
Abstract. Cullin1 (Cul1) serves as a rigid scaffold in SCF
(Skp1/Cullin/Rbx1/F-box protein) complex, the largest family
of ubiquitin-protein E3 ligases, and aberrant expression of
Cul1 is involved in dysfunction of SCF E3 ligases. Previously,
we found that Cul1 expression is increased in early stages of
melanoma. In the present study, we further investigated the
role of Cul1 in melanoma development. Our results showed
that knockdown of Cul1 inhibits melanoma cell growth while
overexpression of Cul1 enhances cell proliferation through
the control of cell cycle progression. We also found that Cul1
regulates melanoma cell growth and cell cycle progression
through degradation of p27 by functional SCFSkp2 complex.
This study elucidates the role of Cul1 in melanoma cell
proliferation and improves our understanding of increased
expression of Cul1 in early stages of melanoma.

Introduction

The cutaneous malignant melanoma derived from epidermal
melanocytes is the most serious type of skin cancer. The
incidence of melanoma increases steadily in the order of 3-7%
per year for fair-skinned Caucasian populations (1). In
1935, the lifetime risk for an American developing invasive
melanoma was 1 in 1500. In 2007, this risk is 1 in 63 for
invasive melanomas and 1 in 33 if in situ melanomas were
included (2-4). With surgical excision, the early diagnosed
melanomas are curable, however, up to 20% of patients
will develop metastatic tumors due to its high capability of
invasion and rapid metastasis to other organs (5,6). The
prognosis for patients with advanced melanoma remains
poor, and the 5-year survival rate for patients with distant
metastases is less than 10% (7).

Cancer development is the process by which normal
cells are transformed into cancerous cells, which results

from aberrant cellular responses to stimuli. This process is
regulated by transcription, translation, post-translational
modifications and degradation of key regulatory proteins
which has a crucial role in maintaining and regulating cellular
homeostasis (8,9). The ubiquitin-proteasome system controls
the abundance of a number of cellular proteins, including
p53, ß-catenin, p21, p27 and cyclins (10-12). Polyubiquitin
conjugation of lysine residues in proteins as a result of
collaboration with a ubiquitin-activating enzyme (E1), a
ubiquitin-conjugation enzyme (E2), and a ubiquitin ligase
(E3) is required for selective recognition and degradation
by the 26S proteasome (13). Dysfunction of E3 ubiquitin
ligases contributes to abnormal cell growth and differentiation
(12). The SCF (Skp1/Cullin/Rbx1/F-box protein) complexes
are the largest family of Cullin RING ligases (CRL) and
ubiquitinate a broad range of proteins (14,15). As a rigid
scaffold in SCF complex, Cullin1 (Cul1) plays a key role
in SCF complex assembly and aberrant expression of Cul1
results in dysfunction of SCF E3 ligases. Loss of Cul1 results
in early embryonic lethality and deregulation of cyclin E
(16). Cul1 is modified through the covalent attachment of the
ubiquitin-like small molecule Nedd8 and an intact NEDD8
pathway is required for Cullin-dependent ubiquitylation in
mammalian cells (17). It has been reported that c-Myc
activates the expression of Cul1 gene and promotes ubiquitin-
dependent proteolysis and cell cycle progression (18).
Previously, we have shown that Cul1 expression is increased
in early stages of melanoma (19). In this study, we further
investigated the role of Cul1 in melanoma cell proliferation.

Materials and methods

Cell culture. The melanoma cell lines, MMRU and PMWK,
were obtained as previously described (20) and were main-
tained in DMEM supplemented with 10% FBS (Invitrogen,
Burlington, Ontario, Canada). The cells were cultured in a
5% CO2 atmosphere at 37˚C.

Plasmids, siRNA and transfection. HA-Cul1 and Myc-Skp2
plasmids were provided by Dr M. Pagano at New York
University and Dr J. Hsieh from Washington University at
St. Louis, respectively. Plasmids were transfected into cells
using the Effectene reagent (Qiagen, Mississauga, Ontario,
Canada). The Cul1 siRNA oligomers were synthesized by
Dharmacon (Lafayette, CO). The control scramble siRNA
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and Skp2 siRNA oligomers were obtained from Qiagen. siRNA
was transfected into cultured cells using the SilentFect reagent
(Bio-Rad, Mississauga, Ontario, Canada).

