two major types of skin cancer with non-
melanoma cancer including carcinoma of basal cells, squamous cells, and merkel cells
(Leiter and Garbe, 2008). Ultraviolet (UV) radiation from the sun exposure is the primary
cause of skin cancer (Rosso et al., 1998; Einspahr et al., 2003; Saladi and Persaud, 2005).
Additional factors, including smoking, ionizing radiation, environmental carcinogens, and
human papillomavirus (HPV) infections also contribute significantly to the development of
skin cancer (Saladi and Persaud, 2005). Here, we will review and summarize the up-to-date
experimental data to support the notion that SCF E3 ligases play a critical role in promoting
skin carcinogenesis, and thus are attractive therapeutic targets for the treatment of skin
cancer.

ROLE OF THE RING COMPONENT IN SKIN CANCER
In mammals, the RING component of SCF has two family members, namely RBX1 (RING
box protein 1), also known as ROC1 (regulator of Cullins-1), and the closely related RBX2
or ROC2 (Wei and Sun, 2010), also known as SAG (sensitive to apoptosis gene) (Duan et
al., 1999; Sun et al., 2001). The function of RBX is to bring the ubiquitin-loaded E2 into
close proximity to the targeted substrate. Both RBX1 and RBX2/SAG are highly conserved
during evolution from yeast to human (Sun et al., 2001; Wei and Sun, 2010). Earlier studies
from multiple research groups including us have reported that targeted deletion of Hrt1, the
only yeast homolog of RBX1/RBX2, causes yeast death, which can be completely rescued
by either human RBX1 orSAG (Ohta et al., 1999; Seol et al., 1999; Swaroop et al., 2000).
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Functionally, both family members are actively involved in the ubiquitylation and
degradation of both cytoplasmic and nuclear proteins (Jia et al., 2009; Wei and Sun, 2010).

RBX1/ROC1, was initially cloned in 1999 by four different laboratories as an essential
component required for full activity of SCF E3 ligases (Kamura et al., 1999; Ohta et al.,
1999; Seol et al., 1999; Tan et al., 1999). Although RBX1 is overexpressed in various
cancers, including carcinomas derived from liver, kidney, lung, and breast (Clifford et al.,
2001; Jia et al., 2009; Yang et al., 2013), very little is currently known about the potential
pathological involvement of RBX1 in skin cancer. To this end, a recent association study
correlated the expression of ROC1 with one of its known substrates, cyclin D1 in 62 cases of
primary melanomas and 58 cases of compound melanocytic nevi (Nai and Marques, 2011).
The authors found a higher ROC1 expression in nevi than in melanomas, which was just
opposite for cyclin D1 expression (Nai and Marques, 2011). The study established an
inverse relationship between the expressions of ROC1 and cyclin D1, and implied that
ROC1 may play an antiproliferative role in part by targeting cyclin D1 for degradation in
nevi, which is attenuated during melanomagenesis.

SAG/RBX2/ROC2 was originally cloned in our laboratory as an antioxidant protein (Duan
et al., 1999; Swaroop et al., 1999) and later characterized as the second member of the
RING component of SCF E3 ubiquitin ligases (Swaroop et al., 2000). SAG regulates cell
proliferation, apoptosis, vasculogenesis, and tumorigenesis by targeting the degradation of
many critical cellular regulators including c-Jun (Gu et al., 2007a; Gu et al., 2007b), IκBα
(Gu et al., 2007a; Tan et al., 2010), HIF-1α (Tan et al., 2008), NF1 (Tan et al., 2011b),
procaspase (Tan et al., 2006), p27 (He et al., 2008), NOXA (Jia et al., 2010), and DEPTOR
(Zhao et al., 2011).

