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The kinase mTOR (mammalian target of rapamycin) promotes translation as well as cell survival and proliferation under nutri-
ent-rich conditions. Whereas mTOR activates translation through ribosomal protein S6 kinase (S6K) and eukaryotic translation
initiation factor 4E-binding protein (4E-BP), how it facilitates cell proliferation has remained unclear. We have now identified
p19Arf, an inhibitor of cell cycle progression, as a novel substrate of S6K that is targeted to promote cell proliferation. Serum
stimulation induced activation of the mTOR-S6K axis and consequent phosphorylation of p19Arf at Ser75. Phosphorylated p19Arf

was then recognized by the F-box protein �-TrCP2 and degraded by the proteasome. Ablation of �-TrCP2 thus led to the arrest
of cell proliferation as a result of the stabilization and accumulation of p19Arf. The �-TrCP2 paralog �-TrCP1 had no effect on
p19Arf stability, suggesting that phosphorylated p19Arf is a specific substrate of �-TrCP2. Mice deficient in �-TrCP2 manifested
accumulation of p19Arf in the yolk sac and died in utero. Our results suggest that the mTOR pathway promotes cell proliferation
via �-TrCP2-dependent p19Arf degradation under nutrient-rich conditions.

Cells respond to environmental changes by regulating cellular
states such as proliferation, growth, survival, and apoptosis. A

sufficient supply of nutrients is required to ensure the protein
production necessary for cell proliferation and growth. The ser-
ine-threonine kinase mTOR (mechanistic or mammalian target of
rapamycin) serves as a sensor of cellular resources and a link be-
tween nutrient availability and protein synthesis. This kinase is
present in two distinct complexes, mTORC1 and mTORC2,
whose activators and targets differ. Whereas mTORC1 is com-
posed of Raptor, PRAS40, and the mTORC core components
(mTOR, Deptor, mLST8, Tti1, and Tel2), mTORC2 consists
of Rictor, mSin1, and Protor as well as the mTORC core compo-
nents (1).

The mTORC1 complex is activated by growth factors and nu-
trients such as amino acids. Growth factors activate mTORC1 via
the phosphoinositide 3-kinase (PI3K)–AKT–tuberous sclerosis
protein (TSC) pathway, which triggers activation of the mTOR
activator Rheb, whereas amino acids activate the Rag family of
small GTPases, which mediate the translocation of mTORC1 to
the lysosomal surface, where it encounters Rheb (2). Among var-
ious proteins phosphorylated by mTORC1, p70 ribosomal pro-
tein S6 kinase (S6K) and eukaryotic translation initiation factor 4E
(eIF4E)-binding protein (4E-BP) are the best characterized to
date. S6K activated by mTORC1 phosphorylates several substrates
that function in various steps of translation, including eIF4B, pro-
grammed cell death protein 4 (PDCD4), eukaryotic translation
elongation factor 2K (eEF2K), and ribosomal protein S6 (3),
whereas phosphorylation of 4E-BP by mTORC1 induces the lib-
eration of bound eIF4E and thereby promotes translation initia-
tion (4). Although these various observations clarify how
mTORC1 activates translation through S6K and 4E-BP, the mo-
lecular mechanism of mTORC2 activation and its key substrates
have remained unclear (1).

Compared with translational regulation, the mechanism by
which mTOR regulates cell proliferation and the cell cycle is less
well understood (1, 5, 6). Such regulation by mTOR has been
proposed to be mediated at the level of translation (7) or tran-

scription (8), but direct regulation of proliferation by mTOR has
not been revealed to date.

Cell cycle progression requires that the abundance of regula-
tory proteins be strictly controlled, with protein degradation be-
ing thought to play a fundamental role in such orchestrated regu-
lation (9). In eukaryotic cells, protein degradation is mediated by
the proteasome and lysosomal proteases. Proteins destined for
degradation by the proteasome are specifically marked by covalent
attachment of ubiquitin, with an E3 ubiquitin ligase being respon-
sible for substrate selection (10). Some ubiquitin ligases are mul-
tiprotein complexes that contain separate modules for binding the
substrate and activated ubiquitin. F-box proteins such as �-TrCP
constitute the substrate-binding subunits of SCF-type ubiquitin
ligase complexes (11).

Whereas �-TrCP is encoded by a single gene in invertebrates,
mammalian genomes contain two different genes for �-TrCP1
and �-TrCP2, which share 88% amino acid sequence identity.
Given that specific substrates of either �-TrCP1 or �-TrCP2 have
not been identified to date, these two paralogs have been thought
to be biochemically redundant. Otherwise, �50 proteins have
been identified as substrates of �-TrCP1 or �-TrCP2 in mamma-
lian cells, with these proteins including several signaling mole-

Received 2 April 2015 Returned for modification 1 June 2015
Accepted 28 July 2015

Accepted manuscript posted online 3 August 2015

Citation Nakagawa T, Araki T, Nakagawa M, Hirao A, Unno M, Nakayama K. 2015.
S6 kinase- and �-TrCP2-dependent degradation of p19Arf is required for cell
proliferation. Mol Cell Biol 35:3517–3527. doi:10.1128/MCB.00343-15.

Address correspondence to Keiko Nakayama, nakayak2@med.tohoku.ac.jp.