Western blot analysis. Cellular proteins were resolved on
12% SDS-PAGE and electrotransfered onto polyvinylidene
difluoride membranes (Bio-Rad). Membranes were blocked
and then subsequently incubated with primary antibodies and
secondary antibodies labelled with the fluorescent dyes
IRDye 800 or IRDye 680 (LI-COR Biosciences, Lincoln,
NE), followed by protein visualization on the Odyssey Infrared
Imaging System (LI-COR Biosciences). The primary anti-
bodies included rabbit anti-cyclin D1 and cyclin E, mouse
anti-p21, p27, Cul1, Skp2, (Santa Cruz Biotechnology, Santa
Cruz, CA), HA, myc (Epitope Biotech, Vancouver, BC,
Canada), and actin (Sigma, St. Louis, MO).

SRB cell proliferation assay. Cells were transfected with HA-
Cul1 plasmid or Cul1 siRNA. Twenty-four hours after
transfection, 2x104 cells were seeded in each well of 24-well
plates, and then the SRB cell proliferation assay was performed
as previously described (21).

Flow cytometry. The cells were treated with 1 μg/ml aphidi-
colin for overnight and then released in fresh medium for 0
and 6 h. Then cells were collected and fixed with 70% ethanol
at 4˚C for overnight, stained with 40 μg/ml propidium iodide
(PI) in hypotonic fluorochrome buffer (0.1% Triton X-100,
0.1% sodium citrate, and 25 μg/ml RNase A) for 30 min.
Samples were then analyzed using a FACSCanto flow cyto-
meter (BD Biosciences).

Statistical analysis. For SRB cell proliferation assays and
flow cytometry analysis, Student's t-test was used. Data
represent means ± SD from three independent experiments.
A P<0.05 was considered significant.

Results

Cul1 enhances cell proliferation in melanoma cells. Since Cul1
expression was increased in melanoma when comparing with
dysplastic nevi (19), we hypothesized that Cul1 might affect
melanoma cell growth. The MMRU cells were transfected
with siRNA targeting Cul1 to knock down Cul1 expression
and the cell growth was analyzed by SRB assay. The results
showed that knockdown of Cul1 dramatically inhibited MMRU
cell growth (Fig. 1A and B). Similarly, knockdown of Cul1
inhibited cell growth in another melanoma cell line, PMWK
(Fig. 1C and D). On the other hand, MMRU cells were
transfected with HA tagged Cul1 plasmids to overexpress
Cul1 and we found that overexpression of Cul1 enhanced cell
growth (Fig. 2A and B). The similar effect of overexpression
of Cul1 enhancing cell growth was found in PMWK cells
(Fig. 2C and D). These data indicate that Cul1 can regulate
melanoma cell growth.

Cul1 regulates G1-S phase transition in cell cycle progression.
We next examined if knockdown of Cul1 induced inhibition
on melanoma cell growth is due to cell apoptosis. The MMRU
cells were transfected with Cul1 siRNA and collected for
cell population analysis by fluorescence activate cell sorting
(FACS). The results showed that Cul1 knockdown did not
increase the sub-G1 cell population, which was designated as
apoptotic cells. Cul1 knockdown did not enhance UV-induced
cell apoptosis either (Fig. 3A). Thus, we hypothesized that
Cul1 may regulate cell growth through the control of cell
cycle progression. MMRU cells were transfected with Cul1
siRNA and treated with aphidicolin to synchrorize the cells at
G1 phase. The cells were released in fresh medium without
aphidicolin to progress and the cell cycle progression was
analyzed by FACS analysis. The results showed that Cul1
knockdown arrested cells at G1 phase by inhibiting G1 to
S phase transition (Fig. 3B and C). On the other hand, we
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Figure 1. Knockdown of Cul1 inhibits melanoma cell growth. (A) MMRU cells were transfected with Cul1 siRNA and the cell growth was examined by SRB
cell proliferation assay. (B) Cul1expression in MMRU cells from (A) was examined by Western blot analysis. (C) PMWK cells were transfected with Cul1
siRNA and the cell growth was examined by SRB cell proliferation assay. (D) Cul1 expression in PMWK cells from (C) was examined by Western blot
analysis.
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Figure 2. Overexpression of Cul1 promotes melanoma cell growth. (A) MMRU cells were transfected with HA-Cul1 plasmids to overexpress Cul1 and the
cell growth was examined by SRB assay. (B) Overexpression of HA-Cul1 in the MMRU cells from (A) was examined by Western blot analysis. (C) PMWK
cells were transfected with HA-Cul1 plasmids to overexpress Cul1 and the cell growth was examined by SRB assay. (D) Overexpression of HA-Cul1 in the
PMWK cells from (C) was examined by Western blot analysis.