Our early study using a mouse JB6 epidermal cell culture model, representing a
preneoplastic-to-neoplastic progression (Colburn et al., 1979; Sun et al., 1994), clearly
showed that ectopic expression of SAG inhibits TPA-induced neoplastic progression,
whereas conversely, siRNA silencing of SAG promotes it (Gu et al., 2007b). Further
mechanistic studies revealed that SAG promotes the targeted degradation of c-Jun, leading
to AP-1 inactivation, thus abrogating TPA-induced neoplastic transformation, a process that
requires AP-1 activation (Gu et al., 2007b). We further extended this in vitro cell culture
observation into an in vivo mouse transgenic model through which we found that SAG
regulated skin tumorigenesis in a stage-dependent manner. Specifically, we generated two
independent lines of FVB/N mice with SAG transgenic expression specifically in skin
epidermis, driven by a well-characterized K14 promoter (Gu et al., 2007a). In a classic
DMBA/TPA two-stage skin carcinogenesis model, SAG transgenic expression suppressed
hyperplasic proliferation at the early stage, leading to a longer latent period for tumor
formation, but promoted tumor growth at the late stage, giving rise to larger sized tumors.
Consequently, SAG transgenic expression led to the formation of fewer number of, but
bigger size of tumors. Mechanistic studies revealed that the early stage suppression was
mediated largely by SAG-induced c-Jun degradation and subsequent AP1 inactivation,
whereas the later stage promotion of tumorigenesis was mediated in part by SAG-induced
IκB degradation and subsequent NF-κB activation, leading to the blockage of cellular
apoptosis (Gu et al., 2007a) (Fig. 3).

We also used the JB6 epidermal cell culture model to further determine the responsiveness
to UV-irradiation and found that ectopic expression of SAG significantly increases the
resistance of epidermal JB6-C1.41 cells to UVB-induced apoptosis, as indicated by the loss
of apoptotic cells, and by the absence of both caspase-3 activity and sub-G1 cell populations
(He et al., 2008). Using the same transgenic model, we found that SAG transgenic
expression promotes UVB-induced skin hyperplasia, but not tumor formation. Subsequent
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mechanistic studies revealed that SAG, on one hand, promotes c-Jun degradation to
inactivate AP1 DNA binding and transactivation (anti-proliferating effect), whereas, on the
other hand, it promotes p27 degradation (pro-proliferating effect) (He et al., 2008). The net
outcome of hyperplasia as a result of these two opposite effects suggests that p27 plays a
bigger role than c-Jun in the response of SAG transgenic skin to UVB exposure (Fig. 3).
Given the fact that SAG is over-expressed in a number of human cancers which correlates
with poor patient prognosis (Wei and Sun, 2010; Jia and Sun, 2011) and that SAG promotes
the development of skin cancer (Gu et al., 2007a), targeting SAG E3 ligase might be a valid
therapeutic option for the effective treatment of human skin cancers (Sun and Li, 2012).

ROLE OF CULLIN-1 IN SKIN CANCER
CUL1, the first member of the Cullin family (Sarikas et al., 2011), was first identified in
1996 as being required for cell cycle exit in Caenorhabditis elegans (Kipreos et al., 1996)
and for the G1-to-S-phase transition in budding yeast (Mathias et al., 1996). CUL1 acts as
the molecular scaffold to constitute the intact, functional SCF E3 ligases (also known as
Cullin-RING ligase-1, CRL1) (Sarikas et al., 2011; Zhao and Sun, 2012a). Aberrant
expression of CUL1 was found in a number of human cancers which is closely associated
with poor patient prognosis (Salon et al., 2007; Bai et al., 2011). Thus, CUL1 and associated
SCF E3 ligases appear to be attractive anti-cancer targets (Nalepa et al., 2006; Jia and Sun,
2011; Zhao and Sun, 2012a).