T.N. and T.A. contributed equally to this work.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.00343-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.00343-15

October 2015 Volume 35 Number 20 mcb.asm.org 3517Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.00343-15
http://dx.doi.org/10.1128/MCB.00343-15
http://dx.doi.org/10.1128/MCB.00343-15
http://dx.doi.org/10.1128/MCB.00343-15
http://mcb.asm.org


A

B

C

D

β-TrCP2:
Cre:

+/+ F/+
+-

F/-

Deleted (∆)

Floxed (F)
Wild (+)

+/+ ∆/+∆/-

F

0

0.2

0.4

0.6

0.8

1.0

1.2

R
el

at
iv

e 
β-

Tr
C

P2
 m

R
N

A
 a

m
ou

nt

β-TrCP2: +/+ ∆/+ ∆/-

1

0.522

0.139

Floxed
β-TrCP2
allele

Deleted
β-TrCP2
allele

F

BamH I Exon 5

R1

Lox P

Exon 5Xba I

Cre recombinase

Wild-type
β-TrCP2
allele

F R2

R1F

G

ReplicativeControl Oncogene-induced

β-TrCP2+/+ β-TrCP2Δ/+ β-TrCP2Δ/-

100 μm

β-TrCP2

Full-length
IB: PARP

+/+

Cleaved

Δ/+ Δ/- Apo
pto

tic

Con
tro

l

IB: Hsp90

IB: Cleaved
  caspase-3

H

E

NIH
3T

3

W
ild

-ty
pe

β-T
rC

P1-
/-

MEF

β-T
rC

P2
∆/-

500

Mark
er

400

300

200

bp

d
a
c
b

β-TrCP1
(exons 1-5)

a
bc
d

β-TrCP2
(exons 1-8)

1000
850

650

Tbp

Isoform

F-box WD40 605
303 581181 228138 177

D

F-box WD40 569
267 545145 192102 141

D
(exon 2)

F-box WD40 579
277 555155 202112 151

D
(exon 3)

F-box WD40 619
317 595195 242152 191

D

(exon 2’)
+14 aa

-26 aa

-36 aa

F-box WD40 563
261 539141 18898 137

D

F-box WD40 542
240 518120 16777 116

D
(exon 3)

F-box WD40 529
227 505107 15464 103

D
(exon 2)

F-box WD40 508
206 48486 13343 82

D
(exon 2+3)

-21 aa

-34 aa

-55 aa

Isoform a

Isoform b

Isoform c

Isoform d

β-TrCP1

Isoform a

Isoform b

Isoform c

Isoform d

β-TrCP2

1

10

100

C
um

ul
at

iv
e 

ce
ll 

nu
m

be
r

0 3 6 9 12
Time (days)

β-TrCP2+/+

β-TrCP2∆/+

β-TrCP2∆/-

0 3 6 9 12
Time (days)

1

C
um

ul
at

iv
e 

ce
ll 

nu
m

be
r

100

10

β-TrCP2∆/-

β-TrCP2∆/- + β-TrCP1
β-TrCP2∆/- + β-TrCP2c
β-TrCP2∆/- + β-TrCP2d

β-TrCP2∆/+

R
el

at
iv

e 
m

R
N

A
 a

m
ou

nt

0
0.5
1.0
1.5
2.0
2.5

β-TrCP1

1 1.08

1.99

1.22

0
0.2
0.4
0.6
0.8
1.0
1.2 β-TrCP2 (ORF)

+β-TrCP1 +β-TrCP2c
∆/+ ∆/- ∆/- ∆/-

1

0.117 0.126

0.690

R
el

at
iv

e 
m

R
N

A
 a

m
ou

nt

0
0.2
0.4
0.6
0.8
1.0
1.2 β-TrCP2 (UTR)

+β-TrCP1 +β-TrCP2c
∆/+ ∆/- ∆/- ∆/-

1

0.094 0.095 0.088

R
el

at
iv

e 
m

R
N

A
 a

m
ou

nt

1.18

+β-TrCP2d
∆/-

0.785

0.082

+β-TrCP2d
∆/-

FIG 1 Acute disruption of the �-TrCP2 gene impairs proliferation in MEFs. (A) Structures of the mouse �-TrCP2 gene locus, the floxed (F) allele resulting from
homologous recombination in ES cells, and the deleted (�) allele resulting from Cre-mediated removal of exon 5 in MEFs. Exon 5 is flanked by loxP sequences
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cules, cell cycle regulators, and cell death-related proteins that play
key roles in development (12–14). We and others previously
showed that disruption of the �-TrCP1 gene did not affect mouse
development (15, 16). Accumulation of �-TrCP substrates such as
I�B and �-catenin was minimal in primary mouse embryonic
fibroblasts (MEFs) derived from the mutant mice, suggesting that
�-TrCP2 compensated for the loss of �-TrCP1. To investigate
further the function of �-TrCP, we have now analyzed MEFs in
which the �-TrCP2 gene was conditionally deleted by Cre recom-
binase. Our results revealed that �-TrCP2, but not �-TrCP1, me-
diates the ubiquitylation and degradation of the cell cycle regula-
tor p19Arf after its phosphorylation resulting from activation of
the mTOR-S6K axis in response to serum stimulation. We have
thus uncovered a novel molecular mechanism by which nutrient
availability regulates cell proliferation through degradation of
p19Arf and also have revealed a functional difference between
�-TrCP paralogs.

