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Skp1-Cul1-F-box (SCF) E3 ubiquitin ligase complexes modulate the accumulation of key cell cycle regulatory
proteins. Following the G1/S transition, SCFFbx4 targets cyclin D1 for proteasomal degradation, a critical event
necessary for DNA replication fidelity. Deregulated cyclin D1 drives tumorigenesis, and inactivating mutations
in Fbx4 have been identified in human cancer, suggesting that Fbx4 may function as a tumor suppressor.
Fbx4�/� and Fbx4�/� mice succumb to multiple tumor phenotypes, including lymphomas, histiocytic sarcomas
and, less frequently, mammary and hepatocellular carcinomas. Tumors and premalignant tissue from Fbx4�/�

and Fbx4�/� mice exhibit elevated cyclin D1, an observation consistent with cyclin D1 as a target of Fbx4.
Molecular dissection of the Fbx4 regulatory network in murine embryonic fibroblasts (MEFs) revealed that
loss of Fbx4 results in cyclin D1 stabilization and nuclear accumulation throughout cell division. Increased
proliferation in early passage primary MEFs is antagonized by DNA damage checkpoint activation, consistent
with nuclear cyclin D1-driven genomic instability. Furthermore, Fbx4�/� MEFs exhibited increased suscep-
tibility to Ras-dependent transformation in vitro, analogous to tumorigenesis observed in mice. Collectively,
these data reveal a requisite role for the SCFFbx4 E3 ubiquitin ligase in regulating cyclin D1 accumulation,
consistent with tumor suppressive function in vivo.

Cell cycle progression is intricately controlled by coordi-
nated expression and ubiquitin-dependent degradation of key
regulatory proteins. Ubiquitylation of target substrates re-
quires the concerted activity of an Ub-activating enzyme (E1),
recruitment of an Ub-conjugating enzyme (E2), and an E3
ubiquitin ligase. Although some E3 ubiquitin ligases directly
mediate transfer of ubiquitin, for example, the HECT-domain
family of E3 ligases, many E3 ligases function as multi-subunit
complexes that bridge the charged E2 enzyme with a given
substrate (20). The Skp1-Cul1-F-box (SCF) family of E3 ubiq-
uitin ligases is an example of the latter and promotes poly-
ubiquitylation of mainly phosphorylated substrates, including
G1/S regulatory proteins (11, 12, 27, 32, 43). Specificity of SCF
ligases is conferred by the F-box protein, which bridges sub-
strate molecules with the core ligase machinery. F-box proteins
contain a conserved F-box domain, required for Skp1 binding
and recruitment of core ligase components Cul1, Rbx1, and
E2, as well as a substrate-recognition domain within the C
terminus (39, 43, 51).

The F-box protein, Fbx4, regulates ubiquitylation of cyclin
D1, following the G1/S transition (32). Similar to Fbw7, a
ubiquitin ligase for targets such as cyclin E, c-Myc, and Notch
(27, 47–50, 54, 55), and �-TrCP, an E3 ligase for targets in-
cluding I�B, �-catenin, Cdc25A, and Emi1 (10, 16, 18, 24, 26,
28, 36, 38, 45, 46, 52), Fbx4 undergoes dimerization; however,

in contrast to either Fbw7 or �-TrCP, Fbx4 dimerization occurs
in a cell cycle-dependent manner (5, 17, 44, 46). Fbx4 dimeriza-
tion requires glycogen synthase kinase 3� (GSK3�)-dependent
phosphorylation at serine 12, which triggers ligase activation at
the G1/S transition (5, 32). Critically, mutations that stabilize
cyclin D1 and thereby trigger nuclear accumulation of active
cyclin D1/CDK4 drive cell transformation (1–3). While cyclin
D1 overexpression occurs in multiple human malignancies (4,
6–8, 14, 19, 21–23, 25), overexpression of wild-type cyclin D1 in
an Fbx4-proficient system is insufficient to drive spontaneous
transformation (3, 5), supporting a model wherein cytoplasmic
recognition of phosphorylated cyclin D1 by Fbx4 is sufficient to
maintain cellular integrity.

Cyclin D1 mutations that impede degradation and trigger
nuclear accumulation promote neoplastic growth (1, 3, 5, 9, 35,
37); however, such mutations are rare in human cancer. Re-
cent work identified inactivating Fbx4 mutations in human
cancers that impair ligase phosphorylation and dimerization.
Such tumors exhibit marked cyclin D1 nuclear accumulation,
highlighting a novel mechanism for cyclin D1 deregulation in
cancer (5). Taken together, these findings suggest that Fbx4 is
a tumor suppressor, preventing aberrant cyclin D1 accumula-
tion.

To investigate the tumor suppressor function of Fbx4, we
ablated the murine Fbx4 gene. Fbx4�/� mice are viable and
lack major developmental defects. However, Fbx4�/� murine
embryonic fibroblasts (MEFs) exhibit cyclin D1 stabilization
and subsequent nuclear localization, with concomitant induc-
tion of DNA damage, consistent with a model wherein nuclear
cyclin D1/CDK4 kinase drives genomic instability. Finally,
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Fbx4 deficiency facilitates cellular transformation in vitro,
and both Fbx4�/� and Fbx4�/� mice succumb to multiple
tumor phenotypes in vivo with a marked increase in cyclin
D1 levels, supporting the notion that Fbx4 is a bona fide
tumor suppressor.

MATERIALS AND METHODS

Targeting vector construction and generation of Fbx4�/� mice. The engi-
neered construct targeting murine Fbx4 exon 2 was developed by Vega Biolab
(Philadelphia, PA). The targeting vector was electroporated into embryonic stem
(ES) cells, and clones harboring a correctly targeted allele with a normal karyo-
type were injected in B6 blastocysts by the University of Pennsylvania core facility
for generation of chimeric mice with germ line transmission; these mice were
intercrossed with EIIa-Cre transgenic mice to generate Fbx4 heterozygous prog-
eny. The genotypes were verified by PCR using tail DNA. Extraction and PCR
were performed with an Extract-N-Amp tissue PCR kit (Sigma-Aldrich). The
genotyping primers were as follows: 1loxP forward, 5�-GGCAGAGCTTGAGT
TTGCAACATTTCAGGTG-3�, and 3loxP reverse, 5�-TCCTGATCTTTGGAA
ATTCTTCCTCTGAGT-3�. Aged mice were monitored closely for signs of dis-
tress or palpable tumor mass according to IACUC guidelines, and event-free
survival was assessed by Kaplan-Meier analysis.