Few studies from the same laboratory were reported to define a pathological role of CUL1 in
melanoma. Through the immunohistochemical staining, the authors showed that both
cytoplasmic and nuclear CUL1 levels are increased at the early stages of melanoma
development (between dysplastic nevi and primary melanoma), but no significant difference
was observed between primary and metastatic melanoma (Chen et al., 2010). CUL1
expression was also characterized as one of the significant biomarkers which may be used to
discriminate melanoma from dysplastic nevi (Zhang and Li, 2012). On the other hand,
CUL1 levels correlate with neither age, gender, tumor thickness, ulceration, tumor subtype
and sites, nor the patient survival (Chen et al., 2010). Nevertheless, this correlation/
association study should be followed with skin-specific transgenic and knockout mouse
models to elucidate potential causal relationship between altered CUL1 and
melanomagenesis.

The in vitro cell culture work showed that knockdown of CUL1 inhibits melanoma cell
growth by arresting cells at the G1 phase, likely through p27 accumulation, resulting at least
in part from blockage of the functional SKP2-SCF E3 ligase (Chen and Li, 2010). However,
no rescue experiment via simultaneous knockdown of CUL1 and p27 was performed to
confirm the causal role of p27 in this experimental setting. Finally, although it is out of the
scope of this review, it is worth noting that skin-specific deletion of Cul-4a, another member
of the Cullin family, rendered mice much more resistant to UVB-induced skin
carcinogenesis, implying that Cul-4A associated CRL4 E3 ligase complex is also an
attractive therapeutic target for skin cancer (Liu et al., 2009).

ROLE OF THE F-BOX PROTEINS IN SKIN CANCER
The F-box proteins are the substrate recognizing subunits of SCF E3 ligases, thus
determining the substrate specificity of SCF E3 ligases (Deshaies and Joazeiro, 2009).
Although the human genome encodes 69 F-box proteins (Jin et al., 2004), only three F-box
proteins are well-defined, namely β-transducin repeats-containing proteins (b-TrCP), S-
phase kinase-associated protein 2 (SKP2) and FBXW7. We will focus on these three F-box
proteins to review their potential involvement in skin cancer.
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β-TrCPs
Human β-TrCP, originally identified as a cellular ubiquitin ligase that is bound by the HIV-1
Vpu viral protein for targeted degradation of cellular CD4 (Margottin et al., 1998), has two
family members, β-TrCP1 and β-TrCP2 (Koike et al., 2000). The β-TrCPs are highly
conserved from Xenopus to human and contain at the N-terminus an F-box domain which
facilitates their binding to SKP1 and CUL1 and at the C-terminus a WD40 repeat domain for
substrate recognition (Fuchs et al., 2004). SCFβ-TrCP E3 ligase promotes the degradation of
many key regulatory proteins, including IκB, β-catenin, cyclin D1, p53, MCL1,
Procaspase-3, WEE1, and CDC25, among many others (Skaar et al., 2009) as well as
DEPTOR (Duan et al., 2011; Gao et al., 2011; Zhao et al., 2011), a newly identified
naturally occurring inhibitor of mTORC1 and mTORC2 (Peterson et al., 2009). In most
cases, β-TrCPs functions as oncogenes, whereas in a few others, they have displayed tumor
suppressive functions. These opposite functions are determined by the cell context as well as
spatially and temporally dependent degradation of tumor suppressors or onco-proteins
(Frescas and Pagano, 2008; Skaar et al., 2009).

Although neither mutations nor complete loss of expression of β-TrCP were detected in
malignant melanomas (Reifenberger et al., 2002) or in cutaneous basal cell carcinomas
(Wolter et al., 2003), overexpression of β-TrCP1 (Gu et al., 2007a) and β-TrCP2 (also
known as HOS) (Bhatia et al., 2002) was found in DMBA/TPA-induced mouse skin
papillomas. Interestingly, overexpression of β-TrCPs coincides with the accelerated
degradation of IκB in vivo, suggesting that NF-κB activation mediated by β-TrCPs
contributes to skin papillomagenesis (Bhatia et al., 2002; Gu et al., 2007a). Furthermore,
TPA exposure decreases the protein levels of tumor suppressor Pdcd4 in mouse skin
papillomas and keratinocytes, which appears to be mediated by β-TrCP (Schmid et al., 2008)
as well. It has been previously shown that upon phosphorylation by S6K1 or ERK, PDCD4
is recognized by β-TrCP, followed by targeted degradation (Dorrello et al., 2006; Schmid et
al., 2008). Thus, targeted degradation of IκBα and PDCD4 by β-TrCP may contribute to the
development of skin squamous carcinoma (Fig. 4A).

