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D-type cyclins play a pivotal role in G,-S progression of the cell cycle, and their expression is frequently deregulated in cancer.
Cyclin D1 has a half-life of only ~30 min as a result of its ubiquitylation and proteasomal degradation, with various F-box pro-
teins, including Fbxo4, Fbxw8, Skp2, and Fbxo31, having been found to contribute to its ubiquitylation. We have now generated
Fbxo4-deficient mice and found no abnormalities in these animals. Cyclin D1 accumulation was thus not observed in Fbxo4~/~
mouse tissues. The half-life of cyclin D1 in mouse embryonic fibroblasts (MEFs) prepared from Fbxo4~/~, Fbxw8~'~, and
Fbxo4~'~; Fbxw8~'~ mice also did not differ from that in wild-type MEFs. Additional depletion of Skp2 and Fbxo31 in
Fbxo4~'~; Fbxw8~'~ MEFs by RNA interference did not affect cyclin D1 stability. Although Fbxo31 depletion in MEFs increased
cyclin D1 abundance, this effect appeared attributable to upregulation of cyclin D1 mRNA. Furthermore, abrogation of the func-
tion of the Skp1-Cull-F-box protein (SCF) complex or the anaphase-promoting complex/cyclosome (APC/C) complexes did not
alter the half-life of cyclin D1, whereas cyclin D1 degradation was dependent largely on proteasome activity. Our genetic analy-
ses thus do not support a role for any of the four F-box proteins examined in cyclin D1 degradation during normal cell cycle pro-
gression. They suggest the existence of other ubiquitin ligases that target cyclin D1 for proteolysis.

Progression of the cell cycle in eukaryotic cells depends on the
activity of a series of protein complexes composed of cyclins
and cyclin-dependent kinases (CDKs). Transition from G, phase
of the cell cycle to S phase is promoted by D-type cyclins (cyclins
D1, D2, and D3), which were discovered as factors whose expres-
sion is increased by growth signals and are therefore considered
mediators of signaling that links extracellular stimuli to the cell
cycle machinery (4, 22, 24, 43). These proteins form complexes
with CDK4 or CDK6 that phosphorylate and inactivate the prod-
uct (pRb) of the retinoblastoma tumor suppressor gene and the
pRb-related proteins p107 and p130 (20, 21, 23). This process is
thought to be indispensable for progression of the cell cycle from
G, to S phase, given that cells deficient in D-type cyclins or in both
CDK4 and CDK6 show marked defects in such cell cycle progres-
sion when stimulated with serum (16, 19).

Consistent with their functions, D-type cyclins, especially cy-
clin D1, are overexpressed in various types of malignant tumors,
such as malignant lymphoma (24, 43), breast cancer (8), and
esophageal cancer (36). Such overexpression of cyclin D1 is
thought to result from upregulation of gene transcription or
mRNA translation or from impaired protein degradation.
Whereas transcriptional regulation of the cyclin D1 gene has been
extensively studied and is well understood (15), the mechanism of
cyclin D1 degradation has remained unclear. Cyclin D1 has been
shown to be phosphorylated at Thr?8¢ by glycogen synthase kinase
3B (GSK3p) and to undergo subsequent export from the nucleus
and ubiquitylation-dependent proteolysis (2, 9, 10).

The proteolysis of core components of the cell cycle machinery
depends largely on two RING finger-type ubiquitin ligases, the
Skpl-Cull-F-box protein (SCF) complex and the anaphase-
promoting complex/cyclosome (APC/C), whose dysregulation
often results in cancer development (28). The SCF complex is
thought to function mainly from G, phase to M phase. The ubiq-
uitylation of cyclin D1 after the onset of S phase has therefore been
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proposed to be dependent on the SCF complex. The SCF complex
consists of the RING finger protein Rbx1 (also known as Rocl or
Hrtl) in addition to the adaptor protein Skp1, the scaffold protein
Cull, and an F-box protein, the latter of which serves as the sub-
strate recognition subunit of the SCF complex. About 70 members
of the F-box protein family have been identified in mammals (3),
among which four F-box proteins (Fbxo4, Fbxw8, Skp2, and
Fbx031) have independently been shown to contribute to cyclin
D1 ubiquitylation (5, 18, 30, 35, 44). In addition, glucose depriva-
tion was shown to induce cyclin D1 degradation in certain cul-
tured cells, with an SCF complex containing the F-box protein
B-TrCP having been found to be responsible for this type of pro-
teolysis (41). However, it remains unclear which F-box protein
plays the key role in regulation of cyclin D1 stability.

We have now adopted a genetic approach to test which of four
F-box proteins is most relevant for cyclin D1 degradation. We
generated Fbxo4~'~, Fbxw8~/~, and Fbxo4~'~; Fbxw8 '~ mice
and found that the stability of cyclin D1 was unchanged in cells
from these animals. Additional depletion of Skp2 and Fbxo31 in
Fbxo4~'~; Fbxw8 '~ mouse embryonic fibroblasts (MEFs) did
not affect the half-life of cyclin D1. Furthermore, abrogation of the
function of SCF or APC/C complexes by expression of a dominant
negative Cull mutant or depletion of APC2, respectively, had no
effect on the half-life of cyclin D1. Collectively, our results suggest
that the four F-box proteins examined are dispensable for cyclin
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D1 degradation, at least during normal progression of the cell
cycle.

MATERIALS AND METHODS

Generation of Fbxo4~/~ mice. Cloned DNA corresponding to the Fbxo4
locus was amplified from the genome of E14 mouse embryonic stem (ES)
cells with the use of LA-Tagq polymerase (Takara, Shiga, Japan). The tar-
geting vector was constructed by replacement of an 8.2-kb fragment of
genomic DNA spanning exons 1 to 5 of Fbxo4 with IRES-lacZ and PGK-
neo-poly(A)-loxP cassettes (6). The vector thus contained 8.2- and 1.2-kb
regions of homology located 5’ and 3, respectively, relative to IRES-lacZ
and the neomycin resistance gene (neo). A diphtheria toxin A (DT-A)
gene cassette was ligated at the 3’ end of the targeting construct. Mainte-
nance, transfection, and selection of ES cells were performed as described
previously (25). The recombination event was confirmed by Southern
blot analysis with a 0.5-kb fragment of genomic DNA that flanks the 3’
homology region as the probe (see Fig. 1B and C). The expected sizes of
hybridizing fragments after digestion of genomic DNA with PstI are 5.1
and 4.1 kb for the wild-type and mutant Fbxo4 alleles, respectively. Mu-
tant ES cells were microinjected into C57BL/6 blastocysts, and resulting
male chimeras were mated with female C57BL/6 mice. The germ line
transmission of the mutant allele was confirmed by Southern blot analy-
sis. Heterozygous offspring were intercrossed to produce homozygous
mutant animals and their littermate controls. Total RNA was extracted
from MEFs for reverse transcription (RT) and PCR analysis with primers
(forward and reverse, respectively) for Fbxo4 (5'-GATGTCTTCTGAGG
ACCTTTGCC-3" and 5'-CCTGAAGATCCAAAAGCTGGGTC-3") or
hypoxanthine guanine phosphoribosyl transferase (HPRT) (5'-GCCTAA
GATGAGCGCAAGTTG-3" and 5'-TACTAGGCAGATGGCCACAGG-
3"). Allmouse experiments were approved by the animal ethics committee
of Kyushu University.