Southern blot analysis. 5� and 3� probes in the genomic region flanking Fbx4
exons 1 to 3 (site of homologous recombination [see Fig. 1]) were generated. The
5� probe generates a 15-kb band for the normal Fbx4 locus and a 10-kb band for
an allele that has undergone homologous recombination.

Histology and IHC. Tissues were fixed in 10% buffered formalin overnight,
followed by dehydration in a series of ethanol and paraffin embedding and
sectioning. Antibodies utilized for immunohistochemistry (IHC) staining were
purified cyclin D1 (72-13G; Santa Cruz), Ki-67 (Novocastra), phospho-ATM
(Millipore), and �H2AX (Millipore).

MEFs and cell culture. Mouse embryos extracted at day 14 of gestation were
maintained on a 3T9 passage protocol, cultured in Dulbecco modified Eagle
medium (DMEM) containing 10% fetal bovine serum, 2 mM glutamine, 0.1 mM
nonessential amino acids, 55 �M �-mercaptoethanol, and 10 �g of gentamicin/
ml. For growth curves, 105 cells were plated on 35-mm dishes in duplicate and
counted every 24 h by using a hemocytometer. Primary MEFs were immortalized
by lentiviral infection with p19Arf shRNA vector. Immortalized cells and NIH
3T3 fibroblasts were cultured in complete DMEM containing 10% fetal bovine
serum, glutamine, and 1% penicillin-streptomycin. Cell synchronization was
achieved by serum starvation for 24 to 48 h, followed by serum stimulation to
allow cell cycle entry.

Western analysis and immunoprecipitation. Whole tissues and cultured cells
were lysed in Tween 20 buffer containing 50 mM HEPES (pH 8.0), 150 mM
NaCl, 2.5 mM EGTA, 1 mM EDTA, 0.1% Tween 20, and protease/phosphatase
inhibitors (1 mM phenylmethylsulfonyl fluoride, 20 U of aprotinin/ml, 5 mg of
leupeptin/ml, 1 mM dithiothreitol [DTT], 0.4 mM NaF, and 10 mM �-glycero-
phosphate). Whole tissues were homogenized in Tween 20 buffer with inhibitors,
and lysates were sonicated prior to clearing by centrifugation at 4°C for 30 min.
Lysate protein concentration was determined by BCA assay, and proteins were
resolved by SDS-PAGE, transferred to nitrocellulose membranes, and subjected
to immunoblotting. Antibodies utilized include Fbx4 rabbit polyclonal antibodies
(YenZym; Rockland Immunochemicals), cyclin D1 mouse monoclonal D1-72-
13G, H4R3 (Abcam), �H2AX (Cell Signaling), p53 mouse monoclonal pab421,
p21 and cyclin A (Santa Cruz), phosphorylated threonine 286 cyclin D1 antibody
(pT286 Cyc D1) and phosphorylated serine 12 Fbx4 antibody (pS12 Fbx4; Yen-
zym), p19Arf (Abcam), p16Ink4a (Santa Cruz), Cul4a (Bethyl), Cdt1 (Santa Cruz),
Chk2 (BD Biosciences), total and cleaved caspase 3 (Cell Signaling), and �-actin
(Sigma). For cyclin D1 immune precipitation experiments, cells were lysed in
Tween 20 buffer, and 1 mg of total protein was immunoprecipitated with cyclin
D1 72-13G antisera for 1 h at 4°C.

Immunofluorescence. Primary MEFs were plated at optimal densities on glass
coverslips. For cyclin D1 localization, passage 3 primary MEFs were grown to 70
to 80% density and then fixed in 1:1 methanol-acetone for 10 min at �20°C.
Coverslips were dried then rehydrated with phosphate-buffered saline (PBS),
blocked with 10% fetal calf serum in PBS, and then incubated with cyclin D1
primary antibody for 1 h. Coverslips were washed with PBS, followed by incu-
bation with anti-mouse Alexa Fluor 546-conjugated secondary antibody for 30
min. Coverslips were washed with PBS, dried by 70 and 100% ethanol washes,
and mounted with Vectashield containing DAPI (4�,6�-diamidino-2-phenylin-
dole; Vector Laboratories). For �H2AX focus visualization, passage 3 cells
maintained under atmospheric (21%) oxygen conditions or physiological (3%)

oxygen tension were plated on glass coverslips at a density of 105 cells/well of a
six-well plate and cultured for 24 h. The cells were fixed and blocked as described
above, followed by incubation with �H2AX antibodies for 2 h. Coverslips were
washed with PBS and then incubated with anti-rabbit Alexa Fluor 488-conju-
gated secondary antibody for 30 min. Coverslips were mounted as described
above and visualized with a Nikon Eclipse 80i fluorescence microscope.

In vivo ubiquitylation. Immortalized MEFs were synchronized by serum star-
vation and stimulated for 15 h to enter early S phase. Cells were treated for 3 h
with 10 �M MG132 (Calbiochem) for proteasome inhibition and harvested in
Tween 20 buffer containing proteasome and phosphatase inhibitors, 1 mM DTT,
10 mM N-ethylmaleimide (NEM), and 20 �M MG132, followed by immune
precipitation with cyclin D1 72-13G antibody as described above. Immunopre-
cipitation samples were resolved by SDS-PAGE on 10% polyacrylamide gels and
immunoblotted with phospho-cyclin D1 T286 antibodies and total ubiquitin
antibodies to visualize ubiquitylated cyclin D1 laddering.