MATERIALS AND METHODS
Generation of mutant mice and preparation of MEFs. Cloned DNA cor-
responding to the �-TrCP2 gene locus was isolated from a 129/Sv mouse
genomic library (Stratagene) (17). Targeting vectors were constructed by
application of PCR with appropriate primers. The maintenance, transfec-
tion, and selection of embryonic stem (ES) cells were performed as de-
scribed previously (18). Targeted homologous recombination was con-
firmed by Southern blotting. The mutant ES cells were microinjected into
C57BL/6 blastocysts, and the resulting male chimeras were mated with
female C57BL/6 mice. The germ line transmission of the mutant allele was
also confirmed by Southern blotting. Heterozygous offspring were inter-
crossed to produce homozygous mutant animals. MEFs were prepared as
described previously (16). Cdkn2a knockout mice were kindly provided
by A. Hirao (Kanazawa University) with agreement of the Mouse Models
of Human Cancers Consortium (MMHCC) (National Cancer Institute—
Frederick) (19, 20). All mice were backcrossed to C57BL/6 mice for at least
six generations and were maintained in a specific-pathogen-free facility at
the Institute of Animal Experimentation, Tohoku University Graduate
School of Medicine. They were provided with water and rodent chow ad
libitum and were treated according to the standards for care and use of
laboratory animals of Tohoku University and the guidelines for proper
conduct of animal experiments of the Ministry of Education, Culture,
Sports, Science, and Technology of Japan. Primers used for genotyping
are described in the supplemental material.

RNA isolation, RT-PCR, and RT-qPCR. Isolation of RNA and reverse
transcription-quantitative PCR (RT-qPCR) were performed as described
previously (21). RNA isolated and purified with the use of an SV total
RNA isolation system (Promega) was thus subjected to RT with the use of
a PrimeScript RT reagent kit (TaKaRa Bio, Shiga, Japan) followed either

by qPCR analysis with a StepOnePlus real-time PCR system (Life Tech-
nologies) and Fast SYBR green master mix (Life Technologies) or by aga-
rose gel electrophoresis. For qPCR, data were analyzed according to the
2���CT method and were normalized by the amount of acidic ribosomal
phosphoprotein P0 (Arbp) mRNA. The sequences of PCR primers are
provided in the supplemental material.

SA-�-gal staining. Cells (1 � 105 per well) were seeded in six-well
plates, cultured for 2 days, washed with phosphate-buffered saline (PBS),
and fixed with 0.5% glutaraldehyde in PBS for 10 min at room tempera-
ture. They were then washed consecutively with PBS and with PBS (pH
6.0) containing 1 mM MgCl2 before staining for senescence-associated
�-galactosidase (SA-�-gal) activity for 16 h at room temperature with PBS
(pH 6.0) containing X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopy-
ranoside) substrate (650 �g/ml), 1 mM MgCl2, 5 mM K3FeCN6, and 5
mM K4FeCN6.

Cell culture and viral infection. 293T cells, MEFs, and NIH 3T3 cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, penicillin (50 U/ml), streptomycin (50 �g/
ml), 2 mM L-glutamine, 1% MEM nonessential amino acids, and 1%
sodium pyruvate (all from Life Technologies). Conditional deletion of the
�-TrCP2 gene in MEFs was achieved by infection with a retrovirus con-
taining Cre recombinase and puromycin resistance genes. The pMX-
puro-Cre vector was introduced into Plat-E packaging cells (22) by trans-
fection with the FuGENE6 reagent (Promega), and culture supernatants
containing retroviruses were recovered, diluted, and applied to prolifer-
ating MEFs in the presence of Polybrene (1 �g/ml). The infected cells were
then subjected to selection in medium containing puromycin (2.5 �g/ml)
for 3 days. Retroviruses encoding mouse RasG12V, p19Arf, �-TrCP1 iso-
form a, or �-TrCP2 isoform c or d were also similarly produced for cell
infection. Retrovirus-mediated stable knockdown of p19Arf was per-
formed with the use of blasticidin (10 �g/ml) for selection. The target
sequences for the short hairpin RNAs (shRNAs) shp19-1, -2, and -3 were
5=-GCGUGUCUAGCAUGUGGCUUU-3=, 5=-GCUCUGGCUUUCGU
GAACAUG-3=, and 5=-GCAGGUUCUUGGUCACUGUGA-3=, respec-
tively.

Plasmid construction and transfection. cDNAs encoding p19Arf,
�-TrCP1 isoform a, and �-TrCP2 isoforms c and d were amplified from a
cDNA library derived from MEFs and cloned into the pENTR vector
(Invitrogen). cDNA encoding human p14Arf was amplified from a cDNA
library derived from 293T cells. The LR reaction was performed as de-
scribed previously (23). Point mutations were introduced by PCR-based
site-directed mutagenesis. Transient transfection of 293T cells with plas-
mid DNA was performed as described previously (24).

Immunoprecipitation and immunoblot analysis. For immunopre-
cipitation, cells were washed with PBS and lysed by incubation for 10 min
at 4°C in a solution containing 0.5% Nonidet P-40 (NP-40), 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 10% glycerol, a protease inhibitor cocktail
(aprotinin [10 �g/ml; Sigma], leupeptin [10 �g/ml; Peptide Institute],