Histological analysis. Tissue was fixed with 4% paraformaldehyde in
phosphate-buffered saline, embedded in paraffin, and sectioned at a
thickness of 3 uwm. Hematoxylin-eosin staining was performed as de-
scribed previously (26).

Construction of expression vectors and their introduction into cul-
tured cells. Mouse cDNAs for Fbxo4, Fbxw8, Skp2, Fbxo31, and Cdhl
were cloned into pENTR (Invitrogen, Carlsbad, CA) and then transferred
to pMX-puro-FLAG vectors. Mouse cDNA for B-TrCP1 was directly
cloned into pMX-puro-FLAG vectors. Mouse cDNA for CDK4 was di-
rectly cloned into pMX-puro-FLAG vectors. Mouse cDNA encoding Cull
with a deletion of the COOH-terminal domain was cloned into pMX-
puro-HA. The resulting plasmids were introduced into Plat-E cells by
transfection with the Fu-Gene reagent (Roche, Indianapolis, IN) for the
generation of recombinant retroviruses. NIH 3T3 cells were infected with
the resulting retroviruses and subjected to selection in medium contain-
ing puromycin (2 pg/ml).

Preparation of MEFs and cell culture. Primary MEFs were prepared
from E13.5 embryos and cultured as previously described (25). For anal-
ysis of synchronized cells, confluent MEFs were rendered quiescent by
culture for 48 h in medium supplemented with 0.1% fetal bovine serum
(FBS). The cells were then cultured in medium containing 10% FBS to
induce reentry into the cell cycle. For analysis of asynchronous cells, MEFs
(1 X 10°) plated in 10-cm culture dishes were cultured for 24 h. For
growth rate analysis, MEFs (1 X 10°) plated in duplicate 6-cm culture
dishes were counted every day and supplied with fresh medium every 2
days.

SRM. Mouse cDNA for Fbxo4 was subcloned into pET-30a (Novagen,
Madison, WI). Fbxo4 with an NH,-terminal hexahistidine (His,) tag was
then expressed in Escherichia coli strain BL21(DE3) (Novagen) and puri-
fied with the use of ProBond resin (Invitrogen). The purified protein was
digested with Lys-C and trypsin, and the resulting peptides were labeled
with mTRAQ A4 (AB SCIEX, Foster City, CA), an isotopically heavy
amine-labeling reagent, for development of selected reaction monitoring
(SRM) transitions. A unique peptide, SLPDLEILK (residues 115 to 123),
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was identified. Doubly charged precursors with m/z values of 658.4 for
mTRAQ A4 and 654.4 for mTRAQ AOQ were selected for development of
the best SRM transition, which was observed at 1/z971.6 for mTRAQ A4
and 967.6 for mTRAQ AO. Total proteins (100 pg) extracted from
Fbxo4*/* and Fbxo4~'~ MEFs were digested with Lys-C (2 pg) and tryp-
sin (2 ug) (in a volume of 80 ul), and the resulting peptides were reduced
with Tris-(2-carboxyethyl)phosphine (2.4 mM), alkylated with iodoacet-
amide (14.5 mM), labeled with mTRAQ A0, and mixed with the peptides
from recombinant mouse Fbxo4 labeled with mTRAQ A4. The mixture
was subjected to desalting with a Sep-pak cartridge (Waters, Milford,
MA), and the peptides were separated into 12 fractions with a 3100
OFFGEL fractionator (Agilent, Santa Clara, CA). Immobilized pH gradi-
ent strips (Immobiline DryStrip, pH 3 to 10, 13 cm; GE Healthcare) were
used to separate the peptides according to their isoelectric points. The
focused peptides were acidified by the addition of 20 ul of 10% trifluoro-
acetic acid and desalted with stage tips (34) and C, 4 extraction disks (EM-
2215; Chrom Tech, Apple Valley, MN). A portion (one-sixth) of each
sample was then loaded into a QTRAP5500 instrument (AB SCIEX)
equipped with a nano-flow high-performance liquid chromatography
system (Advance LC; Bruker, Billerica, MA) and an electrospray ioniza-
tion (ESI) column (internal diameter, 100 wm; length, 15 cm) packed
in-house. SRM analysis was performed with transitions of 658.4/971.6
(internal standard) and 654.4/967.6 (sample).

Flow cytometry and cell cycle analysis. For analysis of the cell cycle
profile, cells were incubated with 10 uM bromodeoxyuridine (BD Phar-
mingen, San Diego, CA) for 30 min, isolated by exposure to trypsin, and
fixed in 70% ethanol. DNA was denatured by incubation of the fixed cells
with 2 M HClI and 0.5% Triton X-100 for 30 min at room temperature,
after which the mixture was neutralized with 0.1 M Na,B,0, (pH 8.5).
The cells were then subjected to dual-color staining with fluorescein
isothiocyanate-conjugated monoclonal antibodies to bromodeoxyuri-
dine (BD Pharmingen) and propidium iodide (5 ug/ml). Flow cytometry
was performed with a FACSCalibur instrument and Cell Quest software
(Becton Dickinson, San Diego, CA).

Immunoblot analysis. Immunoblot analysis was performed as de-
scribed previously (13) but with some modifications. Analysis based on
enhanced chemiluminescence (ECL) was performed with antibodies to
cyclin D1 (72-13G; Santa Cruz Biotechnology, Santa Cruz, CA), to HSP90
(BD Transduction Laboratories, San Diego, CA), to Skpl (BD Transduc-
tion Laboratories), to B-catenin (BD Transduction Laboratories), to
FLAG epitope (M2; Sigma, St. Louis, MO), to cyclin E1 (M-20; Santa Cruz
Biotechnology), to a-tubulin (TUO1; Invitrogen), to the hemagglutinin
epitope (HA11; Covance, Princeton, NJ), to p27 (BD Transduction Lab-
oratories), and to TRF1 (BED5; Cell Signaling Technology, Danvers,
MA). Immune complexes were detected with horseradish peroxidase-
conjugated goat antibodies to mouse or rabbit immunoglobulin G (Pro-
mega, Madison, WI). Fluorescence-based quantitative immunoblot anal-
ysis was performed with an Odyssey infrared blot imaging system
(LI-COR Biosciences, Lincoln, NE) and with antibodies to cyclin D1 (553;
MBL International, Woburn, MA) and to HSP90 (BD Transduction Lab-
oratories). Immune complexes were detected with IRDye800-conjugated
goat antibodies to mouse or rabbit immunoglobulin G (LI-COR Biosci-
ences).