In vitro ubiquitylation. NIH 3T3 cells were synchronized by serum starvation,
followed by serum stimulation to enter S phase. Cells were either untreated or
subjected to 10 Gy of gamma irradiation, followed by 30 min of recovery. Cells
were then harvested in Tween 20 buffer, and 1 mg of total protein was immu-
noprecipitated with Fbx4-specific antibody and protein A-Sepharose beads for
4 h at 4°C. Fbx4-containing endogenous SCF complexes were washed four times
with Tween 20 buffer and then three times with kinase buffer (20 mM Tris, 40
mM MgCl2, 2.5 mM EGTA). Beads containing SCFFbx4 complexes were then
mixed with Sf9-produced purified cyclin D1 substrate, ATP, ubiquitin, E1, E2,
MG132, ubiquitin aldehyde, okadaic acid, energy regeneration buffer (20�: 10
mM ATP, 20 mM HEPES [pH 7.4], 10 mM magnesium acetate, 300 mM creatine
phosphate, 0.5 mg of creatine phosphokinase/ml), and kinase buffer to a final
volume of 50 �l. Reactions were carried out at 37°C for 30 min, followed by
SDS-PAGE for visualization of ubiquitylated cyclin D1 by Western blot.

Metaphase spreads. Immortalized MEFs were synchronized by serum starva-
tion, followed by serum stimulation to allow progression into S phase. Cells in
mid-S phase were pulsed with hydroxyurea (HU) for 2 h, followed by HU
washout and incubation in complete DMEM. Cells were arrested in metaphase
by treatment with colcemid for 2 h, harvested, treated with hypotonic KCl
solution, and fixed with methanol-acetic acid. Metaphase spreads were dropped
onto glass slides and permitted to dry, followed by Giemsa staining (Sigma). The
average number of chromatid breaks per cell was scored in two independent
biological replicate cell lines for each genotype. For normal lymphocyte or
lymphoma cell metaphase spreads, single cell suspensions of splenic or mesen-
teric node B cells were prepared, and pulsed with HU for 2 h to induce repli-
cation stress, followed by HU washout and incubation with colcemid for 2 h to
arrest cells in metaphase. Metaphase spreads were dropped and analyzed as
described for the MEF cells above.

In vitro transformation assays. Primary passage 3 MEFs were transduced with
pBabe-Puro (empty vector) or pBabe-RasV12 retrovirus. At 24 h postinfection,
the cells were trypsinized and replated at a density of 1.5 � 105 cells/35 mm plate
in duplicate. Cells were cultured in DMEM containing 5% serum, with medium
changed every 2 days for 21 days, followed by Giemsa stain to visualize the foci.
To assess cyclin D1 dependence, primary passage 4 MEFs were transfected with
pBabe-Puro empty vector, pBabe-RasV12, kinase-deficient pSR	-CDK4K35M,
or dominant-negative pBabe-cyclin D1T156A. At 24 h posttransfection, the cells
were treated with trypsin and plated as described above. In addition, early-
passage spontaneously immortalized cells were transfected with the aforemen-
tioned constructs, and plated and grown as described above. For spontaneous
transformation of p19shRNA-immortalized MEFs, cells were plated at a density
of 1.5 � 105/35-mm plate and cultured as described above.

Statistical analysis. Prism GraphPad Software was utilized for generating
Kaplan-Meier mouse event-free survival plots and statistical analysis of survival
and tumor onset. All other statistical analyses utilized a two-tailed Student t test,
with P values of 
0.05 indicating statistical significance. Error bars represent the
means � the standard deviations.

RESULTS

Generation of Fbx4�/� and Fbx4�/� mice. To directly assess
the tumor suppressor function of Fbx4, we generated a target-
ing vector to facilitate deletion of murine Fbx4 by homologous
recombination in ES cells. LoxP sites were inserted flanking
exon 2, with a downstream neomycin (Neo) cassette flanked by
a third LoxP site. Cre-mediated recombination and deletion of
exon 2 removes F-box sequences critical for Skp1 recruitment
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and assembly of a functional ligase, resulting in a frameshift
and premature termination (Fig. 1A). The targeting construct
was electroporated into ES cells, and correctly targeted clones
were identified by Southern hybridization (Fig. 1B). These
clones with a normal karyotype were injected in C57BL/6 blas-
tocysts; two clones resulted in germ line transmission. Chime-
ric mice were intercrossed with EIIa-Cre transgenic mice to
generate Fbx4 heterozygous progeny (genotype confirmation,
Fig. 1C). Both Fbx4�/� and Fbx4�/� animals were viable and
fertile, with no apparent developmental defects.

Multiple tissues harvested from young (1- to 2-month-old)
animals were assessed for cyclin D1 and Fbx4 expression. Im-
portantly, no Fbx4 protein could be detected from the knock-
out allele using both N- and C-terminal Fbx4-specific antibod-
ies (data not shown), suggesting that deletion of exon 2 creates
an inherently unstable protein that is rapidly degraded. Among
the tissues examined, cyclin D1 protein accumulation was
noted in the mammary gland, lung, thymus, and spleen (Fig.
2A to D). Increased cyclin D1 accumulation was also observed
in both Fbx4�/� and Fbx4�/� primary MEFs (Fig. 2E). Re-
verse transcription-PCR (RT-PCR) analysis revealed equiva-
lent levels of cyclin D1 mRNA in Fbx4�/�, Fbx4�/�, and
Fbx4�/� MEFs, suggesting that protein accumulation occurs at
the posttranslational level (Fig. 2F).