(triangles) in the floxed allele. Genotyping primers (F, R1, and R2) are indicated by arrows. (B) Genomic PCR analysis of MEFs of the indicated �-TrCP2
genotypes at 4 days after infection with a retrovirus encoding Cre recombinase or the corresponding empty virus. (C) RT-qPCR analysis of �-TrCP2 mRNA in
MEFs of the indicated genotypes at 4 days after infection with a retrovirus for Cre recombinase. The PCR primers were targeted to the region spanning exons 4
and 5. Data are means 	 standard errors of the means (SEM) for two independent experiments. (D) Time course of MEF proliferation beginning 4 days after Cre
retrovirus infection. Data are means 	 SEM for three independent experiments. (E) SA-�-gal staining of MEFs of the indicated �-TrCP2 genotypes. Oncogene-
induced senescent MEFs were prepared by infection with a retrovirus encoding RasG12V. Replicative senescent MEFs were obtained after culture for eight
passages. Control MEFs were prepared by infection with a retrovirus with empty vector. Scale bar, 100 �m. (F) Immunoblot (IB) analysis of poly(ADP-ribose)
polymerase (PARP) and the cleaved form of caspase-3 in cell lysates prepared from MEFs of the indicated �-TrCP2 genotypes. Apoptotic MEFs were prepared
by treatment with bleomycin (40 �g/ml) for 24 h. Hsp90 was examined as a loading control. (G) Left, RT-PCR analysis of �-TrCP1 and �-TrCP2 mRNAs in NIH
3T3 cells and MEFs of the indicated genotypes. Exons 1 to 5 of �-TrCP1 mRNA and exons 1 to 8 of �-TrCP2 mRNA were amplified, and the PCR products were
confirmed by sequencing. Tbp mRNA served as a control. Right, schematic representation of the mouse �-TrCP1 and �-TrCP2 isoforms expressed in MEFs. D,
dimerization domain; F-box, F-box domain; WD40, WD40 domain. (H) Left, time course of the proliferation of MEFs of the indicated �-TrCP2 genotypes
infected with retroviruses encoding �-TrCP1 isoform a or �-TrCP2 isoform c or d (or with the corresponding empty virus). The cells were infected first with the
retroviruses for �-TrCP and then with those for Cre recombinase. Data are means 	 SEM for three independent experiments. Right, RT-qPCR analysis of
�-TrCP1 and �-TrCP2 mRNAs in the MEFs. Total �-TrCP2 mRNA was measured with primers targeted to the open reading frame (ORF), whereas endogenous
�-TrCP2 mRNA was measured with primers targeted to the 3= untranslated region (UTR). Data are means 	 SEM for two independent experiments.
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FIG 2 Accumulation of p19Arf is responsible for the arrest of proliferation in �-TrCP2-deficient MEFs. (A) Immunoblot analysis of �-TrCP substrates in MEFs
of the indicated genotypes. Hsp90 served as a loading control. (B) Immunoblot analysis of cell cycle inhibitors in MEFs of the indicated genotypes. Tubulin served
as a loading control. Data are representative of two independent experiments. (C) RT-qPCR analysis of p19Arf mRNA in MEFs of the indicated �-TrCP2
genotypes. Data are means 	 SEM for two independent experiments. (D) RT-qPCR analysis of p21Cip1 mRNA in MEFs of the indicated �-TrCP2 genotypes. Data
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and phenylmethylsulfonyl fluoride (1 mM; Wako), and a phosphatase
inhibitor cocktail (0.4 mM sodium orthovanadate [Wako], 0.4 mM
EDTA [Dojindo], 10 mM NaF [Wako], and 10 mM sodium pyrophos-
phate [Sigma]). The lysates were centrifuged at 20,400 � g for 15 min at
4°C, and the resulting supernatants were incubated for 60 min at 4°C with
antibody-conjugated Dynabeads protein G (Life Technologies). The im-
mune complexes were then washed three times with PBS containing 0.1%
Triton X-100 and 10% glycerol before SDS-polyacrylamide gel electro-
phoresis and immunoblot analysis. For direct immunoblot analysis, total
cell lysates were prepared with radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCl [pH 8.0], 0.1% SDS, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, and protease inhibitor cocktail). Immuno-
blot signal intensity was quantified with the use of ImageJ software (ver-
sion 1.19i). Antibodies for immunoprecipitation and immunoblot anal-
ysis are listed in the supplemental material.

Kinase and proteasome inhibitors. LY294002 and rapamycin were
obtained from Cell Signaling. U0126, SB203580, glycogen synthase kinase
(GSK) inhibitor, and MG132 were from Promega, Wako, Millipore, and
Peptide Institute, respectively.

Ubiquitylation assays. For assay of in vivo ubiquitylation, cell lysates
were prepared with RIPA buffer and subjected to immunoprecipitation
with antibodies to p19Arf followed by immunoblot analysis with antibod-
ies to ubiquitin. In vitro ubiquitylation assays were performed as described
previously (23–25). Escherichia coli (BL21) cells transformed with a
pET30a plasmid encoding wild-type (WT) or S75A mutant forms of
mouse p19Arf were cultured at 37°C to an optical density at 600 nm of 1.0.
The temperature was then lowered to 30°C, and the cells were exposed to
0.1 mM isopropyl-�-D-1-thiogalactopyranoside for 6 h, harvested, and
then lysed with the use of B-PER (Thermo Scientific). After removal of
debris by centrifugation, the lysates were incubated with Ni2
-nitrilotri-
acetic acid (NTA) beads (Amersham Biosciences) to precipitate His6-
tagged p19Arf, which was then eluted with 250 mM imidazole. The E2
enzymes UBE2D1 and UBE2R1 were produced and purified as for p19Arf.
For preparation of SCF�-TrCP2, FLAG-tagged mouse �-TrCP2 (isoform c)
and associated proteins were immunoprecipitated from transfected 293T
cells with antibodies to FLAG, washed three times with the NP-40 lysis
buffer described above and twice with a solution containing 25 mM Tris-
HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, 0.01% NP-40, and 10% glyc-
erol, and then eluted by incubation with a molar excess of the FLAG
peptide. An NH2- and COOH-terminally deleted (constitutively active)
form of mouse S6K1 (26) was purified as for SCF�-TrCP2. Various combi-
nations of S6K1, E1 (100 ng; Boston Biochem), E2 (50 ng of UBE2D1 and
100 ng of UBE2R1), and E3 (SCF�-TrCP2) were mixed with 100 ng of
recombinant p19Arf in 20 �l of a reaction buffer containing 10 �g of
bovine ubiquitin (Sigma), 2 mM ATP, 1 mM MgCl2, 0.3 mM dithiothre-
itol, 25 mM Tris-HCl (pH 7.5), 120 mM NaCl, 0.5 U of creatine phospho-
kinase (Sigma), and 1 mM phosphocreatine (Sigma). Reactions were per-
formed for 120 min at 37°C and terminated by boiling for 5 min in SDS
sample buffer containing 5% 2-mercaptoethanol, and the mixtures were
then subjected to immunoblot analysis with antibodies to p19Arf.