In a transgenic mouse model, targeted expression of a dominant negative β-TrCP-ΔF in
mouse epidermis by K5 promoter attenuates UVB-induced edema, hyperplasia and
inflammatory response, and enhances UVB-induced apoptosis in mouse skin, suggesting
that β-TrCP confers skin proliferation and apoptosis resistance in response to UVB
irradiation (Bhatia et al., 2011a). Consistently, a cell culture study showed that inhibition of
β-TrCP by a dominant-negative β-TrCP2-ΔF in immortalized human keratinocytes increases
UVB-induced apoptosis in a manner independent of NF-κB and p53 (Bhatia et al., 2008).

In addition to its response to chemical and physical carcinogens, β-TrCP also responds to
active oncogenes. Specifically, ectopic expression of oncogenic BRAF (V660E) in
melanocytes enhances β-TrCP expression with concomitant increase in IκBα degradation
(Liu et al., 2007). Conversely, blockage of BRAF signaling by a small molecular inhibitor or
by BRAF siRNA knockdown in melanoma cells reduces β-TrCP expression with subsequent
IκBα stabilization and NF-κB inactivation, leading to apoptosis sensitization (Liu et al.,
2007). On the other hand, a recent study showed that silymarin, a plant flavonoid derived
from Silybum marianum, actively suppresses migration and invasion of human melanoma
cells in part through β-TrCP-mediated degradation of β-catenin, suggesting that β-TrCP may
act as a negative regulator of migration and invasion of melanoma cells (Vaid et al., 2011).
Thus, the role of β-TrCP will depend largely on its targeted substrates. Nevertheless, the
studies using both cell culture and transgenic mouse models support the notion that β-TrCP
plays a pivotal role in promoting skin carcinogenesis induced by chemical carcinogens and
UV irradiation and thereby may serve as a potential anticancer target for skin cancer
therapy.
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SKP2
SKP2 was first identified in 1995 as the second essential element of the cyclin A-CDK2 S
phase kinase (Zhang et al., 1995) and subsequently characterized as an SKP1-binding
protein to regulate cell cycle progression through ubiquitinmediated proteolysis (Bai et al.,
1996). SKP2 is a typical oncogene, which promotes the S phase entry by targeting p27
degradation (Carrano et al., 1999; Sutterluty et al., 1999; Tsvetkov et al., 1999). SKP2 is
overexpressed in many types of human cancers with corresponding reduction of p27 and
poor prognosis (Frescas and Pagano, 2008). During human melanomagenesis starting from
melanocytic proliferation to melanocytic nevi, then to melanoma in situ and primary
melanoma, and finally to metastatic melanoma, a progressive increase of SKP2 and loss of
p27 were observed (Li et al., 2004). Consistently, another study showed that reduced
expression of p27 is associated with melanoma development and progression (Alonso et al.,
2004). However, there is some degree of controversy in the literatures with regard to the
significance of subcellular expression of SKP2 in melanomas. Li et al. (2004) reported a
progressive increase and decrease of the nuclear SKP2 and p27, respectively, during
melanomagenesis from melanocytic nevi to metastatic melanoma. But neither SKP2 nor p27
nuclear expression has significant impact on patient prognosis. However, cytoplasmic
expression of SKP2 correlates with worse 10-year overall survival in patients with primary
melanoma (Li et al., 2004). In another independent study, Chen et al. (2011) reported that
cytoplasmic, but not nuclear, expression of SKP2 was gradually increased during
melanomagenesis and correlated with a poorer five-year survival of patients with primary
melanoma. In contrast, Woenckhaus et al. (2005) reported that nuclear SKP2 expression is
inversely correlated with p27 levels and clinically associated with increasing malignancy
and poorer patient survival. Expression of cytoplasmic SKP2, however, was detectable, but
decreased during the progression from nevi to superficial melanomas and to nodular
melanoma, but increased again in melanoma metastases (Woenckhaus et al., 2005). It is not
clear whether the discrepancy is derived from the use of different batches of SKP2
antibodies or different methods in tissue sample preparation. Nevertheless, none of these
three studies performed a systematic correlation analysis on the cytoplasmic expression
between SKP2 and p27. It is known that unlike nuclear p27, which functions as a tumor
suppressor, the SKP2-resistant cytoplasmic p27 acts as an oncogene (Serres et al., 2011).
Thus, the role of cytoplasmic SKP2 and p27 in melanomagenesis remains to be determined.