Fbx4 deletion promotes cyclin D1 stabilization and nuclear
accumulation. To dissect the molecular mechanism underlying
cyclin D1 accumulation in Fbx4�/� and Fbx4�/� mice, we
prepared MEFs from day 14 (d14) embryos and examined cell
proliferation and cyclin D1 stability. Primary Fbx4�/� and
Fbx4�/� MEFs exhibited cyclin D1 stabilization in S phase,
with increased cyclin D1 half-life (Fig. 3A). Importantly, cyclin
D1 stabilization correlated with its robust nuclear accumula-
tion at the expense of cytoplasmic staining in primary MEFs
(Fig. 3B). Consistent with cyclin D1 deregulation in the ab-
sence of Fbx4, early-passage primary MEFs also exhibited an
increased rate of proliferation compared to wild-type MEFs
(Fig. 3C). Subsequently, we determined whether cyclin D1
protein is stabilized throughout S phase in Fbx4�/� cells.
MEFs were immortalized with p19Arf shRNA, allowing ex-
tended culture and effective synchronization, and cyclin D1
levels were assessed across the late-G1 phase through the
mid-S phase. In Fbx4�/� cells, cyclin D1 was rapidly degraded
following the G1/S transition; conversely, cyclin D1 protein was
elevated, reflecting increased stability, in Fbx4�/� cells (Fig.
3D). Furthermore, threonine 286 phosphorylated (pT286) cy-
clin D1 accumulated in Fbx4�/� cells, which is consistent with
reduced degradation (Fig. 3E). We also determined whether
cyclin D1 S-phase ubiquitylation requires Fbx4. Wild-type and

FIG. 1. Generation of Fbx4�/� and Fbx4�/� mice. (A) Vector for targeted disruption of the mouse Fbx4 locus. Exon 2, encoding the F-box,
is flanked by LoxP sites with a downstream neomycin (NEO) resistance cassette flanked by a third LoxP site. (B) Southern blot of a targeted ES
clone (denoted by an asterisk) using 5� probe shown in panel A. (C) Genotyping of Fbx4�/�, Fbx4�/�, and Fbx4�/� d14 embryos from a
heterozygous cross using the tail DNA and PCR primers denoted in panel A.
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null cells were synchronized and stimulated to enter S phase
with serum-derived growth factors; cells were treated with the
proteasome inhibitor MG132 to allow accumulation of poly-
ubiquitylated proteins, and cyclin D1 was immunopurified. Im-
munoblot analysis revealed reduced cyclin D1 polyubiquityla-
tion in Fbx4�/� cells compared to Fbx4�/� controls, suggesting
that impaired cyclin D1 ubiquitylation/degradation drives nu-
clear cyclin D1 accumulation in Fbx4�/� cells (Fig. 3F).

Enhanced proliferation is antagonized by DNA damage in
Fbx4�/� MEFs. MEFs were maintained on a 3T9 passage
protocol to evaluate the onset of cellular senescence. While
early passage Fbx4�/� MEFs initially accumulated to a higher
density, proliferation is dramatically reduced between passages
6 and 7 compared to the gradual proliferative decline observed
in Fbx4�/� MEFs (Fig. 4A). Both wild-type and null MEFs
exhibited similar patterns of senescence-associated p19Arf and
p16Ink4a induction (Fig. 4B), suggesting that reduced prolifer-
ation is not a result of premature senescence. Furthermore,
knockdown of p19Arf bypassed cellular senescence, allowing
immortalization of Fbx4�/� and Fbx4�/� MEFs; such immor-
talized cells did not exhibit proliferative defects (Fig. 4C).
Given the reduced proliferation observed in passage 6 and 7
Fbx4�/� MEFs, it is important to note that these cells were not
actively undergoing apoptosis, since caspase 3 cleavage was
minimal in both Fbx4�/� and Fbx4�/� MEFs (Fig. 4D). Sig-
nificantly, Fbx4�/� MEFs accumulated p53 and p21Cip1, as
well as �H2AX, a finding consistent with induction of the DNA
damage checkpoint in later passages (Fig. 4E). Fbx4�/� cells
also accumulated DSB-associated nuclear foci (Fig. 4F), fur-
ther supporting this notion. Previous studies established that
primary MEF proliferation under atmospheric oxygen is lim-
ited by oxidative DNA damage, despite maintenance of long
telomeres (40). Importantly, while Fbx4�/� MEFs displayed
markers of DNA damage earlier than Fbx4�/� counterparts,
the DNA damage in Fbx4�/� MEFs could not be rescued by
culture under physiological oxygen (3% O2) (Fig. 4F). Next, we
assessed whether immortalized Fbx4�/� and Fbx4�/� cells are

sensitive to S-phase DNA damage. Fbx4�/� and Fbx4�/� cells
were synchronized in S phase, pulsed with 2 mM HU for 2 h,
followed by HU washout and treatment with colcemid to arrest
cells in metaphase. Metaphase spreads prepared from Fbx4�/�

cells exhibited a significant increase in chromosome alterations
compared to wild-type controls (Fig. 4G). Collectively, these
data reveal that loss of Fbx4 triggers nuclear cyclin D1 accu-
mulation, DNA damage checkpoint activation, and ultimately
genomic instability.

Previous work established that nuclear cyclin D1 promotes
DNA rereplication during S phase and continued DNA repli-
cation in the presence of S-phase DNA damage, thereby facil-
itating genomic instability; these phenotypes are driven by nu-
clear cyclin D1/CDK4-mediated CUL4 repression and Cdt1
stabilization (1, 41). Consistent with these findings, Cdt1 pro-
tein was stabilized throughout S phase in Fbx4�/� cells, with a
concomitant reduction in Cul4A expression (Fig. 5A). Our
data revealed attenuated cyclin D1 turnover in primary S-
phase Fbx4�/� MEFs (Fig. 3A); furthermore, cyclin D1 deg-
radation in response to S-phase DNA damage was impaired in
Fbx4�/� MEFs (Fig. 5B), suggesting that Fbx4 mediates cyclin
D1 destruction during unperturbed S-phase progression and
following S-phase DNA damage. Since GSK3� phosphorylates
Fbx4, triggering ligase dimerization and activation (5), and
GSK3� activity increases following S-phase DNA damage (30,
41), we next ascertained whether Fbx4 phosphorylation and
ligase activity are regulated by S-phase DNA damage. Treat-
ment of S-phase cells with ionizing radiation enhanced Fbx4
phosphorylation, concomitant with elevated cyclin D1 phos-
phorylation (Fig. 5C). Moreover, SCFFbx4 E3 ubiquitin ligase
activity toward cyclin D1 substrate in vitro was markedly in-
creased when SCFFbx4 complexes were purified from S-phase
NIH 3T3 cells subjected to ionizing radiation (Fig. 5D). To-
gether, these data indicate that both phosphorylation-depen-
dent cyclin D1 nuclear export and phosphorylation-dependent
Fbx4 ligase activation synergize to promote cyclin D1 ubiqui-