In vitro phosphorylation assays. In vitro phosphorylation of p19Arf

by S6K1 was performed as described previously (27). In brief, recombi-

nant WT or S75A forms of mouse p19Arf were incubated for 5 min at 37°C
with constitutively active S6K1 in 20 �l of kinase assay buffer (25 mM
Tris-HCl [pH 7.6], 20 mM MgCl2, 10 mM �-glycerophosphate, 1 mM
dithiothreitol, 0.1 mM ATP). The reaction mixtures were then subjected
to immunoblot analysis with antibodies to the phosphorylated RXRXXS
sequence.

RESULTS
Acute disruption of the �-TrCP2 gene induces proliferation ar-
rest in MEFs. To investigate the physiological function of
�-TrCP2, we first disrupted the �-TrCP2 gene in mice. We found
that the �-TrCP2�/� mice died before embryonic day 10.5 (E10.5)
(see Fig. 4E). To circumvent this lethality of gene knockout, we
generated mice with a floxed �-TrCP2 allele. A linearized targeting
vector with exon 5 of the �-TrCP2 gene flanked by loxP sequences
(floxed) was introduced into ES cells, which were then injected
into mouse blastocysts (Fig. 1A). The resulting chimeric males
were mated with females to yield heterozygotes. Exon 5 of the
mouse �-TrCP2 gene encodes the F-box domain (Fig. 1G), which
is necessary for binding to the SKP1 and CUL1 scaffolding pro-
teins of the SCF complex. Deletion of exon 5 thus results in loss of
the F-box domain as well as in a codon frameshift in the WD40
domain, which is necessary for association of �-TrCP2 with sub-
strates. Such deletion therefore gives rise to a functional null allele.

To examine the primary effects of �-TrCP2 loss and the cellu-
lar mechanism of the associated embryonic lethality, we first pre-
pared MEFs with �-TrCP2
/
, �-TrCP2F/
, or �-TrCP2F/� geno-
types from E13.5 embryos derived from crosses of �-TrCP2F/


and �-TrCP2
/� mice and then infected the cells with a retrovirus
encoding Cre recombinase to delete the floxed allele (yielding the
� allele). Efficient deletion of exon 5 of the gene was confirmed by
PCR analysis of genomic DNA (Fig. 1B), and it was found to result
in a marked reduction in the amount of �-TrCP2 mRNA by RT-
qPCR analysis (Fig. 1C). Cell proliferation was markedly attenu-
ated in the �-TrCP2�/� MEFs (Fig. 1D) without any evidence of
cellular senescence (Fig. 1E) or apoptosis (Fig. 1F), and this defect
was corrected by infection with a retrovirus encoding a �-TrCP2
isoform (c or d) expressed in MEFs (Fig. 1G) but not by overex-
pression of �-TrCP1 (Fig. 1H). These data thus indicated that
�-TrCP2 is required for cell proliferation and has a function dis-
tinct from that of �-TrCP1 in MEFs.

Acute disruption of the �-TrCP2 gene induces accumulation
of p19Arf in MEFs. Given that most protein ubiquitylation results
in protein degradation by the proteasome, loss of �-TrCP2 would
be expected to prevent ubiquitylation mediated by this F-box pro-
tein and thereby to induce accumulation of its substrates. To char-
acterize the molecular basis of the proliferation arrest induced by
�-TrCP2 ablation, we therefore examined the abundances of var-

