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The FBXO4 Tumor Suppressor Functions as a Barrier to Bra

Dependent Metastatic Melanoma
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Cyclin D1-cyclin-dependent kinase 4/6 (CDK4/6) dysregulation is a major contributor to melanomagenesis. Clinical evidence
has revealed that p16™%*4, an allosteric inhibitor of CDK4/6, is inactivated in over half of human melanomas, and numerous
animal models have demonstrated that p16™*** deletion promotes melanoma. FBXO4, a specificity factor for the E3 ligase that
directs timely cyclin D1 proteolysis, has not been studied in melanoma. We demonstrate that Fbxo4 deficiency induces Braf-
driven melanoma and that this phenotype depends on cyclin D1 accumulation in mice, underscoring the importance of this
ubiquitin ligase in tumor suppression. Furthermore, we have identified a substrate-binding mutation, FBXO4 I377M, that selec-
tively disrupts cyclin D1 degradation while preserving proteolysis of the other known FBXO4 substrate, TRF1. The 1377M muta-
tion and Fbxo4 deficiency result in nuclear accumulation of cyclin D1, a key transforming neoplastic event. Collectively, these
data provide evidence that FBXO4 dysfunction, as a mechanism for cyclin D1 overexpression, is a contributor to human

malignancy.

Despite recent advances in immunotherapy and targeted ther-
apy, metastatic melanoma remains an intractable, malignant
disease with limited therapeutic options. The most widely appre-
ciated genetic insult associated with melanoma is the constitutive
activation of BRAF, a consequence of a valine-to-glutamate sub-
stitution at codon 600 (BRAFV*°F) (1-3). The importance of
BRAF activation is underscored by its presence in roughly half of
all cutaneous melanomas (4) and by the impressive cytotoxicity
and tumor regression observed in melanoma patients receiving
the BRAF kinase inhibitor vemurafenib (5-7).

Attempts to model melanoma initially revealed that BRA
expression in primary melanocytes elicits oncogene-induced se-
nescence (8-10), as opposed to malignant growth. Consistently,
~80% of benign human nevi harbor BRAF*°°" and never prog-
ress to melanoma (4). Thus, while BRAF-driven signaling may be
an integral component of melanomagenesis, cooperation with
other genetic insults is necessary.

Multiple independent lines of evidence indicate that the loss of
p16™**A an allosteric inhibitor of cyclin-dependent kinase 4/6
(CDK4/6)—cyclin D, cooperates with RAS-RAF to induce mela-
noma (11-17). These oncogenic events are clinically significant, as
p16™** is commonly inactivated in melanomas (18, 19). In ad-
dition to p16™**4, the cyclin D1 gene (CCNDI) is amplified in
multiple melanoma subtypes (over 40% of acral melanomas)
(20), also contributing to dysregulated CDK4/cyclin D1 activity.

While amplification events contribute to increased cyclin D1
expression, roughly 20% of melanomas overexpressing cyclin D1
do not exhibit genetic alterations in CCNDI (20). The latter ob-
servation suggests that dysregulated posttranslational control may
contribute to cyclin D1 overexpression. However, the role of the
degradation machinery for cyclin D1, a highly labile protein (21),
has not been extensively studied outside the context of a few select
malignancies. Specifically, the functional status of FBXO4, the
specificity factor of the SCF*™™* E3 ligase that directs polyubiqui-
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tylation of the phosphorylated cyclin D1 (22, 23), has not been
examined in melanoma.

Fbxo4 belongs to a superfamily of F-box proteins, which func-
tion as substrate specificity factors for Skpl-Cull-F-box (SCF)
ubiquitin ligase complexes (24, 25). Importantly, Fbxo4 defi-
ciency leads to nuclear accumulation of cyclin D1, which in turn
promotes cyclin D1-dependent cellular transformation (23, 26,
27). The role for FBXO4 as a tumor suppressor is also supported
by evidence from clinical samples; inactivating mutations in
FBXO4 have been identified in human esophageal cancers and
breast cancers, with consequently elevated cyclin D1 levels (28,
29). Supporting a role for Fbxo4 as a bona fide tumor suppressor,
Fbxo4-deficient mice develop a spectrum of tumor phenotypes,
most commonly lymphoma (23).

In order to assess the impact of Fbxo4 ablation on mela-
nomagenesis, we generated Fbxo4-deficient transgenic mice in the
context of inducible Braf**’" activation. These genetic perturba-
tions reveal a striking phenotype that mimics human disease. We
also investigated the occurrence of FBXO4 mutations in human
melanomas and identified one mutation, I377M, that selectively
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inactivates SCF**** ubiquitin ligase activity toward cyclin D1 but

not the other known substrate, TRF1.

MATERIALS AND METHODS

Cell culture, transfections, and plasmids. 293T and mouse embryonic
fibroblasts (MEFs) were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing glutamine, penicillin-streptomycin, and 10%
fetal bovine serum (FBS) (Gemini). Mouse embryos extracted at day 14 of
gestation were passaged at 3 X 10° cells every 3 days. Human melanoma
cell lines were maintained in Tumor2 medium containing MCDB153—
Leibovitz’s L-15 medium (80/20, vol/vol), 2% FBS, 5 pg/ml insulin, 1.68
mM calcium chloride, and penicillin-streptomycin. pcDNA3 Flag-tagged
FBXO4 was a gift from Michelle Pagano. pcDNA3 Myc-tagged Fbxo4 was
generated as described previously (28). The pcDNA3 Flag-tagged FBXO4
mutants were generated by using a QuikChange site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s instructions, and cDNAs
were sequenced in their entirety. Cells were transfected by using Lipo-
fectamine reagent (Invitrogen). Retroviral pBabe-puro Flag-tagged
FBXO4 was used for infection of melanoma cell lines.

Histology/immunohistochemistry. Tissues were fixed in 10% buft-
ered formalin overnight, followed by dehydration with ethanol, paraffin
embedding, and sectioning. Immunohistochemistry (IHC) was per-
formed on 5- to 8-pm sections, and hematoxylin and eosin (H&E) stain-
ing was performed by using standard protocols. Antibodies utilized for
THC staining were purified cyclin D1 (AB3; Calbiochem), Fbxo4 (Yen-
Zym Antibodies), phospho-S11 Fbxo4 (YenZym Antibodies), and S-100
(Dako) antibodies. Antigens were retrieved with Antigen Retrieval Citra
Plus (Biogenex) by boiling for 10 min, and antibodies were visualized with
a Vectastain ABC Elite kit (Vector Laboratories) and a peroxidase sub-
strate kit (Vector Laboratories).