Quantitative RT-PCR analysis. Total RNA was isolated from cells and
purified with the use of ISOGEN (Nippon Gene, Tokyo, Japan). cDNA
was synthesized from the RNA by reverse transcription (RT) with the use
of a QuantiTect reverse transcription kit (Qiagen, Tokyo, Japan) and was
subjected to real-time PCR analysis with a StepOne real-time PCR system
(Applied Biosystems, Foster City, CA) and SYBR Premix Ex Taq (Takara).
Data were analyzed according to the 2744CT method and were normal-
ized relative to the amount of acidic ribosomal phosphoprotein (ARBP)
mRNA. PCR was performed with the following primers (forward and
reverse, respectively): ARBP, 5'-GGACCCGAGAAGACCTCCTT-3" and
5'-GCACATCACTCAGAATTTCAATGG-3'; cyclin D1, 5'-TTCCCTTG
ACTGCCGAGAAG-3" and 5'-TGAGCTTGTTCACCAGAAGCA-3';
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FIG 1 Generation and phenotype of Fbxo4~/~ mice. (A) Immunoblot (IB) analysis of cyclin D1 and HSP90 (loading control) in NIH 3T3 cells incubated with
cycloheximide (CHX; 25 ug/ml) for the indicated times in the absence or presence of the proteasome inhibitor MG132 (10 uM). (B) Schematic representations
of the wild-type mouse Fbxo4 locus, the targeting vector, and the mutant allele after homologous recombination. Exons are denoted by black boxes, and the
positions of IRES-lacZ, PGK-neo-poly(A)-loxP (neo), and DT-A gene cassettes as well as Pstl restriction sites are indicated. The expected sizes of DNA fragments
that hybridize with the indicated probe in Southern blot analysis are shown. (C) Southern blot analysis of PstI-digested DNA from ES cells of the indicated Fbxo4
genotypes. The sizes of the hybridizing fragments corresponding to the wild-type (WT) and mutant (KO) alleles are indicated. (D) RT-PCR analysis of Fbxo4 and
HPRT (control) mRNAs in Fbxo4*/*, Fbxo4*/~, and Fbxo4~'~ MEFs. Reactions were performed with or without RT as indicated. (E) Extracted ion chromato-
grams for the Fbxo4 peptide in SRM analysis. The blue line indicates the signal for the internal standard (labeled with mTRAQ A4), and the red line indicates the
signal for the endogenous Fbxo4 peptide (labeled with mTRAQ A0) for samples prepared from Fbxo4*/* and Fbxo4 /'~ MEFs. (F) Representative growth curves
for Fbxo4*/*, Fbxo4*'~, and Fbxo4~/~ mice. (G) Immunoblot analysis of cyclin D1 and HSP90 in various tissues from 4-week-old Fbxo4*/* or Fbxo4~/~ mice.
(H) RT-PCR analysis of Fbxo4 and cyclin DI mRNAs in the indicated tissues of 12-week-old wild-type mice. (I) Histological analysis (hematoxylin-eosin
staining) of the retina from 13-week-old Fbxo4~/~ and wild-type littermates. G, ganglion cell layer; OP, outer plexiform layer; ON, outer nuclear layer; IP, inner
plexiform layer; IN, inner nuclear layer; P, photoreceptor cell layer; C&P, choroid and pigment cells. Scale bar, 50 wm. (J) Histological analysis (hematoxylin-
eosin staining) of the mammary gland from 20-week-old nulliparous Fbxo4~/~ and wild-type littermates. The boxed areas in the upper panels are shown at a
higher magnification in the lower panels; scale bars, 100 and 50 wm, respectively.
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Fbxo4, 5'-GATGTCTTCTGAGGACCTTTGCC-3" and 5'-CCTGAAGA
TCCAAAAGCTGGGTC-3'; Fbxw8, 5'-TATCTGAACAGAAGAGAGCT
GGG-3' and 5'-GCAGGTGTAATCGGAGAATCTGC-3'; Skp2, 5'-GCT
TAGTCGGGAGAACTTTCCAG-3" and 5'-GGCGGTACCACCTCTTG
CAAACG-3'; Fbxo31, 5'-ATGGCGTTTGTGAGAACCTGC-3" and 5'-T
GCCACAGCCCCAAAATGT-3";and APC2,5'-CCCAGGCTGACCAGA
AGGA-3" and 5'-TTAACATGGCCTGGATGTATGC-3'.

RNA interference. Construction of short hairpin RNA (shRNA) vec-
tors and RNA interference (RNAi) were performed as described previ-
ously (14). The sequences targeted to mouse Fbxo4, Fbxw8, Skp2,
Fbxo31, and APC2 mRNAs were 5'-GCACTTGTCTTGATTACATGG-3’
(Fbxo4), 5'-GCTCATCCGCGACTTGAATGA-3' (Fbxw8), 5'-CTTAGT
CGGGAGAACTTTCC-3' (Skp2-1), 5'-GCAGGCATGAGGTTAGTTTC
A-3" (Skp2-2), 5'-CACATCCAGATTGTGAAGA-3" (Fbxo31), and 5'-G
CAGTGGTCTTGCTGTATTTC-3" (APC2). A vector for an shRNA
targeted to enhanced green fluorescent protein (EGFP) mRNA was used
as a control; the targeting sequence was 5'-CACCCTGAAATTCATCTG
CAC-3".

In vitro CDK4 kinase assay. MEFs (4 X 10°) were plated in 10-cm
dishes and cultured for 24 h in complete medium, for 48 h in medium
containing 0.1% FBS, and then for the indicated times in medium con-
taining 10% FBS. The cells were then harvested, and cell lysates (300 pg of
protein) were incubated with antibodies to CDK4 (C-22-AC; Santa Cruz
Biotechnology) for 1 h at 4°C. The resulting immunoprecipitates were
washed three times with wash buffer (10 mM HEPES-NaOH [pH 7.5],
150 mM NaCl, 0.1% Triton X-100) and twice with A buffer (60 mM
HEPES-NaOH [pH 7.5], 5 mM MgCl,) and were then incubated at 30°C
for 30 min in 20 ul of a reaction buffer containing 50 mM HEPES-NaOH
(pH 7.5), 12.5 mM MgCl,, 1 mM EGTA, 4.5 mM 2-mercaptoethanol, 50
UM ATP, 222 kBq of [y-3?P]ATP, and 2 g of Rb-C fusion protein (Santa
Cruz Biotechnology). The reaction mixtures were then subjected to SDS-
polyacrylamide gel electrophoresis (PAGE) followed by autoradiography
with a BAS-2500 image analyzer (FujiFilm, Tokyo, Japan).

Pulse-chase analysis. MEFs (1 X 10°) were plated in 10-cm dishes,
cultured for 24 h, washed with phosphate-buffered saline, and cultured
for 30 min in methionine- and cysteine-free Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% dialyzed FBS and 2 mM
L-glutamine. The cells were then labeled for 1 h at 37°C with 5 ml of the
same medium containing [**S]methionine and [3>S]cysteine (total of 3.7
MBgq/ml). After removal of the radioactive medium, the cells were cul-
tured for the indicated times in medium containing 10% FBS and were
then subjected to immunoprecipitation with antibodies to cyclin D1 (72-
13G-AG; Santa Cruz Biotechnology). The immunoprecipitates were sub-
jected to SDS-PAGE followed by autoradiography with a BAS-2500 image
analyzer.

Statistical analysis. Quantitative data are presented as means * stan-
dard deviations (SD) unless indicated otherwise and were analyzed by
Student’s unpaired ¢ test. A P value of <0.05 was considered statistically
significant.