are means 	 SEM for two independent experiments. (E) Left, immunoblot analysis of p19Arf in MEFs of the indicated genotypes incubated with cycloheximide
(CHX) (25 �g/ml) for the indicated times. Right, relative p19Arf abundance normalized by Hsp90 abundance as determined by quantitation of immunoblot
signals. Data are representative of two independent experiments. (F) Consensus �-TrCP degron sequence in mouse p19Arf and the corresponding sequences of
rat p19Arf and human p14Arf. The conserved region is shaded. Ph, phosphorylation; x, any amino acid. (G) Binding of �-TrCP1 or �-TrCP2 to p19Arf in
transfected 293T cells. Cells transiently transfected with expression vectors for FLAG-tagged �-TrCP1 isoform a or �-TrCP2 isoform c or d as well as for
hemagglutinin epitope (HA)-tagged p19Arf were lysed and subjected to immunoprecipitation (IP) with antibodies to FLAG. The resulting precipitates as well as
the original cell lysates (5% input) were subjected to immunoblot (IB) analysis with antibodies to HA and to FLAG. Band intensities were quantified with ImageJ
software. (H) Binding of �-TrCP2 isoform c to p19Arf degron mutants in transfected 293T cells was determined as for panel G. WT, wild type. (I) Left,
proliferation of MEFs of the indicated �-TrCP2 genotypes infected with retroviruses encoding three different shRNAs targeting p19Arf mRNA (or with the
corresponding empty virus). The cells were infected with the shRNA retroviruses before the Cre recombinase retrovirus. Data are means 	 SEM for three
independent experiments. Right, RT-qPCR analysis of �-TrCP2 mRNA and immunoblot analysis of p19Arf in the indicated MEFs. RT-qPCR data are means 	
SEM for two different experiments. (J) Binding of �-TrCP2 isoform c to mouse p19Arf or human p14Arf in transfected 293T cells was determined as for panel G.
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FIG 3 Phosphorylation of p19Arf by S6K1 promotes its binding to �-TrCP2 and degradation. (A) Consensus S6K1 phosphorylation sequence in mouse p19Arf

and the corresponding sequences of rat p19Arf and human p14Arf. The conserved region is shaded. Ph, phosphorylation site; x, any amino acid. (B) Analysis of
p19Arf phosphorylation in 293T cells. Cells were transiently transfected with an expression vector for FLAG-tagged WT or mutant forms of p19Arf, lysed, and
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ious substrates of �-TrCP1 or �-TrCP2. However, no substantial
accumulation of such proteins in �-TrCP2�/� MEFs was apparent
(Fig. 2A). We next examined the expression of negative regulators
of the cell cycle and found that p19Arf, p53, p21Cip1, and p27Kip1

were upregulated in the �-TrCP2 knockout MEFs (Fig. 2B).
Among these proteins, we focused on p19Arf as a potential novel
substrate of �-TrCP2 given the following: (i) p19Arf contains a
�-TrCP degron sequence (Fig. 2F), a motif to which �-TrCP has
been shown to bind; (ii) the abundance of p19Arf mRNA was not
markedly increased in �-TrCP2�/� MEFs (Fig. 2C), suggesting
that p19Arf accumulation did not result from transcriptional reg-
ulation; and (iii) induction of p53 and p21Cip1 in the mutant MEFs
was likely the result of p19Arf accumulation (28), a notion sup-
ported by the observation that the amount of p21Cip1 mRNA was
increased in �-TrCP2�/� MEFs (Fig. 2D). Cycloheximide chase
analysis revealed that p19Arf was stabilized in these mutant MEFs
(Fig. 2E). Furthermore, coimmunoprecipitation analysis revealed
that p19Arf bound to �-TrCP2 in transfected 293T cells (Fig. 2G),
and this binding was found to require the �-TrCP degron se-
quence of p19Arf (Fig. 2F and H). Of note, the extent of p19Arf

binding to �-TrCP2 was two to three times as great as that to
�-TrCP1 (Fig. 2G). These results were thus consistent with the
notion that p19Arf is a specific substrate of �-TrCP2. We also
found that RNA interference (RNAi)-mediated depletion of
p19Arf reversed the proliferation defect of �-TrCP2-deficient cells
(Fig. 2I), suggesting that p19Arf is a key substrate of �-TrCP2 in the
regulation of cell proliferation. Comparison of the �-TrCP degron
sequence of mouse p19Arf with the corresponding sequences of rat
and human Arf revealed that the serine residue at the sixth amino
acid position of the �-TrCP degron is replaced in the latter two
proteins with a different amino acid (glutamine and proline, re-
spectively), suggesting that the rat and human proteins do not
contain a functional �-TrCP degron. Consistent with this obser-
vation, coimmunoprecipitation analysis revealed that human
p14Arf did not bind to �-TrCP2 in transfected 293T cells (Fig. 2J).
Together, these data thus indicated that �-TrCP2, but not
�-TrCP1, mediates the degradation of p19Arf in MEFs and that the
proliferative defect of �-TrCP2 knockout MEFs is dependent on
the abnormal accumulation of p19Arf.