FIG. 2. Cyclin D1 accumulation in Fbx4�/� and Fbx4�/� tissues and MEFs. Tissues were harvested from 1- to 2-month-old mice of each
genotype, and lysates were prepared for SDS-PAGE and immunoblotted as indicated. Cyclin D1 accumulation was assessed in mammary glands
(A), lungs (B), thymus (C), spleen (D), and primary MEFs (E). (F) Cyclin D1 mRNA is equivalent in Fbx4�/�, Fbx4�/�, and Fbx4�/� MEFs.
RT-PCR was performed on total RNA isolated from MEFs of the indicated genotype using PCR primers specific for cyclin D1 and the
housekeeping gene HPRT as a control.
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tylation following S-phase DNA damage, thereby preserving
genome integrity.

Fbx4 loss cooperates with RasV12 in vitro. The data pro-
vided demonstrate that cyclin D1 is deregulated, leading to its
nuclear accumulation in the absence of Fbx4. Because cyclin
D1 overexpression cooperates with Ras to induce cellular
transformation (34), we considered whether Fbx4�/� or
Fbx4�/� primary MEFs were susceptible to transformation
induced by expression of only oncogenic Ha-RasV12. Infection
of early passage MEFs with retroviruses harboring empty vec-
tor or oncogenic RasV12 resulted in focus formation in both
Fbx4�/� and Fbx4�/� MEFs but not in Fbx4�/� MEFs (Fig.
6A). Although overexpression of wild-type cyclin D1 alone
does not promote cell transformation or tumorigenesis in im-
munocompromised mice (42), expression of cyclin D1 mutants
that are stably retained in the nucleus is oncogenic (3). Criti-

cally, Ras-driven transformation in Fbx4�/� primary MEFs
was dependent upon cyclin D1/CDK4 activity, since the expres-
sion of kinase-defective CDK4K35M or dominant-negative cy-
clin D1T156A suppressed the transforming phenotype (Fig.
6B). In addition, expression of cyclin D1T156A in spontane-
ously immortalized cells also suppressed Ras-driven transfor-
mation in the absence of Fbx4 (Fig. 6C). To determine whether
Fbx4 loss and subsequent nuclear accumulation of endogenous
cyclin D1 permits spontaneous cellular transformation, we ex-
amined the capacity of multiple immortalized cell lines of each
genotype to form foci in vitro. While immortalized Fbx4�/�

cells were refractory to spontaneous transformation, Fbx4�/�

cells and, to a greater extent, Fbx4�/� cells readily exhibited
spontaneous transformation (Fig. 6D), suggesting that Fbx4
plays a requisite role in suppressing cellular transformation in
vitro.

FIG. 3. Fbx4 loss promotes cyclin D1 stabilization and nuclear accumulation in MEFs. (A) Cyclin D1 t1/2 is extended in S-phase Fbx4�/� MEFs.
In the top panel, synchronous S-phase MEFs were treated with cycloheximide (CHX) as indicated; cell lysates were subjected to SDS-PAGE and
immunoblotted for cyclin D1, Fbx4, and cyclin A as an S-phase marker. The bottom panel shows the calculated cyclin D1 t1/2 for two independent
replicates per genotype. (B) Nuclear cyclin D1 accumulation in Fbx4�/� MEFs. In the top panel, passage 3 MEFs were stained with cyclin
D1-specific antibodies and DAPI. Images were captured at �20 magnification, with equal exposure. The bottom panel shows quantification of
nuclear cyclin D1 staining. (C) Fbx4�/� MEFs exhibit increased proliferation. A total of 105 Fbx4�/� and Fbx4�/� MEFs (passage 2) were plated
in duplicate on 35-mm plates and counted daily. (D) Elevated cyclin D1 protein in S-phase Fbx4�/� cells. p19shRNA-immortalized cells were
synchronized by serum starvation, and lysates were immunoblotted as indicated; the asterisk indicates a nonspecific band. (E) Phosphorylated
cyclin D1 accumulates in S-phase Fbx4�/� cells. Total cyclin D1 was immunoprecipitated from S-phase cell lysates and immunoblotted for
phospho-T286 cyclin D1 (pT286 D1) and total cyclin D1. (F) Cyclin D1 ubiquitylation following the G1/S transition is impaired in Fbx4�/� cells.
The cells were synchronized by serum starvation and stimulated to enter early S phase. Total cyclin D1 was immunoprecipitated from cell lysates,
subjected to SDS-PAGE, and immunoblotted to visualize cyclin D1 laddering. Panels: top, a pT286 cyclin D1 immunoblot; middle, total ubiquitin
immunoblot; bottom, total cyclin D1 immunoblot.
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Fbx4�/� and Fbx4�/� mice are tumor-prone. Given the ob-
served cyclin D1 accumulation in normal tissues derived from
Fbx4�/� and Fbx4�/� mice and neoplastic transformation phe-
notype in vitro, we investigated whether Fbx4�/� and Fbx4�/�

mice develop spontaneous tumors with increasing age. We
monitored mice for up to 24 months and observed significant
spontaneous tumor formation in both Fbx4�/� and Fbx4�/�

mice (Fig. 7A). Fbx4�/� and Fbx4�/� mice exhibited tumors of
lymphoblastic lineage, frequent intense myeloid proliferation
resulting from severe extramedullary hematopoiesis (EMH),
and early myeloid malignancy. These mice developed large cell
lymphomas, as confirmed by flow cytometric and immunohis-
tochemical analysis (Table 1). In addition, dendritic cell tu-
mors/histiocytic sarcomas of the spleen, thymus and intestinal
wall/mesentery, liver hemangiomas and hepatocellular carci-
noma, and tumors of the mammary and uterine epithelium
were observed (Table 1).