In addition to melanoma, an inverse relationship between SKP2 and p27 can also be found
in Merkel cell carcinoma (MCCs), an aggressive form of skin malignancy often associated
with virus infections (Bhatia et al., 2011b). Specifically, most MCCs with increased SKP2
have a decreased p27, and vice versa (Erickson et al., 2003), suggesting a SKP2
involvement in Merkel cell tumorigenesis. Likewise, in Kaposi’s sarcoma with cutaneous
lesions, SKP2 nuclear overexpression was found in all stages of this deadly disease with
significantly higher levels in skin tumors (Penin et al., 2002). Consistently, the progression
of Kaposi’s sarcoma is associated with decreased p27, although increased SKP2 is not
always directly correlated with p27 reduction (Penin et al., 2002). Nevertheless, this finding
suggests SKP2’s involvement in Kaposi’s sarcoma progression. Finally, in cutaneous T cell
lymphomas, an increased SKP2 and decreased p27 was reported with the mechanism
involving upregulation of SKP2 by mutant pro-IL-16 (Curiel-Lewandrowski et al., 2011).

Mechanistic studies using the in vitro cell culture models were performed to validate the
critical role of the SKP2-p27 axis in the growth and invasion of melanoma cells.
Simultaneous siRNA-based knockdown of SKP2 and mutant BRAF increases the p27 levels
and effectively inhibits the growth and invasion of melanoma cells (Sumimoto et al., 2006).
Similarly, siRNA knockdown of SKP2 causes p27 accumulation and suppresses the growth
of melanoma cells in monolayer culture and in nude mice (Katagiri et al., 2006). In addition
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to p27, SKP2 was found to target the degradation of ING3 (inhibitor of growth family
member 3), a putative tumor suppressor whose expression is found to be reduced
remarkably in melanomas, which correlated with poorer patient survival (Wang et al., 2007).
Mechanistically, SKP2, but not β-TrCP, binds to ING3 and promotes its ubiquitylation and
degradation. SKP2 knockdown stabilizes ING3 by blocking its degradation in melanoma
cells, leading to a G1 arrest and sensitization to UVB-induced apoptosis. Finally, SKP2 was
found to be necessary for Myc-induced keratinocyte proliferation in an in vivo study using
the K5-Myc-transgenic mice in the SKP2-null genetic background (Sistrunk et al., 2011).
Taken together, these findings indicate that the SKP2-mediated reduction, as a result of
enhanced degradation of p27, ING3, and other yet-to-be identified tumor suppressors, likely
contributes to the development of melanoma (Fig. 4B).