Immunoprecipitation and Western analysis. Cells were harvested in
Tween 20 buffer (50 mM HEPES [pH 8.0], 150 mM NaCl, 2.5 mM EGTA,
1 mM EDTA, 0.1% Tween 20, protease, and phosphatase inhibitors [1
mM phenylmethylsulfonyl fluoride {PMSF}, 20 U/ml aprotinin, 5 pg/ml
leupeptin, 1 mM dithiothreitol {DTT}, 0.4 uM NaF, and 10 uM {3-glyc-
erophosphate]); protein concentrations of samples were determined by a
Bradford assay (30). Proteins were resolved by SDS-PAGE, transferred
onto nitrocellulose membranes, and analyzed by immunoblotting. Anti-
bodies used were as follows: Fbxo4 rabbit polyclonal antibody (YenZym
Antibodies), cyclin D1 mouse monoclonal antibody D1-72-13G, cyclin
D1 mouse anti-human antibody (Calbiochem), ubiquitin-P4D1 (Cova-
nce), aB crystallin (Stressgen), Skpl (Cell Signaling), M2-Flag (Sigma),
9E10-Myc (Santa Cruz), TRFI (gift from Xuedong Liu), MAP-2 (Milli-
pore), and Ku70 (Abcam). Antibody binding was visualized by enhanced
chemiluminescence (PerkinElmer).

Immunofluorescence. Fbxo4-null MEFs were plated at an optimal
density on glass coverslips and transfected with the wild-type (WT)
FBXO4 or 1377M plasmid. Forty-eight hours later, cells were fixed and
permeabilized with methanol-acetone (1:1). Cyclin D1 was visualized as
described previously (28).

Experimental animals and genotyping. Animal experiments were
conducted in accordance with IACUC protocols and University Labora-
tory Animal Research (ULAR) guidelines. Generation of mice and geno-
typing protocols were described previously (23, 31). 4-Hydroxytamoxifen
(4HT) was freshly prepared in dimethyl sulfoxide (DMSO) (5 mM) and
applied topically for three consecutive days to postnatal day 2 pups.

Statistical analysis. Kaplan-Meier tumor-free survival graphs were
generated and analyzed with GraphPad Prism software. Other statistical
analyses utilized a two-tailed Student ¢ test, with P values of <0.05 indi-
cating statistical significance. Error bars in the figures represent the
means * the standard deviations.

FBXO04 mutation screening. PCR amplifications for FBXO4 exons 1
and 7 were performed by using a Roche GC-Rich PCR system kit. The
20-pl PCR mixture included 4.2 pl of PCR-grade water, 2 pl of each 5 uM
PCR primer, 4 pl of PCR buffer (vial 2), 4 pl of resolution solution (vial
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TABLE 1 PCR primers

Primer sequence

Exon Forward Reverse

1 GGGAAGTTAATTGTTGACAGG  AACTGTAGCTTCTCGGTGAC
2 GGAATGTTTCAGGTGTTTCAG AGGGTCAGGATTAACTTGGA
3 TGTCTGTCTATTGTTCTCCT AGAATGTCAAGCTCAAAGTG
4 AGGACTGTTATAAGCCTTGC CTTGTATGCTCTTCCCTTGCT
5 TCTTAGGTATTGGATCAGGAG TAAGAAGCCACAGTAAAGTC
6 TTAAACTGTGGAGACATCTG TCACCAATCAAATAGCTTCC
7 CCTCATACATGGAAGCAAGTC AGCTGTCCAAATGAAAGCCT

3), 0.4 pl of nucleotide mix (vial 6), 0.4 .l of enzyme mix (vial 1), and 15
ng of genomic DNA (5 ng/ul). The touchdown PCR conditions were an
initial cycle at 95°C for 10 min; 8 cycles at 95°C for 30 s, 61°C for 90 s,
(—0.5°C/cycle), and 72°C for 60 s; 35 cycles at 95°C for 30 s, 57°C for 90 s,
and 72°C for 60 s; and a final step at 72°C for 10 min. For PCR primer
sequences, see Table 1.

PCR amplifications for FBXO4 exons 2, 3, 4, 5, and 6 were performed
by using Platinum Taq DNA polymerase (Invitrogen). The 25-pul PCR
mixture included 14.5 pl of PCR-grade water, 1.25 ul each 5 uM PCR
primer, 2.5 pl 10X PCR buffer, 1 pl 50 mM MgCl,, 1.25 pl of 2.5 mM
deoxynucleoside triphosphate (ANTP) mix, 0.25 pl Platinum Taq DNA
polymerase, and 15 ng of genomic DNA (5 ng/l). The same PCR condi-
tions as described above were used.

For sequencing on an ABI 3130 genetic analyzer, unincorporated
dNTPs were first removed from PCR products by using the Affymetrix
ExoSAP-IT reagent. The ExoSAP-IT reaction mixture included 5 pl of
PCR product and 1 pl of ExoSAP-IT reagent. The thermal cycling condi-
tions were 37°C for 15 min followed by 80°C for 15 min. A sequencing
reaction using ABI BigDye Terminator (BDT) vl1.1 cycle sequencing
chemistry was performed. Ten microliters of a solution consisting of 7.4
.l of PCR-grade water, 2 pl of BDT v1.1, and 0.6 .l of the forward PCR
primer (5 pM) was then added to the samples. The thermal cycling con-
ditions for this step were an initial cycle at 95°C for 60 s and 25 cycles at
95°C for 10 s, 50°C for 5 s, and 60°C for 4 min. Following the sequencing
reaction, the samples were then purified by passing them through Sepha-
dex columns by using a centrifuge. Ten microliters of Hi-Di formamide
was then added to each sample. Sequencing was then performed on the
ABI 3130 genetic analyzer.