RESULTS
Fbxo4 is dispensable for cyclin D1 degradation. We first mea-
sured the stability of cyclin D1 in NIH 3T3 cells cultured with the
protein synthesis inhibitor cycloheximide and in the absence or
presence of the proteasome inhibitor MG132. Consistent with
previous observations (9, 10), cyclin D1 was rapidly degraded,
with a half-life of <30 min, in the absence of MG132, whereas this
rapid turnover was almost completely abolished by the protea-
some inhibitor (Fig. 1A). These results suggested that the stability
of cyclin D1 is dependent largely on proteasomal degradation.
To investigate the requirement for Fbxo4 in ubiquitin-
dependent degradation of cyclin D1, we generated mice deficient
in this protein. The Fbxo4 gene was disrupted in mouse ES cells by
replacement of a region spanning exons 1 to 5 with IRES-lacZ and
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PGK-neo-poly(A)-loxP cassettes (Fig. 1B). We verified the homol-
ogous recombination event by Southern blot analysis of ES cells
(Fig. 1C), and we confirmed that Fbxo4 mRNA was not detectable
in Fbxo4~'~ mice by RT-PCR analysis (Fig. 1D). We further con-
firmed the absence of the Fbxo4 protein in Fbxo4 =/~ mice with the
use of mass spectrometry-based SRM. SRM analysis of Fbxo4*/*
and Fbxo4~/~ MEFs thus revealed that the selected Fbxo4 peptide
was undetectable in the Fbxo4~/~ cells (Fig. 1E).

Mice homozygous for the Fbxo4 mutant allele were born at the
expected Mendelian ratio. The mutant mice were healthy, fertile,
and phenotypically indistinguishable from wild-type littermates,
and no neoplasms were apparent in the mutant animals up to 1
year of age. The rate of increase in body weight thus did not differ
among Fbxo4™/*, Fbxo4™'~, and Fbxo4~/~ mice (Fig. 1F). Immu-
noblot analysis revealed that the abundance of cyclin D1 did not
differ between Fbxo4*/* and Fbxo4~/~ mice in any of the tissues
examined (Fig. 1G). RT-PCR analysis showed that Fbxo4 and cy-
clin DI mRNAs are distributed ubiquitously in wild-type mice at
12 weeks of age (Fig. 1H), suggesting that the lack of apparent
abnormalities in Fbxo4~/~ mice is not attributable to spatially or
temporally restricted expression of Fbxo4. Given that loss of cyclin
D1 results in hypoplasia of the retina and mammary gland (37),
we examined the microscopic structure of these tissues. No abnor-
mality was found in cell density or organization in these tissues or
in any others examined (Fig. 11 and J; data not shown).

To investigate further the effects of Fbxo4 deficiency, we exam-
ined cellular functions in Fbxo4™/* and Fbxo4~'~ MEFs. There
was no difference in cell proliferation rates between Fbxo4*/* and
Fbxo4~/~ MEFs (Fig. 2A), and no accumulation of cyclin D1 in
Fbxo4~/~ MEFs was observed (Fig. 2B). Cycloheximide chase
analysis revealed that the half-life of cyclin D1 in Fbxo4~/~ MEFs
was almost identical to that in Fbxo4*/* MEFs (Fig. 2C). We also
measured the half-life of cyclin D1 by fluorescence-based quanti-
tative immunoblot analysis, in which the dynamic range is
broader and the quantification more accurate than ECL-based
analysis. Again, the half-life of cyclin D1 did not differ between
Fbxo4™'* and Fbxo4~/~ MEFs with this approach (Fig. 2D).
Given that cycloheximide chase analysis can give rise to secondary
effects due to general inhibition of protein synthesis, we also mea-
sured the half-life of cyclin D1 by metabolic pulse-chase analysis.
The half-life of cyclin D1 determined by pulse-chase analysis was
almost identical to that determined by cycloheximide chase anal-
ysis, and the stability of cyclin D1 also did not differ between
Fbxo4™/* and Fbxo4~'~ MEFs with this approach (Fig. 2E), sug-
gesting that the half-life of cyclin D1 determined with the cyclo-
heximide chase assay represents the physiological turnover rate of
the protein. We therefore adopted cycloheximide chase analysis
for subsequent evaluation of the stability of cyclin D1.

Given that cyclin D1 is degraded mainly in S phase of the cell
cycle (12), we examined cyclin D1 stability in S phase. The degra-
dation rates of cyclin D1 in S phase did not differ between
Fbxo4™/* and Fbxo4~'~ MEFs (Fig. 3A). We next examined
whether Fbxo4 deficiency affects cell cycle distribution. The per-
centages of MEFs in G,-G,, S, and G,-M phases of the cell cycle
were not affected by the loss of Fbxo4 (Fig. 3B). We also examined
progression of the cell cycle from G, phase to S phase. MEFs that
had been restrained in G, phase by serum deprivation were re-
leased by serum replenishment, and the percentage of cells in S
phase and cyclin D1 abundance were monitored, the latter by
quantitative immunoblot analysis. Neither the progression of cells
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FIG 2 Cyclin D1 does not accumulate in Fbxo4~/~ MEFs. (A) Growth curves for Fbxo4*/* and Fbxo4~'~ MEFs. Data are means = SD of values obtained from
three MEF preparations of each genotype. (B) Immunoblot analysis of cyclin D1 in MEFs derived from Fbxo4*/* and Fbxo4~/~ mice. (C) Immunoblot analysis
of cyclin D1 (left) and its quantification (right) for Fbxo4*/* and Fbxo4~/~ MEFs incubated with cycloheximide (25 ug/ml) for the indicated times. The half-life
of cyclin D1 in cells of each genotype is indicated. Quantitative data are means = SD of values obtained from four MEF preparations of each genotype. (D)
Quantitative immunoblot analysis of cyclin D1 with fluorescent secondary antibodies (left) and its quantification (right) for Fbxo4™/* and Fbxo4~/~ MEFs
incubated with cycloheximide for the indicated times. The indicated amounts of whole-cell lysate were analyzed as a standard. (E) Pulse-chase analysis of cyclin
D1 (left) and its quantification (right) for Fbxo4*/* and Fbxo4~'~ MEFs. Cells were metabolically labeled with [3*S]methionine and [3>S]cysteine for 1 hand then
chased with nonradioactive methionine and cysteine for the indicated times. Cell lysates were then prepared and subjected to immunoprecipitation with
antibodies to cyclin D1, and the resulting precipitates were subjected to SDS-PAGE and autoradiography.

into S phase nor cyclin D1 expression differed between the two We also attempted to measure the half-life of TRF1, another
Fbxo4 genotypes (Fig. 3C and D). Kinase activity associated with  potential target of Fbxo4 (17), in the absence or presence of Fbxo4,
the cyclin D1-CDK4 complex during cell cycle progression was  but we were unable to do so, because it was found to be a highly
also not affected by Fbxo4 deficiency (Fig. 3E). These results thus  stable protein with a half-life of >12 h. Loss of Fbxo4 did not affect
suggested that Fbxo4 is dispensable for cyclin D1 degradation. the steady-state abundance of TRF1 (Fig. 3F), however, suggesting
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FIG 3 Depletion of Fbxo4 does not affect cyclin D1 function. (A) Immunoblot analysis of cyclin D1 (left) and its quantification (right) for Fbxo4™*/* and
Fbxo4~/~ MEFs incubated with cycloheximide in S phase. Cells were released from G, phase and cultured for 20 h (at which time most cells were in S phase)
before incubation with cycloheximide (25 wg/ml) for the indicated times. (B) Cell cycle distribution of asynchronous Fbxo4*/* and Fbxo4~'~ MEFs as
determined by flow cytometry. Data are means = SD of results from three independent experiments. (C) Kinetics of the reentry of Fbxo4*/* and Fbxo4~/~ MEFs
into the cell cycle from G, phase. Data are representative of three independent experiments. (D) Fluorescence-based quantitative immunoblot analysis of cyclin
D1 (left) and its quantification (right) for Fbxo4*/* and Fbxo4~/~ MEFs released from G, phase for the indicated times. The indicated amounts of whole-cell
lysate were analyzed as a standard. A signal intensity of 1.0 corresponds to that for 40 ug of cell lysate. (E) In vitro CDK4 kinase assay for Fbxo4*/* and Fbxo4~/~
MEFs released from G, phase for the indicated times. Cell lysates were subjected to immunoprecipitation with antibodies to CDK4, and the resulting precipitates
were assayed for CDK4 kinase activity with a glutathione S-transferase (GST)-pRb fusion protein as substrate. (F) Immunoblot analysis of TRF1 in Fbxo4*/* and
Fbxo4~/~ MEFs incubated with cycloheximide for the indicated times.