Figure 3. Cul1 regulates G1 to S phase transition during cell cycle progression. (A) MMRU cells were transfected with Cul1 siRNA for 24 h and irradiated
with UVB as indicated. Twenty-four hours after UVB irradiation, the cells were collected and cell population was examined by FACS analysis. (B and C)
MMRU cells were transfected with Cul1 siRNA and treated with 1 μg/ml aphidicolin overnight. The cells were released in fresh medium for 0 (B) or 6 h (C)
and cell cycle progression was examined by FACS analysis. (D and E) MMRU cells were transfected with HA-Cul1 plasmids and treated with 1 μg/ml
aphidicolin overnight. The cells were released in fresh medium for 0 (D) or 6 h (E) and cell cycle progression was examined by FACS analysis.
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found that overexpression of Cul1 promoted cell cycle
progression through enhancing G1 to S phase transition
(Fig. 3D and E). Therefore, Cul1 regulates melanoma cell
growth through regulating cell cycle progression.

Cul1 regulates p27 expression through functional SCFSkp2

complex. We next examined the mechanism of Cul1 regulation
on cell cycle progression. Cell cycle progression is strictly
controlled by cyclins, cyclin-dependent kinases (Cdks), and
Cdk inhibitors (22,23). Since cyclin D1, cyclin E, and Cdk
inhibitors p27 and p21 play key roles in G1 to S phase
transition during cell cycle progression (24,25), we examined
the expression of these cyclins and Cdk inhibitors in Cul1
knockdown cells. The results showed that Cul1 knockdown
increased p27 expression in the MMRU cells but did not affect

the expression of p21, cyclin D1 and cyclin E (Fig. 4A).
Conversely, overexpression of Cul1 decreased p27 expression
in the MMRU cells but not the expression of p21, cyclin D1
and cyclin E (Fig. 4B). As it was shown that Skp2 SCF E3
ligase targets p27 for its degradation (26,27), we next examine
if the F-box protein Skp2 regulates p27 expression. We found
that knock-down of Skp2 increased p27 expression while
overexpression of Skp2 decreased p27 expression (Fig. 4C
and D). These data prompt us to hypothesize that Cul1 may
cooperate with Skp2 to regulate p27 expression. We found
that overexpression of Cul1 attenuated Skp2 knockdown-
mediated increase of p27 expression. Similarly, overexpression
of Skp2 decreased p27 expression in Cul1 knockdown cells
(Fig. 4E and F). These results suggest that Cul1 regulates p27
expression through functional SCFSkp2 complex.
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Figure 4. Cul1 regulates p27 expression through functional SCFSkp2 complex. (A and B) MMRU cells were transfected with Cul1 siRNA (A) or HA-Cul1
plasmids (B) and the expression of Cul1, p27, p21, Cyclin D1 and Cyclin E was examined by Western blot analysis. (C and D) MMRU cells were transfected
with Skp2 siRNA (C) or Myc-Skp2 plasmid (D) and the expression of Skp2, p27 and actin was examined by Western blot analysis. (E and F) MMRU cells
were transfected with Cul1 or Skp2 siRNA for 24 h followed by transfection with HA-Cul1 (E) or Myc-Skp2 plasmids (F). The expression of Cul1, Skp2, p27
and actin was examined by Western blot analysis.
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Discussion