Sequenom (iPLEX) genotyping. Genotyping was performed for
AKTI E17K; AKT3 E17K; BRAF G466A/E/R/V, V600E/D/K/E/L/R, and
K601E; CDK4 K22Q and R24C/H; CTNNBI D32A/E/G/V, S37F/Y/DEL,
and S45F/Y; FBXO4 H364R and I377M; GNAII Q209L/P; GNAQ
Q209H/L/P/R/X; KIT WS557R, L576P, V599A/D, K642E, R634W,
D816H/V, D820Y, N822I, Y823D, and A829P; MEKI C121S; MEK2 F57S,
Q60P, K61E/T, and L119P; MET Y1248H; and NRAS G12A/C/D/R/S/V,
GI13A/C/D/R/S/V, and Q61E/H/K/L/P/R mutations. For genotyping us-
ing the Sequenom MassArray spectrometry platform, samples were plated
and sent to the Perelman School of Medicine Genomics Facility. An initial
PCR amplification of the DNA was performed with a 5-l reaction mix-
ture consisting of 0.8 pl of high-performance liquid chromatography
(HPLC)-grade water, 0.5 .l of 10X PCR buffer with 20 mM MgCl,, 0.4 pl
of 25 mM MgCl,, 0.1 pl of 25 mM dNTP mix, 1 pl of 0.5 uM primer mix,
0.2 pl of Sequenom PCR enzyme, and 2 ul of genomic DNA (5 ng/ul).
PCR conditions were an initial cycle at 94°C for 2 min; 45 cycles at 95°C for
305, 56°Cfor 30 s, and 72°C for 60 s; and a final step at 72°C for 5 min. This
was followed by shrimp alkaline phosphatase (SAP) treatment of the sam-
ples with 2 1 of SAP mix consisting of 1.53 .l of HPLC-grade water, 0.17
pl of SAP buffer, and 0.3 ul of SAP enzyme. The thermal cycling condi-
tions were 37°C for 40 min followed by 85°C for 5 min. Following SAP
treatment, a single-base-pair extension reaction was performed by using
Sequenom iPLEX Gold chemistry, where 2 pul of the iPLEX reaction mix
was added to the samples. The reaction mix consisted of 0.62 pl of HPLC-
grade water, 0.2 pl of iPLEX buffer, 0.2 .l of iPLEX terminator mix, 0.94

mcb.asm.org 4423


http://mcb.asm.org

Lee et al.

r_" .-
=0 - BrafC”'*; Cretlo;
o« * T
o Qo oo
m O m O D1 Het
BrafCA;
Cret*lo; A

Fbxo4:  WT Het Null D1 null
C. Fbxo4 WT Fbxo4 Het
K~ Ve
% i - ¢ g
o . Y
£ Fbxo4 Null Cre™-
] —
ol
m .
§ A
F. BrafCA*; Tyr::Cre*’°;Fbxo4*"
=
[0}
) ) o £ £
Tissue: (% gf) %
Cyc D1 genotype: WT _WT __ Het
Cyc D1 | - |
| — |
PERK1/2 |

Total ERK1/2 [ —

Eo &, BrafCA’*; Cre*/;
o
o w0 Ehxad Het
oo a O D1 Het
BrafCA+,
Cre*lo;
Fbxo4: WT Het Null D1 null
D. BrafVe0oE.

control induced nevus

= . L6
+ I > &
L ed2eg
S 05 0@
m Mx Mc
Targeted —> <€—Recombined
allele
allele
WT allele->
G.

\

f
J

FIG 1 Braf"*°F drives melanocyte hyperplasia independent of Fbxo4 or cyclin D1 status. (A and B) Glabrous skin of mice with the indicated genotypes. (C)
Benign hyperplastic nevi of the indicated Fbxo4 transgenic mice on a Braf-activated background. (D) Low-power (left) and high-power (right) magnifications of
nevus. (E) Amplification of DNA extracts isolated from mice/tissue of the indicated genotypes. (F) Lysates prepared from the indicated tissues/genotypes were
assessed for cyclin D1, phospho-ERK1/2, and total ERK1/2 expression by Western blotting. (G) Braf™'* (left), Braf"***/*; cycD1*/~ (middle), and Braf"*?°*'*;

cycD1"™" (right) mice were monitored for melanocyte hyperplasia.

wl of primer mix, and 0.04 wl of iPLEX enzyme. Thermal cycling condi-
tions were an initial cycle at 94°C for 30s, 40 cycles at 94°C for 5 s (52°C for
5 s and 80°C for 5 s [repeating 5 times per cycle]), and a final step at 72°C
for 3 min. The samples were then resin treated and spotted onto a Spec-
troCHIP to be run on the Sequenom MassArray platform.

Sample collection. All patients from which acral and cutaneous mel-
anomas were genotyped provided written informed consent approved by
the University of Pennsylvania IRB. Also, this study was approved by the
Ethical Committee for Clinical Research at the Fudan University Shanghai
Cancer Center, Shanghai, China. All samples were analyzed by H&E pro-
cessing for tumor amounts at the Abramson Histology Core Facility; those
with tumor nuclei that were <70% of the total on the slide were marked
for macrodissection. Samples with over 70% tumors had slides cut di-
rectly into Eppendorf tubes for direct DNA extraction. Those samples
with <70% tumors were cut onto slides for macrodissection by using the
marker H&E. DNA was extracted from formalin-fixed, paraffin-embed-
ded samples by using standard methods.

RESULTS

Braf"*°°®*; Fbxo4-deficient mice develop highly aggressive
melanoma. Since cyclin D1/CDK4 dysregulation, particularly with
respect to p16™<** inactivation, plays a crucial role in the develop-
ment of melanoma, we assessed whether a loss of the F-box compo-
nent of the cyclin D1 ubiquitin ligase Fbxo4 facilitates Braf*®°"-
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driven melanoma. Fbxo4™'~ mice (23) were intercrossed with
Braf“**; Ty r:CreER*'"° mice (8) to generate Braf~*"; CreER*";
Fbxo4™~ and Braf“**; CreER*"°; Fbxo4 '~ mice (see Fig. S1 in the
supplemental material). In an effort to more closely recapitulate
physiologically relevant changes in human disease, our studies were
conducted with mice carrying exactly one copy of Braf*, the expres-
sion of which requires topical 4-hydroxytamoxifen (4HT) treatment
in order to trigger the excision of exons 15 to 18/stop codon of wild-
type Braf and permit the expression of an alternate fragment from
exons 15 to 18 encoding the V60OE mutation (31). Additionally, ex-
perimental mice inherited exactly one copy of melanocyte-specific
tyrosinase promoter-driven Tyr:CreER™2. Previous studies demon-
strated that Braf"; Tyr:CreER mice develop melanocytic hyper-
plasias but do not succumb to melanoma for up to 2 years from the
time of 4HT-mediated Braf activation (8). However, melanomas oc-
cur rapidly, with the concomitant loss of Pten (8), providing evidence
in this mouse model that inactivation of a tumor suppressor relevant
to melanoma pathogenesis cooperates with Braf'*°" to induce on-
cogenic disease.