that the physiological relevance of Fbxo4 to TRF1 stability is at
most minimal, at least under the conditions of our analysis.
Cyclin D1 degradation occurs normally in MEFs from mice
lacking both Fbxo4 and Fbxw8. Mice lacking Fbxw8 exhibit a
partially embryonic lethal phenotype as a result of a developmen-
tal defect of the placenta (39). We prepared MEFs from Fbxw8*/+
and Fbxw8 '~ embryos and examined whether the degradation of
cyclin D1 is impaired in the Fbxw8~/~ cells. Cycloheximide chase

February 2012 Volume 32 Number 3

analysis revealed that the half-life of cyclin D1 in Fbxw8~/~ MEFs
was indistinguishable from that in Fbxw8*/* MEFs (Fig. 4A). The
degradation rate of cyclin D1 in S phase was also not affected by
Fbxw8 deficiency (Fig. 4B). The percentages of MEFs in G,-G,, S,
or G,-M phases of the cell cycle (Fig. 4C) as well as the progression
of cells into S phase from G, (Fig. 4D) also did not differ between
the two genotypes. These results thus suggested that Fbxw8 is also
dispensable for cyclin D1 degradation.
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FIG 4 Cyclin D1 does not accumulate in Fbxw8~/~ MEFs. (A) Immunoblot analysis of cyclin D1 (left) and its quantification (right) for MEFs from Fbxw8*/*
and Fbxw8~/~ mice incubated with cycloheximide (25 ug/ml) for the indicated times. Quantitative data are means * SD of values obtained from four MEF
preparations of each genotype. (B) Immunoblot analysis of cyclin D1 (left) and its quantification (right) for Fbxw8*/* and Fbxw8~/~ MEFs incubated with
cycloheximide for the indicated times in S phase. (C) Cell cycle distribution of asynchronous Fbxw8*/* and Fbxw8~/~ MEFs. Data are means * SD of results
from four independent experiments. (D) Kinetics of the reentry of Fbxw8*/* and Fbxw8~/~ MEFs into the cell cycle from G, phase. Data are representative of

results from three independent experiments.

A possible explanation for the apparently unaltered degrada-
tion of cyclin D1 in Fbxo4~/~ and Fbxw8 '~ mice was that Fbxo4
and Fbxw8 reciprocally compensate for each other’s deficiency.
To test this possibility, we first depleted NIH 3T3 cells of Fbxo4 or
Fbxw8 by RNAI. The half-life of cyclin D1 was not affected by
RNAi-mediated acute depletion of either Fbxo4 (Fig. 5A and B) or
Fbxw8 (Fig. 5C and D). We next examined the abundance of
Fbxw8 or Fbxo4 mRNA in Fbxo4~/~ and Fbxw8~ '~ MEFs, respec-
tively, but we did not detect a compensatory increase in the
amount of either mRNA (Fig. 5E). We then generated mice lack-
ing both Fbxo4 and Fbxw8 (Fbxo4~/~; Fbxw8~/~ mice). Cyclo-
heximide chase analysis (Fig. 6A) as well as pulse-chase analysis
(Fig. 6B) revealed that the half-life of cyclin D1 in Fbxo4~/'~;
Fbxw8~/~ MEFs was almost identical to that in Fbxo4*/*;
Fbxw8*/" cells. The degradation rate of cyclin D1 in S phase was
also similar in Fbxo4~/~; Fbxw8~/~ and Fbxo4*/*; Fbxw8*/* cells
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(Fig. 6C). Furthermore, both the percentages of cells in G,-G;, S,
or G,-M phases of the cell cycle (Fig. 6D) as well as the progression
of cells into S phase from G, (Fig. 6E) did not differ between
Fbxo4~'~; Fbxw8~'~ and Fbxo4™'*; Fbxw8*/* MEFs. The kinase
activity associated with cyclin D1-CDK4 in Fbxo4~'~; Fbxw8~ /'~
MEFs was also almost identical to that in wild-type MEFs (Fig.
6F). These results thus suggested that neither Fbxo4 nor Fbxw8 is
essential for cyclin D1 degradation, at least in MEFs.

Ablation of four F-box proteins does not affect cyclin D1 deg-
radation. Skp2 has been implicated in cyclin D1 degradation
(44). To examine such a role for Skp2, we first compared the
stability of cyclin D1 between Skp2*/* and Skp2~/~ MEFs. No
difference between the two genotypes was detected (Fig. 7A).
We further examined whether Skp2 might compensate for the
lack of Fbxo4 and Fbxw8 in mediation of cyclin D1 degradation
in Fbxo4~'~; Fbxw8~ '~ MEFs. Depletion of Skp2 by RNAI re-
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FIG 5 Acute depletion of Fbxo4 or Fbxw8 does not affect the half-life of cyclin D1. (A) Quantitative RT-PCR analysis of Fbxo4 mRNA in NIH 3T3 cells infected
with a retroviral vector encoding control (EGFP) or Fbxo4 shRNAs. Data are means = SD of triplicates from a representative experiment. (B) Immunoblot
analysis of cyclin D1 (top) and its quantification (bottom) for NIH 3T3 cells infected as described for panel A and incubated with cycloheximide (25 ug/ml) for
the indicated times. (C) Quantitative RT-PCR analysis of Fbxw8 mRNA in NIH 3T3 cells infected with a retroviral vector encoding control (EGFP) or Fbxw8
shRNAs. Data are means = SD of triplicates from a representative experiment. (D) Immunoblot analysis of cyclin D1 (top) and its quantification (bottom) for
NIH 373 cells infected as described for panel C and incubated with cycloheximide for the indicated times. (E) Quantitative RT-PCR analysis of Fbxw8 mRNA in
Fbxo4™/* and Fbxo4~'~ MEFs and of Fbxo4 mRNA in Fbxw8"/* and Fbxw8~/~ MEFs. Data are means = SD of triplicates from a representative experiment. n.s.,
not significant (Student’s unpaired  test).