Phosphorylation of p19Arf by S6K1 promotes its association
with �-TrCP2 and degradation. The �-TrCP degron must be
phosphorylated to be recognized by �-TrCP1 or �-TrCP2. Our
analysis of the amino acid sequence of mouse p19Arf revealed that
a consensus sequence for S6K1 phosphorylation overlaps with the
�-TrCP degron (Fig. 3A), suggesting that S6K1 might be respon-
sible for phosphorylation of the latter motif. Immunoblot analysis
with antibodies specific for the phosphorylated S6K1 consensus
sequence (29) revealed that the �-TrCP degron of p19Arf was in-
deed phosphorylated in transfected 293T cells and that this phos-
phorylation required the RXRXXS S6K1 consensus motif (Fig.
3B). S6K1 is phosphorylated and activated by mTOR, whose ac-
tivity in turn is regulated by nutrient availability (3). Given that
nutrient-rich conditions activate the mTOR-S6K1 axis and
thereby likely induce p19Arf phosphorylation, we hypothesized
that serum stimulation might result in p19Arf ubiquitylation by
SCF�-TrCP2 and its consequent degradation. Loss of �-TrCP2, but
not that of �-TrCP1, abrogated p19Arf degradation induced by
serum stimulation in MEFs (Fig. 3C and D), providing further
support for a functional difference between �-TrCP paralogs as
well as indicating the necessity of �-TrCP2 for p19Arf degradation
under nutrient-rich conditions. Furthermore, inhibition of
mTOR or its upstream activator PI3K abolished the serum-in-
duced downregulation of p19Arf, whereas other kinase inhibitors
had no such effect (Fig. 3E), confirming a role for the mTOR-S6K1
axis in p19Arf degradation. We also found that serum stimulation
indeed induced p19Arf phosphorylation as well as the association
of phosphorylated p19Arf with FLAG-tagged �-TrCP2 in cells (Fig.
3F) and that S6K1 phosphorylated p19Arf in vitro in a manner
dependent on the putative S6K1 phosphorylation site (Fig. 3G). In
addition, the extent of p19Arf ubiquitylation in MEFs was mark-
edly reduced in the absence of �-TrCP2 (Fig. 3H), and the purified
SCF�-TrCP2 complex ubiquitylated p19Arf in vitro in an E1-, E2-,
and S6K1-dependent manner (Fig. 3I). Furthermore, p19Arf mu-
tants that are not able to interact with �-TrCP2 or to be phosphor-
ylated by S6K1 were more stable than the WT protein in mouse
NIH 3T3 cells (Fig. 3J). Together, these observations indicated
that phosphorylation of p19Arf by S6K1 under nutrient-rich con-
ditions results in its �-TrCP2-mediated ubiquitylation and degra-

subjected to immunoprecipitation with antibodies to FLAG followed by immunoblot analysis with antibodies to the phosphorylated S6K1 consensus phosphor-
ylation sequence (RXRXXpS) and to FLAG. (C and D) Left, immunoblot analysis of p19Arf in MEFs of the indicated �-TrCP2 (C) or �-TrCP1 (D) genotypes after
serum deprivation for 2 days and subsequent serum stimulation for the indicated times. Right, Relative p19Arf abundance normalized by Hsp90 abundance as
determined by quantitation of immunoblot signals. Data are representative of two independent experiments. S, normal serum condition (10% serum) without
prior serum deprivation; SD, serum-depleted condition (0.1% serum for 2 days); SA, serum-activated condition (10% serum) for the indicated number of hours
after serum deprivation. (E) Immunoblot analysis of signaling molecules in WT MEFs. Cells were deprived of serum as for panel C, incubated with kinase
inhibitors for the last 30 min of serum deprivation, and then stimulated with serum for 4 h in the continued presence of kinase inhibitors before immunoblot
analysis with antibodies to total or phosphorylated (p) forms of the indicated proteins. Kinase inhibitors: 50 �M LY294002 (PI3K), 100 nM rapamycin (mTOR),
20 �M U0126 (MEK), 20 �M SB203580 (p38 mitogen-activated protein kinase [MAPK]), and 5 �M GSK inhibitor (GSK3). The proteasome inhibitor MG132
(Protea.) (10 �M) was also examined, and 0.1% dimethyl sulfoxide was used as a control (Cont.). (F) Binding of endogenous phosphorylated p19Arf to
FLAG–�-TrCP2 in MEFs. MEFs infected with a retrovirus encoding FLAG-tagged �-TrCP2 isoform c were deprived of serum and then stimulated with serum
for 1 h as for panel C. Cell lysates were subjected to immunoprecipitation with antibodies to p19Arf followed by immunoblot analysis with the indicated
antibodies. (G) In vitro phosphorylation of p19Arf by S6K1. Recombinant WT or S75A mutant forms of p19Arf and a FLAG-tagged constitutively active form of
S6K1 were incubated for 0 or 5 min in a kinase reaction buffer and then subjected to immunoblot analysis with the indicated antibodies. (H) Ubiquitylation of
p19Arf in MEFs. MEFs of the indicated genotypes were deprived of serum for 2 days, exposed to 10 �M MG132 (to prevent degradation of p19Arf) for the last 3
h of serum deprivation, and then stimulated with serum in the continued presence of MG132 for 1 h. Cell lysates were subjected to immunoprecipitation with
antibodies to p19Arf under denaturing conditions followed by immunoblot analysis with antibodies to ubiquitin or to p19Arf. (I) Ubiquitylation of p19Arf by
SCF�-TrCP2 in vitro. The indicated reaction mixture components were incubated for 120 min at 37°C and then subjected to immunoblot analysis with antibodies
to p19Arf. *, nonspecific band. (J) Left, NIH 3T3 cells infected with retroviruses encoding HA-tagged WT p19Arf or mutant forms that cannot interact with
�-TrCP2 (D66A) or cannot be phosphorylated by S6K1 (S75A) were incubated with cycloheximide (CHX) (25 �g/ml) for the indicated times and then subjected
to immunoblot analysis with antibodies to HA and to Hsp90. Right, relative HA-p19Arf abundance normalized by Hsp90 abundance as determined by
quantitation of immunoblot signals with ImageJ software.
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dation and consequent promotion of cell proliferation. Impor-
tantly, �-TrCP1 does not share this function of �-TrCP2.

Disruption of the �-TrCP2 gene induces embryonic lethality
accompanied by p19Arf accumulation in the yolk sac. Our find-
ing that p19Arf accumulation is a major contributor to the arrest of
cell proliferation in �-TrCP2-deficient MEFs led us to examine
whether p19Arf is also a key substrate of �-TrCP2 in animals, es-
pecially with regard to the embryonic mortality of �-TrCP2
knockout mice. Disruption of the mouse �-TrCP2 gene by dele-
tion of exons 5 and 6 was not compatible with embryonic devel-
opment (Fig. 4A, B, and E), whereas both male and female
�-TrCP2
/� mice showed no obvious abnormalities, with fertility
and growth rates similar to those of WT controls (data not
shown).