Braf"*%°F expression was induced neonatally by 4HT adminis-
tration. By 3 weeks post-4HT treatment, mice of all genotypes
exhibited diffusely hyperpigmented skin, most readily seen on the
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FIG 2 Fbxo4 deficiency induces melanoma in Braf-activated mice. (A) Representative images of Braf-activated mice with the indicated Fbxo4 status at 12 weeks
post-4HT treatment. (B) Kaplan-Meier survival analysis of 4HT-treated mice (Braf“"/Tyr:Cre™'~, n = 20; Braf """ | Tyr:Cre*’, n = 20; Braf* | Tyr:Cre*”/
Fbxo4™*, n = 15; Fbxo4™'~, n = 15; Fbxo4™’~, n = 10) (*, comparison of Braf“*'*/Tyr::Cre*"°|Fbxo4™*'* versus Braf“*'* | Tyr::Cre*"°/Fbxo4™'~; **, comparison of
Braf“** | Tyr:Cre™"°|Fbxod™*'* versus Braf** | Tyr::Cre*"°/Fbxo4~'™). (C) Low-magnification micrograph of a Braf~*'* /Fbxo4 '~ tumor. Highly invasive amelanotic
melanocytes infiltrate skeletal muscle. (D) S-100 neural crest-specific nuclear staining of tumor cells.

glabrous skin of the ears and tails, and with sporadic melanocytic
hyperplasias around the muzzle (Fig. 1A to C). Histological anal-
ysis of a Braf"'*; CreER™"°; Fbxo4-deficient nevus revealed neo-
plastic expansion of melanocytes, which are identified by naturally
pigmented cells in the dermis of H&E-stained cutaneous sections
and normally confined to murine hair follicles (Fig. 1D). Impor-
tantly, both Bra /. CreERY”° and BmeA/ *: CreER™'~ mice had
unaffected skin and failed to develop any phenotype throughout
the duration of our study, indicating that our observations are
critically dependent on CreER"*-mediated induction of Braf**"",
Excision of wild-type exons 15 to 18 was confirmed in DNA ex-
tracts from melanotic neoplasms (Fig. 1E). Of note, Braf"**F ex-
pression was detected only in neoplasms and tumors, whereas
non-tyrosinase-expressing tissue, such as the kidney, did not un-
dergo Braf allelic recombination.

To definitively address the dependence of Fbxo4-mediated tu-
morigenicity on cyclin D1, we also crossed Braf“**; CreER™";
Fbxo4-deficient mice with cyclin D1 knockout mice (32). Because
complete cyclin D1 deletion (homozygous null) may impact the
oncogenic signals induced by activated Braf, we compared the
melanoma-free survivals of Brafc"; CreER™°; Fbxo4™
Cendl™™" mice and Braf"; CreER""%; Fbxo4™~; Cendl™’~
mice. In lysates prepared from pretumorigenic skin tissue, cyclin
D1 expression was correlated with gene dosage (Fig. 1F, lane 2
versus lane 3), although mutational activation of Braf, confirmed
by tissue-specific phospho-ERK1/2 signaling, also enhanced cy-
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clin D1 expression relative to control tissue (Fig. 1F, lane 1 versus
lanes 2 and 3). However, cyclin D1 levels, as governed by gene
dosage, had no noticeable effect on the latency associated with
detection of melanocyte hyperproliferation (Fig. 1A, B, and G).

At 4 to 6 weeks post-4HT administration, Braf“*’"; CreER*";
Fbxo4™'~ and Braf“**; CreER™"; Fbxo4 '~ mice developed numer-
ous rapidly growing tumors, while Braf"; CreER*"; Fbxo4™"*
mice, in the absence of further genetic manipulation, remained tu-
mor free (Fig. 2A). Pathologically, tumors of Braf"/*; CreER™";
Fbxo4-deficient mice were cutaneous oligomelanotic masses appear-
ing on dorsal and ventral surfaces with associated alopecia. Over 60%
of Braf**; CreER""’; Fbxo4-deficient mice developed tumors
within 2 months (Fig. 2B), while one Braf“**; Fbxo4*'"; CreER*"
mouse developed tumors at 6 weeks post-4HT treatment albeit with
areduced tumor burden (see Fig. S2A in the supplemental material).

If Fbxo4-deficient tumorigenesis is dependent upon cyclin D1 ac-
cumulation, we expected that genetic manipulation of cyclin D1 ex-
pression would impact the tumor burden of Braf“**; CreER"";
Fbxo4-deficient mice. Remarkably, reduction of cyclin D1 expression
by deletion of one allele was sufficient to completely abolish tumor
development on a Braf~"*; CreER*"°; Fbxo4-deficient background
(Fig. 2B).

Cross sections of Braf¢*; CreER™"°; Fbxo4-deficient tu-
mors revealed rapidly proliferating, highly invasive, mixoid
epitheloid spindle cells infiltrating skeletal muscle (Fig. 2C).
Immunohistochemistry for nuclear S-100 neural crest-specific
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FIG 3 Cyclin D1 accumulates in Braf'*’*/Fbxo4-deficient tumors. (A and B) Fbxo4 immunohistochemistry (A) and hematoxylin and eosin staining (B) of
Braf"*"/Fbxo4 '~ tumor sections. (C) Cyclin D1 immunohistochemistry of paraffin-embedded tumor sections derived from Braf"*"*/Fbxo4-deficient mice.
Arrows indicate intense nuclear cyclin D1 staining. Arrow indicate cyclin D1 expression in the mitotic layer of the epidermis. Note the relative intensities and the
absence of cyclin D1 in the postmitotic layer of the epidermis. (D) Western analysis of the indicated proteins isolated from tumor lysates of Braf***’*/Fbxo4 WT,
heterozygous (Het), or null mice. (E) Phospho-T286 cyclin D1-specific immunohistochemistry of Braf***’/Fbxo4-deficient tumors.

staining and Melan-A confirmed the melanocytic origin of the
tumor cells (Fig. 2D; see also Fig. S2B in the supplemental
material) (33, 34). Evidence of lymphogenous spread was rou-
tinely observed in tumor-bearing mice, as lymph nodes were
grossly pigmented. Histologic evidence of metastases was ob-
served in the lung, brain, and bone (see Fig. S2C to E in the
supplemental material).

Nuclear accumulation of cyclin D1 in Braf"**°E-driven mel-
anomas. To verify Fbxo4 loss in Braf*'*; CreER""°; Fbxo4~'~
tissue, we performed immunohistochemistry, utilizing Braf~*";
CreER°; Pten'*"°* melanomas for comparison (8). Fbxo4 was
undetectable in Braf“"; CreER""*; Fbxo4'~ tumors (Fig. 3A;
see also Fig. S3A in the supplemental material). We noted that
tumors derived from Fbxo4 '~ and Pten'*”"** mice were histo-
pathologically indistinguishable (Fig. 3B; see also Fig. S3B). Im-
munohistochemical analysis of tumor sections revealed nuclear
accumulation of cyclin D1 in tumors (Fig. 3C; see also Fig. S3C).
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We also confirmed cyclin D1 accumulation and phosphorylation
of retinoblastoma (Rb) at S773 (Fig. 3D) by Western analysis.
Tumors also exhibited nuclear accumulation of phospho-T286
(Fig. 3E). These results suggest that Fbxo4 deficiency accelerates
melanoma in Braf-activated animals and leads to dysregulation of
cyclin D1.