Fbx4�/� and Fbx4�/� mice succumbed to significant tumor
burden with a mean survival of 23 months (Fig. 7A). Impor-
tantly, 60.6 and 64.3% of Fbx4�/� and Fbx4�/� mice, respec-

tively, exhibited significant pathology before 24 months of age,
highlighting the robust penetrance of these phenotypes. To
examine whether tumorigenesis in Fbx4�/� mice was due to
haploinsufficiency or loss of heterozygosity, Fbx4 protein ex-
pression was analyzed in representative tumor samples. Immu-
noblot analyses revealed that a majority of Fbx4�/� tumors
retained Fbx4 expression, albeit with an approximately 50%
reduction in levels compared to the wild type, suggesting that
Fbx4 dosage is an important determinant in malignant trans-
formation (Fig. 7B). Consistent with this observation, one wild-
type age matched control mouse exhibited severe EMH, a
phenotype typically observed in the Fbx4�/� and Fbx4�/�

mice; strikingly, immunoblot analysis revealed significant Fbx4
downregulation in this spleen.

Since normal and premalignant Fbx4�/� and Fbx4�/� tis-
sues exhibit cyclin D1 protein accumulation, we ascertained
whether cyclin D1 protein expression is elevated in the various
tumors. Consistently, elevated cyclin D1 protein was apparent
in a majority of lymphomas originating in the mesenteric node
of both Fbx4�/� and Fbx4�/� mice, and in livers exhibiting

FIG. 4. Enhanced proliferation is antagonized by DNA damage in Fbx4�/� and Fbx4�/� MEFs. (A) MEFs were cultured on a 3T9 passage
protocol (9 � 105 cells passaged every 3 days, at least two biological replicates/genotype). The absolute cell count at each passage is displayed.
(B) Expression of senescence-associated p19Arf and p16Ink4a in primary MEFs. (C) Knockdown of p19Arf rescues cellular senescence, promoting
immortalization. Black curves represent passages of uninfected MEFs; gray curves represent MEFs infected with p19Arf shRNA at passage 4.
Immortalized cells proliferate indefinitely beyond passage 8. (D) Minimal caspase 3 cleavage in Fbx4�/� and Fbx4�/� MEFs. Passage 5 MEFs
(three independent biological replicates per genotype) were harvested, followed by Western analysis for total and cleaved caspase 3 as a marker
for induction of apoptosis. (E) Enhanced p53 and �H2AX induction in Fbx4�/� MEFs. Passage 5 MEF lysates were prepared from two
independent isolates/genotype and immunoblotted as indicated. (F) Fbx4�/� MEFs accumulate DNA damage foci. For the top panel, passage 3
MEFs were cultured on coverslips under normoxia (21% O2) or physiological oxygen tension (3% O2). The cells were fixed, stained with
�H2AX-specific antibodies, and visualized by immunofluorescence. Images were taken at �60 magnification with equal exposure times. The
bottom panel shows a quantification of the percentage of cells exhibiting DNA damage foci. (G) Increased incidence of chromosome alterations
in Fbx4�/� MEFs challenged with HU. Two independent immortalized MEF lines per genotype were synchronized by serum starvation, and cells
in mid-S-phase were treated with 2 mM HU for 2 h, followed by HU washout and colcemid treatment for 2 h for metaphase arrest. Metaphase
spreads were prepared and stained with Giemsa to visualize chromosome alterations. The left panel shows representative images of chromatid
breaks; the right panel shows the quantification of the average number of chromatid breaks per cell.
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lymphoma infiltrates or hepatocellular carcinoma (Fig. 7C and
D). Furthermore, intestinal histiocytic sarcomas and mesen-
teric node lymphomas exhibited nuclear cyclin D1 accumula-
tion, correlating with increased proliferation, as evidenced by
Ki-67 staining (Fig. 7E). Immunoblot and immunohistochem-
ical analyses also revealed a marked induction of �H2AX and
phosphorylated ATM, respectively, in lymphoid tumors, which
is consistent with nuclear cyclin D1-driven genomic instability
(Fig. 7E and F). To further assess sensitivity to genomic insta-
bility in wild-type and Fbx4�/� lymphoma cells, we prepared
single cell suspensions of primary lymphocytes or lymphoma
cells and assessed chromosome alterations following an HU
pulse. Loss of Fbx4 significantly increased the incidence of
chromatid breaks in lymphoma cells compared to normal lym-
phoid tissue (Fig. 7G). Finally, DNA sequencing of the p53
DNA-binding domain in lymphoid tumors revealed a prema-
ture stop codon insertion and three distinct deletion mutations
in the six tumors analyzed (data not shown), suggesting that
p53 inactivation may contribute to sustained growth in the
presence of DNA damage, thereby facilitating neoplastic trans-
formation. Collectively, these data support a requisite role for
Fbx4 in maintaining cell homeostasis in vitro and in vivo by
regulating cyclin D1 accumulation.

DISCUSSION

The SCFFbx4 E3 ubiquitin ligase has been implicated in
regulating cyclin D1 turnover in cell culture models; further
work revealed a significant role for Fbx4 function in maintain-

ing genomic integrity, highlighted by the relative frequency of
mutations that impair its biochemical activity in human tu-
mors. Such mutations occur in a hemizygous manner, consis-
tent with the notion that reduced Fbx4 expression is sufficient
for cyclin D1 deregulation and neoplastic transformation (5).
Although this evidence suggests that Fbx4 may function as a
tumor suppressor, experiments that directly address this ques-
tion have not been performed. Our analysis demonstrates that
Fbx4 loss promotes cyclin D1 overexpression and tumorigen-
esis, as a significant increase in age-associated malignancy is
observed in Fbx4�/� and Fbx4�/� mice compared to wild-type
controls. Furthermore, Fbx4 loss in MEFs triggers cyclin D1
stabilization and nuclear localization, and aberrant cyclin D1
regulation in the absence of Fbx4 drives accumulation of DNA
damage and subsequent genomic instability, a hallmark of neo-
plastic transformation. Consistently, the loss of Fbx4 facilitates
cell transformation in vitro, further emphasizing the tumor
suppressive properties of Fbx4.