sulted in a marked increase in both the steady-state level and turnover rate of cyclin D1, however, in Fbxo4™/*; Fbxw8*/* or
stability of p27, the major substrate of Skp2 (27), in Fbxo4~/~;  Fbxo4~'~; Fbxw8 '/~ MEFs (Fig. 7D and data not shown). In
Fbxw8 '/~ MEFs, validating the attenuation of Skp2 function contrast, similar depletion of Fbxo31 (Fig. 8A) resulted in a
(Fig. 7B and C). Such depletion of Skp2 did not affect the marked increase in the abundance of cyclin D1 (Fig. 8B) that
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FIG 6 Cyclin D1 does not accumulate in Fbxo4~/~; Fbxw8~/~ MEFs. (A) Immunoblot analysis of cyclin D1 (left) and its quantification (right) for Fbxo4™/*;
Fbxw8*/* and Fbxo4~'~; Fbxw8~/~ MEFs incubated with cycloheximide (25 pg/ml) for the indicated times. Quantitative data are means = SD of values
obtained from five MEF preparations of each genotype. (B) Pulse-chase analysis of cyclin D1 (left) and its quantification (right) for Fbxo4*/*; Fbxw8*/* and
Fbxo4~'~; Fbxw8~/~ MEFs. (C) Immunoblot analysis of cyclin D1 (left) and its quantification (right) for Fbxo4*/*; Fbxw8+/* and Fbxo4~'~; Fbxw8~'~ MEFs
incubated with cycloheximide for the indicated times in S phase. (D) Cell cycle distribution of asynchronous Fbxo4™/*; Fbxw8"/* and Fbxo4~/~; Fbxw8 /'~
MEFs. Data are means = SD from four independent experiments. (E) Kinetics of the reentry of Fbxo4*/*; Fbxw8*/* and Fbxo4~'~; Fbxw8~'~ MEFs into the cell
cycle from G, phase. Data are representative of three independent experiments. (F) In vitro CDK4 kinase assay for Fbxo4™/*; Fbxw8*/* and Fbxo4~/'~; Fbxw8~/~
MEFs released from G, phase for the indicated times.

was accompanied by enhanced cell proliferation (Fig. 8C) in  crease in the amount of cyclin D1 induced by Fbxo31 depletion
both Fbxo4*'*; Fbxw8*/* and Fbxo4~'~; Fbxw8 '/~ MEFs. is not attributable to impaired degradation of this protein.
However, the turnover rate of cyclin D1 was actually increased  Quantitative RT-PCR analysis revealed that the abundance of
by depletion of Fbxo31 in both Fbxo4*/*; Fbxw8"'* and cyclin D1 mRNA was significantly increased as a result of
Fbxo4~/'~; Fbxw8 /'~ MEFs (Fig. 8D), suggesting that the in- Fbxo31 depletion (Fig. 8E). These results thus suggested that
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FIG 7 Cyclin D1 does not accumulate in Skp2-depleted Fbxo4~/~; Foxw8~/~ MEFs. (A) Immunoblot analysis of cyclin D1 (left) and its quantification (right)
for MEFs from Skp2*/* and Skp2~/~ mice incubated with cycloheximide (25 ug/ml) for the indicated times. a-Tubulin was examined as a loading control. (B)
Quantitative RT-PCR analysis of Skp2 mRNA in Fbxo4~/~; Fbxw8~/~ MEFs infected with a retroviral vector encoding control (EGFP) or one of two Skp2
shRNAs. Data are means & SD of triplicates from a representative experiment. (C) Immunoblot analysis of p27 (top) and its quantification (bottom) for MEFs
infected as described for panel B and incubated with cycloheximide for the indicated times. (D) Immunoblot analysis of cyclin D1 (left) and its quantification
(right) for MEFs infected as described for panel B and incubated with cycloheximide for the indicated times.

the upregulation of cyclin D1 associated with Fbxo31 defi-
ciency is likely the result of increased transcription of the cyclin
D1 gene, although the mechanism underlying this effect awaits
further investigation.

Finally, we depleted Fbxo4~'~; Fbxw8 '~ MEFs of Skp2 and
Fbxo31 by RNAI in order to examine whether cyclin D1 degrada-
tion occurs in the absence of all four F-box proteins (Fig. 8F).
Cyclin D1 was indeed degraded in MEFs deficient in all four F-box
proteins as efficiently as in control Fbxo4~/~; Fbxw8 '~ MEFs
(Fig. 8G). We therefore concluded that none of these four F-box
proteins plays a key role in the degradation of cyclin D1, at least
during normal progression of the cell cycle.

February 2012 Volume 32 Number 3

Cyclin D1 degradation is independent of SCF and APC/C
complexes. We next examined whether the stability of cyclin D1 is
regulated by the SCF complex. To this end, we expressed a domi-
nant negative mutant of Cull (dnCull) that lacks the COOH-
terminal domain responsible for binding to Rbx1. As a positive
control, we showed that the stability of p27 (a substrate of
SCFS%r2) and cyclin E1 (a substrate of SCF™™*7) was markedly
increased by the expression of dnCull in NIH 3713 cells, validating
that the function of these SCF complexes was indeed impaired
(Fig. 9A). The half-life of cyclin D1 was not affected by dnCull
expression, however (Fig. 9B). These results thus suggested that
the SCF complex is dispensable for cyclin D1 degradation.

mcb.asm.org 599


http://mcb.asm.org

Kanie et al.

& Relative amount of Fbxo31 mRNA
O O OO —~ -~
ND o oo N

0
o ™ o
TR [e] o
0 8 3
RNA' & &
Fbxod++: Fbxod-I-:

F
Fbxw8+/+ Fbxw8-/-

C

Fbxo4+/*;Fbxw8+/+ Fbxo4-I-;Fbxw8-I-

shRNA: ___EGFP Fbxo31
Time with CHX (min): 0 10204080 0 10204080 0 10204080
B:CyclinDl [Ss s . e @S-
B:HSPY [ e |

D

-0 EGFP shRNA

= Fbxo31 ShRNA | FDX04¥/*;Fbxws*/*
- Fbxo31 shRNA | Fbxo4=/~;Fbxw8-/-

> EGFP shRNA . h
= Fbxo31 ShRNA | FDX04¥/*;Fbxws*!

- Fbxo31 shRNA | Fbxo4=/~;Fbxw8-I-

100

—~

280

% 60
e}
£
340

820

0
01234567

Time (days)
s

< 4
ha IS
E o
212 g12
1.0 L 10
%08 208
06 306
0. =
E04 E 0.4
_a2> 0.2 .g 0.2
g0 g0
O ~— O
[h4 <8 [v4

x

0

[T

+

503 i

ShRNA: @ 2 ShRNA: @

Fbxo4-I-;Fbxw8-/-

FIG 8 Cyclin D1 is degraded in the absence of Fbxo4, Fbxw8, Skp2, and Fbxo31. (A) Quantitative RT-PCR analysis of Fbxo31 mRNA in Fbxo4*/*; Fbxw8*/*
and Fbxo4~/—; Fbxw8~/~ MEFs infected with a retroviral vector encoding EGFP or Fbxo31 shRNAs. Data are means = SD of triplicates from a representative
experiment. (B) Immunoblot analysis of cyclin D1 in MEFs as described for panel A incubated with cycloheximide (25 ug/ml) for the indicated times. (C) Growth
curves for MEFs as described for panel A. Data are representative of results from three independent experiments. (D) Quantification of cyclin D1 abundance in
the experiment shown in panel B. (E) Quantitative RT-PCR analysis of cyclin D1 mRNA in MEFs as described for panel A. Data are means = SD of triplicates
from a representative experiment. #:, P < 0.005; *#*, P < 0.0005 (Student’s unpaired  test). (F) Quantitative RT-PCR analysis of Skp2 and Fbxo31 mRNAs in
Fbxo4~'~; Fbxw8~/~ MEFs infected with retroviral vectors encoding EGFP or both Skp2 and Fbxo31 shRNAs. Data are means = SD of triplicates from a
representative experiment. (G) Immunoblot analysis of cyclin D1 (top) and its quantification (bottom) for MEFs, as described for panel F, incubated with

cycloheximide for the indicated times.