Identification of FBXO4 mutations in human melanoma. In
light of the observation that up to 20% of human melanomas with
cyclin D1 overexpression lack genetic perturbations at the CCNDI
locus (20), we investigated the prevalence of mutations within the
complete FBXO4 gene in 37 cell lines from the Wistar Melanoma
Collection. We identified one point mutation, ¢.T1131G, which
results in a single-amino-acid substitution in which isoleucine 377
is replaced by methionine (p.I377M) at a frequency of 8% (see
Table S1 in the supplemental material). An additional 111 mela-
noma cell lines were evaluated by Sequenom analysis specifically
for FBX04 ¢.T1131G; two additional cell lines carrying p.I377M
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TABLE 2 Recurrent FBXO4 1377M mutations in human melanoma cell lines”

Sample FBX04 FBX04 Other
identification  Origin Type of melanoma BRAF NRAS KIT nucleotide protein Zygosity SIFT  Polyphen2 mutation
TB4286DZ1  Tumor  Cutaneous WT WT WT ¢TI1131G  p.377M Heterozygous 0.04 0.868

WM793 Cell line VGP p.-V60OE WT WT cT1131G  pI377M Homozygous 0.04  0.868 CDK4-K22Q
1205Lu Cellline Cutaneous metastatic p.V600E ~WT WT cTI1131G  pJI377M Homozygous 0.04 0.868 CDK4-K22Q
WMI115 Cellline Lymph node p.-V60OE WT WT ¢T1131G  pJI377M Heterozygous 0.04  0.868

WM2090 Cellline Cutaneous metastatic  p.V600E ~WT WT cT1131G  p.I377M Heterozygous 0.04  0.868

WM3918 Cell line Cutaneous metastatic = WT WT WT cTI1131G  p.I377M Heterozygous 0.04 0.868 NF1~/~
WM3523 Cellline Cutaneous metastatic p.V600E WT WT cAl1037G  p.H346R Heterozygous 0.08  0.987

2005_02233 ~ Tumor  Primary mucosal WT WT WT  ¢.G653C p.G218A  Heterozygous 0.01  0.998

2009_20387  Tumor  Primary mucosal WT WT WT  c.T665C p.S219P  Heterozygous 0.01  0.995

2003_07702 Tumor  Primary mucosal WT WT WT  ¢.C959T p.S320F  Heterozygous 0.02  0.995

@ A single-nucleotide substitution in FBXO4 exon 7 was identified in five melanoma cell lines by either Sequenom analysis or the ABI 3130 genetic analyzer. Four of these five cell
lines exhibited a concurrent Braf mutation. VGP, vertical growth phase; SIFT, scale-invariant feature transform; Polyphen2, polymorphism phenotyping version 2.

were identified. Thus, this mutation was found in five cell lines
and four independent clones (Table 2; see also Fig. S4 in the sup-
plemental material). p.I377M was present in cell lines from both
radial and vertical growth phases as well as metastatic lesions,
suggesting that the substitution is an early neoplastic event. Com-
plete sequencing of FBXO4 in 39 cutaneous, 7 acral, and 15 mu-
cosal melanomas revealed p.I377M in a primary cutaneous tumor
as well as additional point mutants in the C-terminal, substrate-
binding region (see Table S2 in the supplemental material). The
1377M mutation was reported once in 1/4,512 alleles (0.0002%) in
1000Genomes. The majority of residues targeted, including 1377,
are highly conserved among metazoans (35) (see Fig. S5B in the
supplemental material). Notably, while previous studies estab-
lished inactivating FBXO4 mutations in the 14-3-3e-dependent
dimerization domain in human esophageal cancer (28, 36), we
detected no such mutations in melanoma, suggesting that differ-
ential selection pressures exist in different tumor types, resulting
in distinct mechanisms of FBXO4 dysfunction (see Fig. S5A and
Q).
The FBX04 I377M mutant exhibits impaired cyclin D1 re-
cruitment and ubiquitylation. The location of the 1377M muta-
tion suggested that it could potentially alter substrate recognition
by FBXO4. Isoleucine 377 is located within an a-helix (a-helix E)
at the C-terminal tail of the substrate-binding domain (see Fig.
S5A in the supplemental material). Further support for this stems
from available crystallographic data indicating that a-helix E is
solvent accessible and resides adjacent to but outside the FBXO4-
TRF1 substrate interface; we considered the possibility that the
1377M mutation retains the ability to regulate TRF1 (35, 37) while
losing its ability to regulate cyclin D1. We therefore assessed the
impact of the I377M mutation on the regulation of both cyclin D1
and TRF1. Because FBXO4-dependent recruitment of cyclin D1
depends on aB crystallin as a cofactor, we also assessed oB crys-
tallin association with the FBXO4 I377M mutant. FBXO4, oB
crystallin, and cyclin D1/CDK4 were expressed in 293T cells; to
facilitate binding, we inhibited cyclin D1 degradation with
MG132. FBXO4 was immunoprecipitated, and the association
with cyclin D1/aB crystallin was assessed. Although the FBXO4
1377M mutant exhibited a significantly impaired association with
both cyclin D1 and aB crystallin (Fig. 4A), no defect in binding to
TRF1 was observed (Fig. 4B), indicating that global protein fold-
ing was unaffected and that unique substrate-binding interfaces
exist (37, 38). Conversely, FBXO4 mutations within the estab-
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lished FBXO4-TRF1 interface (a-helix D, residues 340 to 352 [37,
38]) had no detectable effect on cyclin D1/aB crystallin recruit-
ment but disrupted binding to TRF1 (Fig. 4A and B). These find-
ings provide evidence for a paradigm in which tumor cells ex-
pressing the FBXO4 I1377M mutation can maintain surveillance of
TRF1 and possibly other unidentified substrates while selectively
permitting dysregulation of cyclin D1. Consistent with the 1377M
mutation disrupting FBXO4-cyclin D1 binding, FBXO4 was not
recovered efficiently in cyclin D1 complexes isolated from mela-
noma cell lines harboring the FBXO4 1377M mutant (Fig. 4C).

To further resolve the interface responsible for interactions
with cyclin D1, we made point mutations within a-helix E of
FBXO4 and assessed binding to cyclin D1. Our analysis revealed a
role for E379 in FBXO4 binding to cyclin D1 (see Fig. S5D and E in
the supplemental material). In addition, we also entertained the
possibility that the FBXO4 I377M mutant disrupts FBXO4
dimerization itself, given evidence that FBXO4 can self-associate
in an antiparallel fashion (35); wild-type myc-FBXO4 was coex-
pressed with Flag-FBXO4 mutants, and complexes were isolated
by immunoprecipitation. Critically, the FBXO4 I1377M and
H346R mutants retained full dimerization potential (see Fig. S5F).
Thus, mutation of residues that mediate either cyclin D1 (I377) or
TRF1 (H346) binding does not impact FBXO4 dimerization.