Fbx4 is a tumor suppressor. Both Fbx4�/� and Fbx4�/�

aged mice commonly develop lymphoid malignancies involving
the mesenteric lymph node, spleen, liver, and intestine, as well
as histiocytic sarcomas/dendritic cell tumors of the spleen, thy-
mus, and intestine, early myeloid malignancies, with mammary,
hepatocellular, and uterine carcinomas occurring at lesser fre-
quencies. Fbx4�/� tumors retain Fbx4 expression, which is
consistent with human cancer data revealing hemizygous Fbx4
mutations (5). In addition, Fbx4�/� and Fbx4�/� MEFs are
susceptible to single-step, Ras-mediated transformation, sup-

FIG. 5. DNA damage regulates cyclin D1 stability and Fbx4 ligase activation. (A) Stabilization of Cdt1 in immortalized, S-phase-synchronized
Fbx4�/� cells. Cells synchronized by serum starvation were serum stimulated for the indicated time (12 h � late G1; 14, 16, and 18 h � G1/S, mid-S,
and late S phases, respectively), harvested, and subjected to SDS-PAGE and immunoblot analysis for the indicated proteins. (B) S-phase DNA
damage-mediated cyclin D1 degradation is attenuated in Fbx4�/� MEFs. Immortalized cells were synchronized by serum starvation, followed by
treatment with 2 mM HU; cell lysates were immunoblotted as indicated. (C) Enhanced Fbx4 phosphorylation following S-phase DNA damage.
Asynchronous NIH 3T3 cells, or cells synchronized by serum starvation and stimulated (12 h � G1 phase; 16 h � S phase) were irradiated, followed
by recovery for 30 min. The cells were harvested, and lysates were immunoprecipitated with phosphoserine 12 (pS12 Fbx4)-specific antibodies (top
panel) to visualize the induction of phosphorylation. The total input lysate immunoblots are shown below. (D) SCFFbx4 ligase activity toward cyclin
D1 substrate is enhanced following S-phase DNA damage. SCFFbx4 complexes were immunoprecipitated from S-phase NIH 3T3 cells with or
without induction of DNA damage using Fbx4-specific antibodies. Fbx4-containing complexes served as a ligase source for in vitro ubiquitylation
reactions with Sf9-purified cyclin D1/CDK4 as a substrate, in the presence of E1, E2, ubiquitin, and ATP.
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porting the notion that Fbx4 functions as a haploinsufficient
tumor suppressor. Importantly, this haploinsufficient function
of Fbx4 is not unanticipated, since previous work utilizing
RNAi revealed that reduced Fbx4 expression by 60 to 70% is
sufficient to promote cyclin D1 stabilization in various epithe-
lial and fibroblast cell lines and anchorage-independent cell
growth in vitro (5). Although an elevation in cyclin D1 protein
in Fbx4�/� and Fbx4�/� epithelial tissue might be expected,
the increased cyclin D1 expression in lymphocytes, which typ-

ically do not express cyclin D1, and lymphoid tumors were
indeed enlightening. These results support a requisite role for
posttranslational degradation as a means to limit cyclin D1
accumulation in normal lymphoid tissue, thereby highlighting
the tumor-suppressive function of Fbx4 in this tissue. Interest-
ingly, not all tissues exhibiting elevated cyclin D1 develop neo-
plastic lesions; for example, cyclin D1 is elevated in normal
Fbx4�/� and Fbx4�/� lung tissues; however, spontaneous lung
adenocarcinomas were not observed. This raises the possibility
that the absence of Fbx4 can trigger tissue-specific compensa-
tory pathways for cyclin D1/CDK4 regulation, ultimately an-
tagonizing nuclear function when Fbx4-mediated degradation
is impaired.

Fbx4�/� and Fbx4�/� mice develop tumors with a pro-
tracted latency that is comparable to pituitary tumors observed
in p18Ink4c�/� mice, sarcomas in p15Ink4b�/� mice, and B-cell
lymphomas, lung adenocarcinomas, and hepatocellular carci-
nomas in U19/EAF2�/� mice (29, 53). Although tumors arise
in aged mice, it is important to note that this is a remarkably
penetrant phenotype, with 38% of Fbx4�/� and Fbx4�/� mice
exhibiting substantial lymphoma burden and 23.4% exhibiting
EMH before 24 months of age. Furthermore, the frequent
incidence of EMH and associated early myeloid malignancy
suggests bone marrow failure, and it is of interest to assess the
role of Fbx4 in hematopoietic development and bone marrow
function in future work.

Loss of Fbx4 promotes cyclin D1 nuclear accumulation and
DNA damage. Previous work has linked nuclear cyclin D1
accumulation with tumorigenesis (3, 15, 33). However, the rare
incidence of mutations in cyclin D1 that impair its nuclear
export and cytoplasmic degradation suggests that other com-
ponents of the cyclin D1 regulatory machinery, such as Fbx4,
are the major targets that confer tumor susceptibility in vivo.
Consistent with this notion, we observed a substantial exten-
sion of cyclin D1 half-life in S-phase Fbx4�/� MEFs, with a
significant increase in the rate of proliferation. Importantly,
accumulating evidence suggests that cyclin D1 nuclear accu-
mulation during S phase, rather than overt overexpression,
underlies its oncogenic function (1, 2, 15, 33).