FBXW7
FBXW7 (also known as Sel-10, hCdc4, hAgo, or Fbw7), another well-studied F-box protein,
was first identified in budding yeast in 1973, designated as Cdc4 (Hartwell et al., 1973).
FBXW7 is classified as a tumor suppressor based upon the following observations: (1)
almost all FBXW7 substrates are oncogenic proteins, including c-Myc, c-Jun, cyclin E, and
Notch (Welcker and Clurman, 2008) with one exception being the tumor suppressor NF1
(neurofibromatosis type 1) (Tan et al., 2011b); (2) mutations and deletions of FBXW7 were
found in many human cancers (Akhoondi et al., 2007) (Welcker and Clurman, 2008; Wang
et al., 2012); and (3) Fbxw7 is a p53-dependent haploinsufficient tumor suppressor in mice
(Mao et al., 2004).

FBXW7 mutations or deletions have not been reported in human skin cancer. However, a
recent study showed that an allele-specific deletion of Fbxw7 can be detected in mouse skin
tumors induced by DMAB/TPA (Perez-Losada et al., 2012). Furthermore, in this DMBA/
TPA skin carcinogenesis study, mice with the p53+/−;Fbxw7+/− background developed many
more papillomas in number than those with p53+/−;Fbxw7+/+ genetic background, clearly
demonstrating that heterozygous deletion of Fbxw7 increases the susceptibility to papilloma
development (Perez-Losada et al., 2012).

Oncoprotein c-Jun is required for the development of skin cancer and can be stabilized by
UV radiation (Anzi et al., 2008). It has been recently shown that UV exposure reduces
Fbxw7α transcripts, which is closely correlated with c-Jun induction. Consistently, blockage
of Fbxw7 UV-responsiveness abrogates c-Jun induction by UV, whereas knockdown of
Fbxw7 increases c-Jun basal levels (Anzi et al., 2008). Thus, UV-induced skin cancer could
be mediated in part by inhibition of Fbxw7 expression, followed by c-Jun stabilization. A
recent study showed that Fbxw7 is involved in c-Myc regulation by Vitamin D. Specifically,
ablation of Fbxw7 blocks c-Myc degradation mediated by the Vitamin D receptor and
promotes hyper-proliferation of skin epithelia (Salehi-Tabar et al., 2012).

Additionally, it is worthy of mention that Notch, a well-characterized Fbxw7 substrate, is an
oncogenic protein in various tissues but may serve as a tumor suppressor in skin (Nicolas et
al., 2003; Koch and Radtke, 2007). Deregulated expression of Notch receptors and ligands is
observed in skin cancer, including squamous cell carcinomas of the head and neck and
metastatic melanoma (Miele, 2006). Integrin-linked kinase (ILK) was found to
phosphorylate Notch1-IC (Notch1 intracellular domain) and facilitate its proteasomal
degradation by Fbxw7 (Mo et al., 2007). The same study also showed that Notch1-IC is
down-regulated, whereas ILK is upregulated in melanoma and basal cell carcinoma (Mo et
al., 2007). Finally, a very recent study showed that Fbxw7 regulates the proliferation and
differentiation of keratinocytes by promoting the degradation of oncogenic c-Myc and tumor
suppressive Notch. Although loss of Fbxw7 fails to predispose keratinocytes to the
formation of squamous cell carcinoma upon Ras expression, inactivation of the Notch

Xie et al. Page 7

J Genet Genomics. Author manuscript; available in PMC 2013 December 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



signaling does confer a more aggressive tumorigenic phenotype (Ishikawa et al., 2012).
Taken together, it appears that Fbxw7 could either suppress or promote skin carcinogenesis
by targeted degradation of c-Jun and c-Myc or Notch, respectively (Fig. 4C). The fact that
partial loss of Fbxw7 under the p53 heterozygous background did accelerate skin tumor
formation in the DMBA-TPA skin tumor model supports the notion that Fbxw7 is a p53-
dependent tumor suppressor, at least in the mouse skin experimental setting (Perez-Losada
et al., 2012).