Cyclin D1 is refractory to FBX04 I1377M-dependent regula-
tion. We subsequently determined if impaired substrate recogni-
tion results in a defect in substrate ubiquitylation. FBXO4, aB
crystallin, and cyclin D1/Cdk4 were expressed in 293T cells; ubiq-
uitin-conjugated proteins were isolated by using a ubiquitin-spe-
cific antibody; and the presence of ubiquitylated cyclin D1 was
assessed by immunoblotting. Strikingly, the FBXO4 I377M mu-
tant possessed undetectable cyclin D1-ubiquitylating activity,
while wild-type Fbxo4 triggered robust cyclin D1 ubiquitylation
(Fig. 5A). We also investigated the capacity of melanoma cells that
harbor endogenous FBXO4 1377M mutations to ubiquitylate cy-
clin D1. Human melanoma 451Lu and 1205Lu cells (wild-type
and [377M mutant FBOX4, respectively) were subjected to pro-
teasome inhibition and probed for ubiquitylated cyclin D1. Cyclin
D1 ubiquitylation was markedly decreased in cells harboring the
mutation (Fig. 5B). In contrast, no decrease in Trfl polyubiquity-
lation was observed (Fig. 5B).

Because the 1377M mutation impairs FBXO4-mediated cyclin
D1 ubiquitylation, we anticipated that cyclin D1 should accumu-
late in cells harboring the FBXO4 I377M mutation; we thus com-
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FIG 4 Distinct Fbxo4 substrate-binding domain mutants selectively disrupt recruitment of different substrates. (A) 293T cells overexpressing Fbxo4, aB
crystallin, and cyclin D1/CDK4 were subjected to MG132 proteasomal inhibition. Fbxo4 was immunoprecipitated from lysates and assessed for substrate/
cofactor binding. EV, empty vector. (B) Cell extracts prepared from 293T cells expressing Fbxo4 and TRF1 and treated with MG132 proteasomal inhibition were
subjected to immunoprecipitation (IP) for Fbxo4, and substrate binding was assessed by immunoblotting. (C) Lysates prepared from the indicated cells treated
with MLN9708 to inhibit SCF function and stabilize SCF-cyclin complexes were subjected to precipitation with a cyclin D1-specific monoclonal antibody (top
and middle) or were subjected to direct Western blotting (WB) (bottom). Lysates resolved by SDS-PAGE were transferred onto membranes and blotted with the

indicated antibodies.

pared melanoma cell lines containing wild-type FBXO4 with and
without cyclin D1 amplification. Immunoblotting revealed robust
cyclin D1 accumulation in cells harboring the FBXO4 1377M mu-
tation (Fig. 5C). Strikingly, cyclin D1 accumulation in FBXO4
mutant lines paralleled or exceeded that observed in cells contain-
ing CCND1 amplification (Fig. 5C, compare lane 1 to lanes 4 to 6).
Notably, TRF1 levels were unaffected by the presence of the
FBXO4 1377M mutation. Quantification of cyclin D1 mRNA
from the same cells revealed no correlation with cyclin D1 protein
accumulation (Fig. 5D).

If FBXO4 represents a rate-limiting determinant of cyclin
D1 regulation, reconstitution of wild-type FBXO4 in cells
should restore cyclin D1 regulation in FBXO4 1377M cells. To
test this notion, cells were stably infected with a retrovirus
encoding either wild-type FBXO4, the FBXO4 I1377M mutant,
or green fluorescent protein (GFP). Consistently, cyclin D1
expression was reduced only by wild-type FBXO4 (Fig. 5E).
Importantly, a-helix D C341W/A345R mutants retained full
ubiquitylating capacity (Fig. 5F), consistent with a-helix E me-
diating cyclin D1 recognition and a-helix D mediating TRF1
recognition and ubiquitylation.

To address whether the ubiquitylating defect observed with the
FBXO4 1377M mutant results in a corresponding increase in the
cyclin D1 half-life, we reconstituted Fbxo4-null MEFs with either
wild-type FBXO4 or the FBXO4 1377M mutant. Although expres-
sion of wild-type FBXO4 was associated with a cyclin D1 half-life
of <30 min (23), the cyclin D1 half-life remained extended in
FBXO4 I377M-reconstituted cells (Fig. 6A). Similarly, melanoma
cells with the endogenous FBXO4 1377M mutant exhibited a pro-
longed cyclin D1 half-life (Fig. 6B). Because overexpression of
cyclin D1 is associated with an increased rate of proliferation, we
assessed the ability of FBXO4 and the FBXO4 I377M mutant to
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regulate cell proliferation in a cyclin D1-dependent manner. In-
deed, while wild-type FBXO4 expression reduced the prolifera-
tion of Fbxo4-null MEFs, the FBXO4 1377M mutant was unable to
suppress proliferation, consistent with its inability to regulate cy-
clin D1 (see Fig. S6A in the supplemental material). If the prolif-
erative suppression associated with wild-type FBXO4 expression
occurs through cyclin D1 regulation, expression of a nondegrad-
able cyclin D1 mutant should result in cells refractory to the effects
of FBXO4. Thus, we expressed FBXO4 in the presence of either
wild-type cyclin D1 or a nondegradable T286A mutant. In the
absence of FBXO4, wild-type cyclin D1 and the T286A mutant
provided a clear growth advantage by day 6. FBXO4-containing
cells suppressed growth with wild-type cyclin D1, but FBXO4 had
no effect in the presence of the T286A mutation (see Fig. S6B).
To address whether the FBXO4 1377M mutation produces a
rate-limiting barrier to cyclin D1 degradation, we inhibited the
proteasome to assess the potential for further cyclin D1 accu-
mulation. In cells harboring the endogenous FBXO4 1377M
mutation, MG132 treatment failed to trigger an increase in
cyclin D1 levels, whereas a striking increase was observed in
wild-type FBXO4 cells (Fig. 6C). Consistent with these results,
knockdown of the Fbxo4 1377M mutant in 1205Lu cells failed
to trigger increased cyclin D1 accumulation but was associated
with increased Trfl levels, while knockdown of WT FBXO4 in
451Lu cells was associated with increases in both cyclin D1 and
Trfl levels (Fig. 6D). Ectopic overexpression of the FBXO4
1377M mutant in 293T cells also resulted in higher basal cyclin
D1 levels and less dramatic accumulation in response to
MG132 treatment than under basal conditions (Fig. 6E). Fi-
nally, we have shown that overexpression of WT FBXO4 in
mutant melanoma cells reduces cyclin D1 levels (Fig. 5D). We
reasoned that this should also result in reduced growth of these
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FIG 5 The FBXO4 1377M mutant fails to regulate cyclin D1 in vivo. (A) Lysates from 293T cells expressing FBXO4, aB crystallin, and cyclin D1/CDK4
were immunoprecipitated for ubiquitin and blotted for polyubiquitylated cyclin D1. (B) Human melanoma 451Lu (WT FBXO4) and 1205Lu (FBXO4
1377M) cells were subjected to MG132 proteasomal inhibition and lysed, and cell extracts were immunoprecipitated for ubiquitin and immunoblotted for
polyubiquitylated cyclin D1 (left) or Trfl (right and middle). (C) Human melanoma 451Lu, WM88, WM983B, WM3918, 1205Lu, and WM793B cells
(lanes 1 to 6, respectively) were lysed and analyzed by direct Western analysis for cyclin D1, pT286 cyclin D1, TRF1, FBXO4, and pS780 Rb expression.
(D) Quantitative PCR for cyclin DI mRNA from the indicated cell lines. (E) WM793B cells were infected with empty puro-pBabe-, pBabe-GFP-, WT
FBXO4-, or FBXO4 I377M-containing virus and subsequently analyzed by direct Western blotting for cyclin D1, FBXO4, or GFP expression. (F) To assess
the cyclin D1-ubiquitylating potential of TRF1-binding-defective mutants, FBXO4, aB crystallin, and cyclin D1/CDK4 were immunoprecipitated for