Consistent with the aforementioned nuclear cyclin D1 phe-
notype, the initial proliferative advantage observed in Fbx4�/�

MEFs dramatically decreases in later passages, suggesting that
cells either activate a senescence program prematurely or de-
crease proliferation as a consequence of DNA damage and/or
additional stress responses. Our data support the generation of
DNA damage, since DNA damage checkpoint activation is
clearly evident in passage 3 to passage 5 MEFs. Importantly,
DNA damage observed in Fbx4�/� MEFs is not simply due to
oxidative stress, since growth under physiological (3%) O2

tension does not reduce DNA damage. In addition, DNA
damage is not likely to result from stabilization of the other
known Fbx4 substrate, Trf1, given that telomere uncapping
effects of Trf1 stabilization would take many generations, due
to the extremely long telomeres observed in most laboratory
mouse lines (31). Nuclear cyclin D1 retention during S phase
promotes DNA rereplication and subsequent DNA damage
checkpoint activation; mechanistically, nuclear cyclin D1/
CDK4 kinase activity is necessary for elevated histone arginine
methylation at the Cul4 promoters, Cul4 repression, and con-
sequent stabilization of the replication factor Cdt1 (1, 2). In

FIG. 6. Fbx4 loss drives cell transformation in vitro. (A) Loss of
Fbx4 synergizes with oncogenic Ha-RasV12 to promote cell transfor-
mation. Primary MEFs (passage 3) were infected with retroviruses
harboring empty vector (EV) or RasV12 (Ras) constructs. A total of
1.5 � 105 cells were plated in duplicate on 35-mm plates, grown for 21
days to allow focus formation, and stained with Giemsa to visualize
foci. The bottom panel shows the quantification of focus numbers for
duplicate plates of each genotype. (B) Primary passage 4 MEFs were
transfected with the indicated constructs and plated in duplicate as in
panel A to assess focus formation in the presence of kinase-deficient
CDK4K35M and dominant-negative cyclin D1T156A. The bottom
panel shows the quantification of the focus numbers for duplicate
plates. (C) Expression of cyclin D1T156A suppresses RasV12-medi-
ated transformation. Low-passage spontaneously immortalized cells
were transfected with the indicated constructs. At 48 h posttransfec-
tion, cells were treated with trypsin and plated in duplicate to assess
focus formation as in panel A. (D) Spontaneous transformation in
immortalized cells. p19shRNA-immortalized cells of each genotype
(two independent biological replicate cell lines, passage 15) were
plated at a density of 1.5 � 105 cells on 35-mm plates in triplicate and
grown as in panel A.
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fact, tumors arising in Fbx4�/� and Fbx4�/� mice exhibit a
dramatic increase in histone 4 arginine 3 symmetric dimethy-
lation (Fig. 7C), and Fbx4�/� MEFs exhibit Cdt1 stabilization
in S phase, with a concomitant reduction in Cul4 levels (Fig.
5A), supporting the notion that Cdt1 stabilization downstream
of nuclear cyclin D1/CDK4 activity drives DNA damage accu-
mulation.

Our previous and current data reveal a tightly regulated
mechanistic program for cyclin D1 control in S phase and

following DNA damage. Fbx4 serine 12 phosphorylation, an
event preceding ligase dimerization and activation, ensures an
increased rate of cyclin D1 ubiquitylation following the G1/S
transition. Intriguingly, both nuclear cyclin D1 threonine 286
and cytoplasmic Fbx4 serine 12 are phosphorylated by GSK3�
at this point, highlighting the dual regulatory role posttransla-
tional modifications play in coordinating timely cyclin D1 de-
struction (5, 13). Therefore, it is not surprising that both cyclin
D1 threonine 286 and Fbx4 serine 12 phosphorylation events

FIG. 7. Fbx4�/� and Fbx4�/� mice are tumor-prone. (A) Kaplan-Meier curves showing the percentage tumor-free survival of Fbx4�/�,
Fbx4�/�, and Fbx4�/� mice to 24 months. (B) Fbx4 haploinsufficiency. Representative tumors arising in Fbx4�/� mice were assessed for Fbx4
protein expression by Western blotting. Only one of four tumors analyzed downregulated Fbx4 expression. (C) Fbx4�/� and Fbx4�/� lymphomas
exhibit cyclin D1 accumulation. Lysates prepared from wild-type age-matched spleens, Fbx4�/� spleens, and mesenteric node lymphomas were
subjected to SDS-PAGE and immunoblotting as indicated. (D) Fbx4�/� liver tumors exhibit cyclin D1 accumulation. Lysates prepared from
Fbx4�/� livers harboring lymphoma, hepatocellular carcinoma (HCC) or hemangioma and normal age-matched livers were analyzed by immu-
noblot analysis for cyclin D1 levels. (E) Representative hematoxylin and eosin (H&E) and IHC staining for cyclin D1 and Ki-67 as a marker of
proliferation in normal intestinal epithelium, Fbx4�/� histiocytic sarcoma of the intestinal muscle wall, and Fbx4�/� primary lymphoma of the
mesenteric node. (F) IHC staining for DNA damage markers phosphorylated ATM and �H2AX in Fbx4�/� lymphoma or age-matched wild-type
lymphoid tissue. (G) Increased incidence of chromosome alterations in Fbx4�/� lymphoma cells. Mesenteric node and splenic lymphoma cells or
wild-type lymphocytes were pulsed with 2 mM HU for 2 h, followed by HU washout and colcemid treatment for 2 h for metaphase arrest.
Metaphase spreads were prepared and stained with Giemsa to visualize chromosome alterations. The top panel shows representative images of
chromatid breaks; the bottom panel shows the quantification of the average numbers of chromatid breaks per cell.
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are induced above basal levels following DNA damage,
thereby facilitating increased ubiquitin ligase activity toward
cyclin D1. Considering that nuclear cyclin D1 promotes DNA
rereplication and checkpoint activation (1) and that impaired
cyclin D1 degradation in response to S-phase DNA damage
drives genomic instability (41), loss or functional inactivation
of Fbx4 provides oncogenic insults necessary for neoplastic
transformation.

Collectively, our findings support a model in which Fbx4
expression is essential for cell homeostasis in somatic cells.
Fbx4 ablation predisposes mice to multiple tumor phenotypes,
with concomitant cyclin D1 deregulation and nuclear accumu-
lation. Furthermore, our data suggest that Fbx4 status is an
important determinant of neoplastic potential in cells harbor-
ing wild-type cyclin D1 overexpression, functioning as a hap-
loinsufficient tumor suppressor. Identification of novel Fbx4
substrates will elucidate additional signaling pathways contrib-
uting to the neoplastic phenotype in Fbx4�/� animals, func-
tioning in concert with cyclin D1, and future development of
inducible tissue-specific Fbx4-deficient mice will enable Fbx4
ablation in various adult tissues, mirroring the somatic inacti-
vating mutations observed in human cancers.
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