CONCLUSION AND FURTHER PERSPECTIVES
In summary, the limited studies so far have been conducted to elucidate the critical role of
SCF E3 ubiquitin ligases in skin carcinogenesis. Most available data come from the studies
on SAG/RBX2 and three most known F-box proteins, β-TrCP, SKP2 and Fbxw7. Limited
mouse transgenic (SAG and β-TrCP2ΔF) (Gu et al., 2007a; Bhatia et al., 2011a) and
knockout (Skp2−/− and Fbxw7+/−) (Sistrunk et al., 2011; Perez-Losada et al., 2012) models
were used in skin carcinogenesis induced by either DMBA/TPA or UVB irradiation. With
regard to the human skin tumor tissues, most studies are limited to immunohistochemistry
staining to define a potential correlation in expression of SCF E3 components and their
limited substrates (mainly SKP2 vs. p27) in different stages of skin cancer, particularly
during melanomagenesis. Some cell line studies were conducted to reveal potential
molecular mechanisms. Overall, some components of SCF E3 ligases are overexpressed to
activate SCF E3 ligases during skin carcinogenesis. Thus, SCF E3 ligases may serve as
attractive targets for the treatment of skin cancer. As a matter of fact, MLN4924, a small
molecule inhibitor of NEDD8 activating enzyme that inhibits SCF E3 ligases by preventing
Cullin-1 neddylation (Soucy et al., 2009; Brownell et al., 2010), is currently in Phase I
clinical trials for the treatment of several human malignancies, including melanoma (Soucy
et al., 2010; Nawrocki et al., 2012). Multiple preclinical studies showed that MLN4924
effectively suppresses the growth of human cancer cells via (1) inducing apoptosis mainly
seen in leukemia and lymphoma as well as in several solid tumor lines through accumulation
of IκBα to inactivate NFκB (Soucy et al., 2009; Milhollen et al., 2010; Swords et al., 2010;
Milhollen et al., 2011; Tan et al., 2011a; Luo et al., 2012); (2) inducing senescence seen in
various solid tumor lines through p21 accumulation (Lin et al., 2010a; Lin et al., 2010b; Jia
et al., 2011); and (3) inducing autophagy in various solid tumor lines through accumulation
of DEPTOR and HIF1α to block the mTOR pathway (Luo et al., 2012; Zhao and Sun,
2012b; Zhao et al., 2012).

Future studies in this area of research should be directed to the following aspects:

1. To further characterize the causal role of SCF components, particularly F-box
proteins, in skin carcinogenesis: new mouse models should be established to target
relevant components for skin specific transgenic expression (gain-of-function) and
knockout (loss-of-function), ideally in an inducible and tissue-specific manner.
These models can be used in the studies of skin carcinogenesis, triggered by
chemical carcinogens (e.g., DMBA/TPA) or UVB irradiation to understand the
causal relationship under the physiological or pathological settings. The models
will also be useful for potential chemoprevention and therapeutic intervention
studies.

2. To generate compound mice in which manipulation of a SCF E3 component is
combined with the activation of an oncogene (such as Kras) or inactivation of a
tumor suppressor (such as p53 or Pten loss): the majority of individual components
of SCF E3s may not be a bona fide dominant tumor suppressor or oncogene by
itself, but they may cooperate with dominant oncogenes or tumor suppressors to
regulate skin tumorigenesis. For example, our recent work showed that Sag
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regulates embryonic vasculogenesis (Tan et al., 2011b) and skin carcinogenesis
(Gu et al., 2007a). It would be of great interest to determine if Sag regulates tumor
angiogenesis by generating a Sag skin-specific knockout mouse model in
combination with a K14-HPV16 E6/E7 transgenic model, in which skin-specific
expression of HPV16 E6 and E7 oncogenes inactivate both the p53 and Rb tumor
suppressors (Munger et al., 1992) in epidermal cells to induce the formation of
angiogenic invasive squamous cell carcinoma (Arbeit et al., 1994; Coussens et al.,
1996; Bergers et al., 1998; Ribatti et al., 2007).