cyclin D1 and probed for ubiquitylated species.

cells in soft agar, while overexpression of the FBXO4 1377M
mutant should not. Indeed, a significant reduction in the num-
ber of colonies forming in soft agar was noted upon expression
of WT FBXO4 (Fig. 6F). These results suggest that the FBXO4
[377M mutation presents a rate-limiting barrier to cyclin D1
regulation and oncogenic cellular proliferation.

Our current understanding of cyclin D1 oncogenic function
posits that nuclear accumulation is a requisite for its transforming
potential (39); we thus hypothesized that a loss of cyclin D1 sur-
veillance would permit its nuclear localization. Wild-type FBXO4

November 2013 Volume 33 Number 22

or the FBXO4 1377M mutant was introduced into Fbxo4-null fi-
broblasts, and cyclin D1 localization was analyzed by immunoflu-
orescence. FBXO4 1377M expression correlated with increased
nuclear cyclin D1 accumulation, whereas cells expressing WT
FBXO4 had a nearly undetectable endogenous cyclin D1 signal in
the nucleus (Fig. 6G). Similarly, human melanoma cell lines re-
taining wild-type FBXO4 exhibited predominantly cyclin D1 nu-
clear exclusion, while those containing the endogenous FBXO4
1377M mutant failed to regulate nuclear levels (Fig. 6H; see also
Fig. S7 in the supplemental material).
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FIG 6 Cyclin D1 turnover is defective, and nuclear accumulation occurs in the presence of the Fbxo4 I377M mutant. (A) Fbxo4-null MEFs were transiently transfected
with WT FBXO4 or the FBXO4 1377M mutant, and the endogenous cyclin D1 half-life was assessed by cycloheximide (CHX) chase. (B) Human melanoma cells were
treated with cycloheximide and analyzed for endogenous cyclin D1 and FBXO4 expression. (C) Human melanoma cells with or without the FBXO4 mutation were
treated with or without MG132 (2 wM for 16 h) and analyzed for endogenous cyclin D1 expression. (D) Small interfering RNA (Si) Fbxo4 knockdown in 1205Lu or
451Lu cells. Immunoblotting antibodies are indicated. (E) 293T cells overexpressing WT FBXO4 or the FBXO4 1377M mutant and cyclin D1/CDK4 were treated with
or without MG132 (2 uM for 16 h) and analyzed for cyclin D1 expression. (F) Cells infected with vectors encoding the indicated proteins were seeded in soft agar, and
colonies were quantified after 21 days of growth. Quantifications and error bars represent results from 3 independent experiments. (G) Fbxo4-null MEFs were transiently
transfected with WT FBXO4 or the FBXO4 1377M mutant, and endogenous cyclin D1 localization was analyzed by immunofluorescence. (H) Human melanoma cells
with or without the FBXO4 mutation were analyzed by immunofluorescence for endogenous cyclin D1 localization.

DISCUSSION

The critical role of cyclin D1/CDK4 in melanoma is highlighted by
the frequent deletion, mutation, or promoter methylation of
p16™5** as well as the significant prevalence of CCND1 amplifi-
cation (20, 40). In addition to these mechanisms, cyclin D1 over-
expression occurs in an additional 20% of melanomas without
any identifiable genetic insult, suggesting a loss of posttransla-
tional regulation of cyclin D1 (20). We provide clinical, biochem-
ical, and animal model evidence that inactivation of the cell cycle-
regulated cyclin D1 ubiquitin ligase SCF*®*“* contributes to the
observed dysregulation of cyclin D1 and further contributes to
neoplastic growth of melanocytes in vivo.

Using an animal model, we provide striking evidence that
Fbxo4 suppresses Braf***°F-driven melanoma. Fbxo4 deficiency
results in cyclin D1 accumulation. Critically, genetic Ccndl defi-
ciency protects from tumorigenesis and, importantly, does not
alter the latency or penetrance of glabrous skin hyperpigmenta-
tion. These observations indicate that the downregulation of cy-
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clin D1 in our model does not impact the melanocyte hyperpro-
liferation associated with Braf**°* but does prevent neoplastic
conversion. Combined with the Fbxo4 deficiency, the wild-type
Ccndl gene dosage (the presence of both alleles) provides a signal-
ing event sufficient to overcome oncogene-induced senescence,
which normally suppresses tumorigenesis. Although our result
suggests that the cooperation between Braf**°°F and loss of Fbxo4
is critically dependent on cyclin D1 levels, our current study does
not demonstrate that Fbxo4-mediated tumorigenesis acts solely
through cyclin D1. One cannot preclude the possibility, which in
fact may be very likely, that Fbxo4 also acts through other un-
identified substrates to promote tumorigenesis. Specifically ad-
dressing Trfl, while some data suggest that conditional Trfl
deletion predisposes to cancer (41), a relative paucity of evi-
dence supports the notion that Trfl accumulation, as would be
expected with Fbxo4 deletion, contributes to malignancy. Fur-
thermore, the fact that murine telomeres are greatly extended
and dissimilar to human telomeres further argues against telo-
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mere maintenance as a contributing factor. Taken together,
these results establish that cyclin D1 dose escalation is a critical
mediator of malignant transformation in Braf'*°°F melanomas
in the setting of Fbxo4 deficiency.