Cell proliferation is completed by cell cycle progression,
which is regulated by cyclins, Cdks and Cdk inhibitors (22,23).
We found that the ability of cell proliferation was drastically
decreased after Cul1 knockdown in melanoma cells, which is
due to inhibition of cell cycle progression by arresting cell
cycle at G1 phase, but not apoptosis. Our data indicated that
Cul1 cooperates with Skp2 in SCF complex to degrade p27
and promote cell cycle progression. Gain of Skp2 and loss
of p27 protein expression are implicated in melanoma
progression where the level of p27 may be regulated by
targeted proteolysis via Skp2 (28,29). Expression of Skp2
and p27 proteins exhibited a significant inverse relationship
and significantly correlated with increasing American Joint
Committee on Cancer (AJCC) tumor classification and
AJCC stage (28). Moreover, vertical growth phase (VGP)
melanomas show significant higher nuclear Skp2 expressions
when compared with the radial growth phase (RGP) (29).
However, we did not find increased expression of Cul1 in
advanced melanomas when comparing primary melanomas
(19). We speculate that Cul1 expression may correlate with
Skp2 expression but inversely with p27 expression during
melanoma progression.

In human cells, inactivation of Cul4A, another cullin
protein, induces p27 stabilization and G1 cell cycle arrest
(30,31). It has been speculated that the F-box protein Skp2
cooperates with Cul1-Skp1 as well as Cul4A-DDB1 to induce
proteolysis of p27 (32). We found that overexpression of
Skp2 reduced p27 expression in Cul1 knockdown melanoma
cells, suggesting that Skp2 may utilize other E3 ligase complex
to degrade p27 in melanoma cells, like Cu14A based E3
ligase. We also found that overexpression of Cul1 can reduce
p27 expression in Skp2 knockdown melanoma cells, indicating
that there may be other Skp2-independent E3 ligases which
are involved in the p27 degradation pathway. Previously,
Lim et al demonstrated p27 degradative function of Skp2 in
low-grade lymphomas but not in aggressive lymphomas (33),
which suggests that other factors contribute to deregulation of
p27 expression in these tumors. It has been reported that
Wnt-induced turnover of p27 was independent from classical
SCFSkp2-mediated degradation in which both Cul4A and Cul4B,
components of an alternative E3 ubiquitin ligase, were required
for Wnt-induced p27 degradation and S-phase progression (34).

Since the major difficulty in treating melanoma especially
for metastatic melanoma is its resistance to radio- and
chemotherapy, the systemic therapy for melanoma remains
unsatisfactory (35,36). Although the mechanism for drug
resistance in melanoma is still unclear, it appears more
important to explore how melanoma develop and find bio-
markers for melanoma diagnosis especially at early stage.
We found that Cul1 expression was increased in early stage
of melanomas, indicating that Cul1 may serve as a potential
marker for human melanoma initiation. On the other hand,
the development of pharmaceutical compounds targeting
specific SCF ubiquitin ligases is timely and is complemented
by basic biochemical studies that have identified substrates
for important cellular regulators such as ß-TrCP and Skp2 (37).
In melanoma, it has been reported that knockdown of Skp2
inhibited the melanoma cell growth in vitro and suppressed

tumor proliferation in vivo, suggesting that gene silencing
of Skp2 can be a potent tool of cancer gene therapy for
suppression of p27 degradation in malignant melanoma (38).
We found that knockdown of Cul1 inhibited melanoma cell
growth is partly through Skp2 targeting p27 degradation
pathway. Thus, targeting Cul1 in gene therapy may hold
promise for melanoma treatment at early stage.

In conclusion, Cul1 knockdown inhibits melanoma cell
growth by arresting cells at G1 phase via regulating p27
expression through SCFSkp2 complex, which improves our
understanding of increased expression of Cul1 in early stages
of melanoma and implies targeting Cul1 may serve as a
potential therapy for melanoma.
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