3. To further define the component(s) of SCF E3 ligases or their substrates related to
skin cancer as potential biomarkers for early detection and prognosis prediction:
current work is much limited to the SKP2-p27 axis in various human skin cancers,
particularly in melanoma. Given the fact that the cancer occurs in the skin surface,
it is advantageous to take skin biopsies for individualized diagnosis and therapy, if
such biomarkers can be identified and developed in the near future.

4. Finally, to test clinical effectiveness of MLN4924, an indirect inhibitor of SCF E3
ligases (Brownell et al., 2010) currently in Phase I clinical trials (Soucy et al.,
2010; Nawrocki et al., 2012), as a promising chemopreventive or therapeutic agent
against skin cancer using the mouse models established above: furthermore,
although it is a daunting task to discover the small molecules that inactivate SCF
E3 ligases via disrupting the protein-protein interaction (e.g., binding of F-box
proteins and their substrates; binding of E2 and E3, or binding among individual
components) (Nalepa et al., 2006; Sun, 2006; Jia and Sun, 2011; Zhao and Sun,
2012a), the progress has been made with identification of several such inhibitors
(Chen et al., 2008; Aghajan et al., 2010; Orlicky et al., 2010). Future efforts should
be devoted to the development of these inhibitors or the discovery of more potent
novel inhibitors with an ultimate goal to treat human cancer, including skin cancer,
via targeting SCF E3 ligases.
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Fig. 1. The ubiquitin—proteasome system
Ubiquitin (Ub) is activated by the E1 ubiquitin-activating enzyme in an ATP-dependent
reaction. Activated Ub is then transferred to an E2 ubiquitin-conjugating enzyme. The E3
ubiquitin ligase recognizes a substrate and catalyzes the ubiquitin transfer from the E2 to the
substrate. A single run of this ubiquitylation reaction is referred as monoubiquitination
(mono-Ub), which changes substrate function, while multiple runs of this reaction cause
polyubiquitylation of the targeted substrate. Dependent on the isopeptide linkage of the
polyubiquitin chain, polyubiquitylated substrate can be either degraded by 26S proteasome
if in a K48 linkage or activated for nonproteolytic function if in a K63 linkage.
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Fig. 2. SCF E3 ubiquitin ligase and its four components
SCF E3 ubiquitin ligase is composed of four subunits: a scaffold protein Cullin-1, an adaptor
protein SKP1, a substrate receptor F-box protein, and a RING finger protein RBX1 or
RBX2. Cullin-1 binds to SKP1 and F-box protein at its N-terminus and to the RING protein
RBX1/2 at its C-terminus. F-box protein usually recognizes phosphorylated substrate and
presents it for ubiquitylation by SCF E3 ubiquitin ligases.
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Fig. 3. The role of RBX2/SAG in skin cancer
Transgenic SAG expression inhibits DMBA/TPA-induced carcinogenesis by inactivating
AP1 via targeting the c-Jun oncoprotein for degradation at the early stage, but promotes skin
carcinogenesis by activating NF-κB via targeting the IκB tumor suppressor for degradation
at the later stage. In addition, SAG regulates UVB-mediated skin hyperplasia via promoting
the degradation of both p27 and c-Jun.
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Fig. 4. The important role of F-box proteins in skin cancer
A: β-TrCP acts as an oncogenic protein that mediates skin carcinogenesis induced by
DMBA/TPA and UVB irradiation, in part via targeting the degradation of IκB to activate
NF-κB and promoting PDCD4 destruction to enhance protein synthesis. B: SKP2 acts as an
oncogenic protein during skin carcinogenesis largely by targeting degradation of p27, ING3
and other yet-to-be identified tumor suppressors. C: FBXW7 acts as a tumor suppressor by
targeting the degradation of the c-Jun and c-Myc oncoproteins, but may act as an oncogenic
protein by targeting Notch degradation during skin carcinogenesis.
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