We found that the solvent-accessible FBXO4 I377M mutation
occurred in 8% of the human melanoma samples screened. It is
possible that the true incidence of the I377M mutation is lower
than what we observed, in light of the absence of detectable
FBXO4 mutations in several other screens (42, 43). Furthermore,
the somatic nature of the I377M mutation is unknown. Two in-
stances of the FBXO4 I377M mutation have been reported in the
Single Nucleotide Polymorphism database: 1/4,512 alleles
(0.0002%) in 1000Genomes and 1/9,100 alleles (0.0001%) in
ESP4500. Thus, while the allele has been observed in the germ line,
it is extremely rare and cannot account for the frequency seen in
this study.

While the frequency of the 1377M mutation in melanoma is
lower than those of mutations in FBXO4 observed in cancers of
the esophagus, the characterization of the biochemical effect of the
mutation has provided striking insights into Fbxo4 function.
Analysis of the I377M mutation has provided insights into FBXO4
substrate recognition. To date, two Fbxo4 substrates have been
reported, cyclin D1 and TRF1, the latter being a component of the
shelterin complex that regulates telomere stability (38, 41, 44). We
highlight several lines of evidence that indicate that dysregulated
cyclin D1, as opposed to TRF1, mediates the tumorigenic pheno-
type that we observed. The FBXO4 1377M mutant identified from
clinical data, residing within a-helix E, retains a full capacity to
recruit TRF1 for ubiquitylation. The location of this mutation is in
contrast to the residues within a-helix D (residues 341 to 352),
which have been shown to be critical for TRF1 binding/ubiquity-
lation (37). Combined with our observation that the FBXO4
1377M mutant is cyclin D1 binding/ubiquitylation deficient,
these data imply that there exists distinct substrate interfaces
within the Fbxo4 substrate-binding domain. With regard to
substrate selectivity, compared to cyclin D1, few existing lines
of evidence support the notion that TRF1 dysregulation, par-
ticularly accumulation, leads to tumorigenesis. More impor-
tantly, TRF1 dysregulation was not observed in FBXO4 mutant
cells, precluding TRF1 degradation-related effects on tumori-
genesis. Finally, we previously demonstrated that Fbxo4 defi-
ciency accelerates cellular transformation in vitro and that this
effect was critically dependent on cyclin D1, as MEFs nullizy-
gous for cyclin D1 lost their transforming capacity (28).

The selective impact of the I377M mutation on cyclin D1 may
explain why no truncating mutations in FBXO4 have been ob-
served; the concomitant dysregulation of one substrate with the
preserved regulation of another substrate(s) may provide an op-
timal oncogenic hit. This interpretation lays the foundation for a
novel paradigm wherein SCF ubiquitin ligases may differentially
regulate multiple substrates and helps explain why certain muta-
tions may be selected in cancer. While similar to FBXW7 in that
hemizygous mutations in human cancers lead to impaired sub-
strate regulation, Fbxo4 lacks the multiple proto-oncogenic sub-
strates of Fbw7 (e.g., c-myc, cyclin E, and c-Jun) (45-49), thus
providing an explanation for the observation that the only ob-
served FBXO4 mutations were missense mutations, perhaps a
mechanism for selective substrate regulation.

Our in vivo melanoma model using Braf'*”* on an Fbxo4-
deleted background provides striking support for the role of
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FBXO4 in opposing neoplastic transformation of melanocytes.
Thus, while cyclin D1/CDK4 dysregulation through p16™*** in-
activation has been known to be a major event in the development
of melanoma, the current work reveals an unappreciated role for
FBXO4 in melanocyte proliferative homeostasis. Additional F-
box family members have been implicated in the regulation of
cyclin D1 degradation, including FBXW8, FBXO31, APC/C, and
SKP2 (50-53). We have also sequenced the genes encoding
FBXW8 and FBXO31 in 15 primary melanoma cell lines. For
FBXWS, only known polymorphisms were noted. For FBXO31,
no variants were noted. We also evaluated the genes for mutations
in the Cancer Genome Atlas data by using cBioPortal (http://www
.cbioportal.org/). In 225 samples, two (0.8%) missense mutations
were found in FBXO31, one with a low predicted functional im-
pact and one with a moderate predicted functional impact (but
present in only 5% of alleles). In FBXWS, only one (0.4%) mis-
sense mutation with a predicted moderate effect was found. To-
gether, these data do not suggest a role for mutations in FBXO31
and FBXW8 in melanoma.

A recent independent investigation has called for a reevalua-
tion of the role of F-box proteins in cyclin D1 degradation. Re-
cently, the contributions of the E3 ligases suggested to regulate
cyclin D1 have been questioned, and it was suggested that none
were required for regulation of cyclin D1 degradation (54). Im-
portantly, while ubiquitin-mediated cyclin D1 turnover was
observed in the context of Fbxo4 deletion, we have rigorously
demonstrated Fbxo4-dependent cyclin D1 stabilization and tu-
morigenesis in mice and in multiple cancer and noncancerous
cell types. In this context, Fbxo4 specifically catalyzes the re-
moval of cyclin D1 beginning at the G,/S-phase transition,
thereby preventing nuclear accumulation during S phase.
Thus, Fbxo4 governs cyclin D1 accumulation during this crit-
ical phase of the cell cycle, since prolonged nuclear CDK4 ac-
tivity through S phase drives DNA rereplication, resulting in
genomic instability (26, 27).

In summary, our data reveal that Fbxo4, the E3 ligase for cyclin
D1, is subject to inactivating mutations in melanoma. Strikingly,
one of the mutations identified specifically disrupts Fbxo4-depen-
dent regulation of cyclin D1 while retaining its ability to regulate
Trfl. The bona fide tumor suppressor activity of Fbxo4 as well as
its relationship with cyclin D1 were established by genetically in-
tercrossing a model of inducible somatic Braf**°°* mutations with
Fbxo4-deficient mice. These mice develop rapidly progressing
melanoma with a 6-week latency, and melanoma development is
critically dependent on cyclin D1 levels. These findings support a
role for Fbxo4 as a tumor suppressor in melanoma and provide
novel insights into Fbxo4 substrate regulation. Future studies in-
vestigating the role of Fbxo4 in an array of human malignancies,
how mutational status may portend a better or worse prognosis, as
well as methods to counteract Fbxo4 inactivation, such as CDK
inhibition, are warranted.
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