600 mcb.asm.org

Fbxo4-I-;Fbxw8-I-

<
Z
4
€
E *k
5100 _i)
2 80 %1.6
=
5 s 212
E =}
o 00.8
Z 40 &
o) 004
c =
5 20 o0
> o) - <
(@] 0 4 on @ D
h 22
0 20 40 60 80 shRNA: o &5 &
Time (min) W v
Fbxo4+/+; Fbxo4-I-;
Fbxw8+/+ Fbxw8-I-
G Fbxo4-/-;Fbxw8-/-
ShRNA: EGFP Skp2 + Fbxo31
Time with CHX (min): 0 10 20 40 80 0 10 20 40 80
IB: Cyclin D1 [ e e e o e e e |

IB: HSP90

-O- EGFP shRNA

Fbxo4-I-;Fbxw8-I-
- Skp2 + Fbxo31 shRNAs

$100
80
60

Skp2 + Fbxo31

40

20

Cyclin D1 remaining (

0 1
0 20 40 60 80
Time (min)

Molecular and Cellular Biology


http://mcb.asm.org

Mock
HA-dnCul1

Genetic Evaluation of F-Box Proteins for Cyclin D1

-0 Mock
& dnCul1

100
Mock dnCul1 £ 80
Timewith CHX(h): 0 1 2 4 8 0 2 4 8 g 60
IB: p27 |--..-.- -----| s L--% -
o 40 “~0
IB: Cyclin E1 = e | ’: :
2 20
IB:HSPY) [cmem e em o= == e == — ] |
ol
0 2 4 6 8
Time (h)
B 100
Mock dnCul1 X - Mock
o ) 80
Time with CHX (min): 0 20 40 80 0 20 40 8 £ = dnCult
B:Cycin D1 (SRERESESE ImEmEm=| %
[
IB: HSP90 |__-—-— --_——-l 540
£20
[&)
>
()

0 20 40 60 80
Time (min)

FIG 9 Inhibition of Cull function does not affect the stability of cyclin D1. (A) Immunoblot analysis with antibodies to the hemagglutinin epitope (HA; top) or
to p27 and cyclin E1 (bottom left), as well as quantification of p27 (bottom right), for NIH 3T3 cells infected with a retroviral vector for an HA-tagged dominant
negative mutant (dn) of Cull (or subjected to mock infection) and exposed to cycloheximide (25 ug/ml) for the indicated times. (B) Immunoblot analysis of
cyclin D1 (left) and its quantification (right) for cells as described for panel A exposed to cycloheximide for the indicated times.

SCFFbxot SCFFbx031 and APC/CC4h! have been shown to pro-
mote cyclin D1 degradation in response to DNA damage (32, 33,
35). We therefore also examined the role of these complexes in
cyclin D1 degradation triggered by DNA damage. Cycloheximide
chase analysis revealed that depletion of Fbxo4, Fbxo31, or APC2
by RNAI did not affect the turnover rate of cyclin D1 after expo-
sure of NIH 3T3 cells to gamma radiation (Fig. 10), suggesting
that these proteins are dispensable for cyclin D1 degradation after
DNA damage.

We finally examined whether endogenous cyclin D1 binds to
Fbxo4, Fbxw8, Fbxo31, Skp2, B-TrCP1, or Cdh1 proteins tagged
with the FLAG epitope and stably expressed in NIH 3T3 cells. All
F-box proteins tested (Fbxo4, Fbxw8, Skp2, Fbxo31, and
B-TrCP1) interacted with Skpl, the adaptor protein of the SCF
complex; CDK4 interacted with cyclin D1; and B-TrCP1 inter-
acted with its substrate 3-catenin (Fig. 11A), validating the effec-
tiveness of the coimmunoprecipitation experiments. In contrast,
none of the F-box proteins tested nor Cdh1 interacted with en-
dogenous cyclin D1 (Fig. 11A). The interactions between these
proteins and cyclin D1 were also examined after DNA damage.
Even after exposure of the cells to gamma radiation, Fbxo4,
Fbxo31, and Cdhl did not interact with endogenous cyclin D1
(Fig. 11B). These results thus supported our conclusion that none
of the ubiquitin ligases examined contributes to cyclin D1 ubiq-
uitylation, at least under our experimental conditions.

DISCUSSION

The half-life of cyclin D1 is <30 min even in the absence of DNA
damage or glucose deficiency, and the degradation of this protein
is fully dependent on the proteasome. We have now focused on
cyclin D1 degradation during normal progression of the cell cycle
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and have investigated which ubiquitin ligase plays the prominent
role in this process. We did not directly address the role of
SCEB-TrCP in the present study, given that this complex seems to
participate in cyclin D1 degradation under specific conditions,
such as glucose deprivation (41), but the half-life of cyclin D1 in
MEFs that lack both B-TrCP1 and B-TrCP2 (also known as
Fbxw11 or HOS) is similar to that in wild-type MEFs (our unpub-
lished results). We have now shown that four SCF-type ubiquitin
ligases (SCFFbxo4, SCFFbxw8  SCFSkp2 and SCFFPx31)  all of which
have previously been found to participate in ubiquitylation of
cyclin D1, are dispensable for cyclin D1 degradation during nor-
mal progression of the cell cycle.

Whereas the accumulation of cyclin D1 is essential for
mitogen-dependent cell cycle progression, the biological rele-
vance and molecular mechanism of cyclin D1 degradation have
remained unclear. Timely proteolysis of cyclin D1 has been
thought to be required for normal progression of the cell cycle,
with deregulated expression of cyclin D1 having been shown to
result in cancer development (40). GSK33-dependent phosphor-
ylation of cyclin D1 on Thr?® triggers the CRM1-mediated nu-
clear export of this protein followed by its ubiquitylation and pro-
teasomal degradation. Replacement of Thr?8¢ with Ala (T286A)
resulted in a marked increase in the stability of cyclin D1 (9, 10).
Forced expression of the T286A mutant of cyclin D1 also pro-
moted anchorage-independent growth of NIH 3T3 cells in soft
agar (2). SCFFxo4 was identified as a ubiquitin ligase that is re-
sponsible for the degradation of Thr?#¢-phosphorylated cyclin D1
after its translocation to the cytoplasm. Mutations of FBXO4 that
impair the ability of the encoded protein to mediate cyclin D1
ubiquitylation have been detected in 14% of primary esophageal
cancers (5). Impairment of SCF**** function by RNAi-mediated
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FIG 10 The absence of Fbxo4, Fbxo31, or APC2 does not affect the stability of cyclin D1 after DNA damage. (A) Immunoblot analysis of cyclin D1 (left) and its

quantification (right) for NIH 3T3 cells infected with a retroviral vector encoding control (EGFP) or Fbxo4 shRNAs. Cells were incubated with cycloheximide (25
pg/ml) for the indicated times beginning 1 h after gamma irradiation (10 Gy). (B) Immunoblot analysis of cyclin D1 (left) and its quantification (right) for NIH
3T3 cells infected with a retroviral vector encoding EGFP or Fbxo31 shRNAs and treated as described for panel A. (C) Quantitative RT-PCR analysis of APC2

mRNA in NTH 3T3 cells infected with a retroviral vector encoding EGFP or APC
(D) Immunoblot analysis of cyclin D1 (top) and its quantification (bottom), as
times beginning 1 h after gamma irradiation.

depletion of Fbxo4 in some cell lines attenuated cyclin D1 ubiq-
uitylation, resulting in cyclin D1 accumulation and promotion of
cell cycle progression (18). However, our genetic analysis did not
find such a change in cyclin D1 stability or expression level in
Fbxo4~/'~ mice. Furthermore, cell cycle progression seemed intact
and no predisposition to cancer was apparent (data not shown) in
these animals.

Degradation of cyclin D1 also appears to be essential for
normal replication of DNA, given that acute overexpression of
cyclin D1 represses DNA replication as a result of its interac-
tion with proliferating cell nuclear antigen (PCNA) and CDK2
(11). Fbxw8 was shown to play a pivotal role in cancer cell
proliferation by promoting cyclin D1 degradation in S phase
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2 shRNAs. Data are means = SD of triplicates from a representative experiment.
described for panel C, for cells incubated with cycloheximide for the indicated

(30). However, it has been unclear whether Fbxw8 is necessary
for cell cycle progression in normal cells. We previously found
that Fbxw8 was not expressed at a detectable level in any of the
adult mouse tissues examined with the exception of the pla-
centa (39). Moreover, we have now shown that Fbxw8 is dis-
pensable for cyclin D1 degradation in MEFs. Together, these
observations suggest that Fbxw8 might be required for cyclin
D1 degradation only in certain cancer cell lines. Unlike mice
deficient in Fbxo4, Fbxw8-deficient mice exhibit pre- and post-
natal growth retardation resulting from a defect in placental
development (39). The present study shows that Fbxw8 is dis-
pensable for the degradation of cyclin D1, suggesting that the
phenotype of Fbxw8-deficient mice is attributable to the accu-
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FIG 11 Interactions between ubiquitin ligases and cyclin D1. (A) Lysates of NIH 37T3 cells infected with a retroviral vector encoding FLAG-tagged Fbxo4, Fbxws,
Skp2, Fbxo31, B-TrCP1, Cdhl, or CDK4 or subjected to mock infection were subjected to immunoprecipitation (IP) with antibodies to FLAG, and the resulting
precipitates as well as the original lysates (Input) were subjected to immunoblot analysis with antibodies to FLAG or to the indicated proteins. (B) NIH 3T3 cells
infected with a retroviral vector encoding FLAG-tagged Fbxo4, Fbxo31, Cdh1, or CDK4 were subjected to gamma irradiation (10 Gy). One hour after irradiation,
the cells were lysed and subjected to immunoprecipitation with antibodies to FLAG, and the resulting precipitates as well as the original lysates were subjected to

immunoblot analysis with antibodies to FLAG or to cyclin D1.

mulation of substrates other than cyclin D1. Given that IRS-1,
a key component of signaling pathways activated by the insulin
and insulin-like growth factor 1 (IGF-1) receptors, has been
implicated as a target of Fbxw8 (42), the accumulation of IRS-1
in the placenta might be responsible for the growth retardation
observed in mice deficient in Fbxw8.

Whereas Skp2 was previously shown to contribute to cyclin D1
ubiquitylation (44), a direct association between cyclin D1 and
Skp2 was not demonstrated. Rather, Skp2 might interact indi-
rectly with cyclin D1 through p27, a well-established substrate of
Skp2 that interacts with cyclin D1 (7). It has therefore remained
unclear whether cyclin D1 is a bona fide substrate of Skp2. We
have now shown that Skp2 is dispensable for cyclin D1 degrada-
tion.
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DNA damage induces the ubiquitin-dependent degradation of
cyclin D1 and consequent arrest of the cell cycle at G, phase (31).
A recent study showed that Fbxo31 mediates cyclin D1 degrada-
tion in response to DNA damage, whereas it does not contribute
to cyclin D1 degradation during the normal cell cycle (35). Our
results now also indicate that Fbxo31 is not responsible for cyclin
D1 degradation during the normal cell cycle. However, we ob-
served that depletion of Fbxo31 resulted in an accumulation of
cyclin D1 that appeared to be attributable to an increase in mRNA
abundance. This observation suggests the possibility that Fbxo31
targets a protein (or proteins) that controls transcription of the
cyclin D1 gene. Our results further indicated that Fbxo31 is not
responsible for cyclin D1 degradation after DNA damage.
SCFFbxot and APC/C©dh! were also identified as ubiquitin ligases
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responsible for degradation of cyclin D1 after DNA damage (1,
33). APC/C<dh! js activated in S or G, phase in response to geno-
toxic stress, although APC/C is thought to operate predominantly
from M phase to G, phase during normal progression of the cell
cycle. Our results do not support a role for Fbxo4 or Cdh1 in cyclin
D1 degradation after DNA damage. However, given that our data
were based only on assay of in vivo binding and cycloheximide
chase analysis in mouse fibroblasts, the role of these proteins in
degradation of cyclin D1 in other situations remains to be exam-
ined.

Why do our results differ from those of previous studies? In
our study, we focused mainly on cyclin D1 degradation that oc-
curs during normal progression of the cell cycle. It is thus possible
that Fbxo4, Fbxw8, Skp2, and Fbxo31, in addition to B-TrCP,
contribute to cyclin D1 degradation under specific conditions,
such as in cancer or in cells deprived of glucose, but not during
regular progression of the cell cycle. Our data suggest the existence
of other ubiquitin ligases that mediate cyclin D1 ubiquitylation
during normal cell cycle progression. Our results also suggest that
SCF and APC/C complexes do not contribute to control of cyclin
D1 stability. Degradation of cyclin D1 is dependent on its phos-
phorylation at Thr?#¢, and all four SCF-type ubiquitin ligases ex-
amined in the present study were previously shown to mediate
cyclin D1 ubiquitylation in a manner dependent on such phos-
phorylation. A splicing variant of cyclin D1 (cyclin D1b) that lacks
the amino acid sequence encoded by exon 5, including Thr?8¢, was
found not to differ in stability from canonical cyclin D1 (38),
suggesting the existence of a mechanism for cyclin D1 degradation
that is not dependent on Thr?# phosphorylation. Furthermore,
another pathway for cyclin D1 degradation that is independent of
ubiquitylation and Thr?8¢ phosphorylation has been found to op-
erate (29). Collectively, these observations suggest the existence of
multiple pathways for the regulation of cyclin D1 stability, and
these pathways might contribute differentially to cyclin D1 degra-
dation in a context-dependent manner. Future studies are re-
quired to identify bona fide ubiquitin ligases that contribute to
cyclin D1 degradation during the normal cell cycle.
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