To determine the developmental stage at which �-TrCP2 defi-
ciency results in embryonic lethality, we analyzed embryos of het-
erozygote intercrosses at various stages of gestation. The
�-TrCP2
/
/�-TrCP2
/�/�-TrCP2�/� embryo genotype ratio
was 1:2:1 up to E9.5, but no viable �-TrCP2�/� embryos were
detected beyond E10.5 (Fig. 4E). Deletion of the �-TrCP2 gene
and loss of �-TrCP2 mRNA in homozygous mutant embryos were
confirmed by genomic PCR and RT-qPCR analyses, respectively
(Fig. 4C and D). �-TrCP2�/� embryos at E9.5 showed a develop-
mental delay, and they were resorbed at E10.5 (Fig. 4F). These data
thus showed that homozygosity for the �-TrCP2 null mutation
results in developmental arrest and embryonic death before E10.5
and that �-TrCP1 is not able to compensate for the loss of
�-TrCP2.

To investigate whether the �-TrCP2 regulation of p19Arf ob-
served in MEFs also operates in a more physiological setting, we
examined �-TrCP2 knockout embryos further. Whereas p19Arf is
expressed specifically in the yolk sac (30), not in the embryo
proper, we found that �-TrCP1 and �-TrCP2 mRNAs were pres-
ent in both compartments of WT embryos (Fig. 4G). The abun-
dance of p19Arf in the yolk sac was greatly increased by �-TrCP2
knockout (Fig. 4H), indicating that p19Arf is a physiological sub-
strate of �-TrCP2.

Finally, we tested the possibility that p19Arf accumulation is the
primary cause of embryonic death in �-TrCP2 knockout mice by
crossing �-TrCP2
/� mice with Cdkn2a�/� mice, which lack both
p19Arf and p16Ink4a (19, 20). However, �-TrCP2�/�; Cdkn2a�/�

embryos manifested the same phenotype as �-TrCP2�/� embryos
(Fig. 4I), indicating that p19Arf accumulation per se is not suffi-
cient to account for the embryonic lethality of �-TrCP2 ablation
and that additional substrates of �-TrCP2 that contribute to such
lethality remain to be identified.

DISCUSSION

�-TrCP is one of the most-studied F-box proteins, as exemplified
by the identification of �50 substrates to date in mammals. How-
ever, the physiologically important substrates of �-TrCP have re-
mained unclear, in part because of the lack of an animal model
completely deficient in �-TrCP1 and �-TrCP2 (31).

We previously generated �-TrCP1 knockout mice and found
that they manifested only minor defects (16). We have now gen-
erated �-TrCP2 knockout mice and found that the most obvious
phenotype is embryonic mortality, despite the fact that the
�-TrCP1 gene is intact in these animals. This unexpected finding
led us to reevaluate the prevailing view that �-TrCP1 and
�-TrCP2 are functionally redundant and essentially indistin-

guishable. Our subsequent demonstration that �-TrCP2, but not
�-TrCP1, positively regulates cell proliferation by targeting p19Arf

for ubiquitylation and degradation under nutrient-rich condi-
tions revealed a key functional difference between these two pro-
teins. Furthermore, loss of p19Arf did not rescue the embryonic
lethality of �-TrCP2 ablation, suggesting that additional sub-
strates targeted by �-TrCP2 but not by �-TrCP1 contribute to this
phenotype in mouse embryos.

Our finding that the arrest of cell proliferation induced by loss
of �-TrCP2 in MEFs was completely reversed by concomitant
depletion of p19Arf indicates that the regulation of p19Arf by
�-TrCP2 is likely to play a key role in tissues other than the yolk
sac, in particular in adult tissues under conditions in which acti-
vation of the mTOR-S6K1 axis controls cell proliferation. Further
studies with our conditional knockout system should shed light
on the function of �-TrCP2 in adult mice.

At least two other ubiquitin ligases target p19Arf for degrada-
tion: TRIP12 (ULF) and SIVA1 bind to and mediate the ubiqui-
tylation and degradation of p19Arf (32–34). Why do mouse cells
express three different ubiquitin ligases for p19Arf? TRIP12 and
SIVA1 do not appear to require any modification of p19Arf in
order to mediate its ubiquitylation. Genotoxic stress induces the
degradation of p19Arf by TRIP12, whereas SIVA1 is induced by
p53 and its downregulation of p19Arf results in the destabilization
of p53, completing a negative feedback loop that limits the level of
p53 activation. These observations indicate that TRIP12 and
SIVA1 induce the degradation of p19Arf in order to prevent hyper-
activation of p53 in response to stress, whereas SCF�-TrCP2-in-
duced p19Arf degradation promotes cell proliferation specifically
in response to nutrient availability. Of note, we found that the
�-TrCP degron as well as the S6K1 consensus sequence present in
mouse p19Arf are disrupted in human p14Arf and rat p19Arf (Fig. 2F
and I and 3A), suggesting that the human and rat proteins are not
targeted for degradation by �-TrCP2. The reason for this species
difference is not clear, but it will be of interest to compare the
stabilities of human p14Arf and rat p19Arf with that of mouse
p19Arf in cells subject to nutrient stimulation.

We found that S6K1 phosphorylates p19Arf and thereby primes
it for degradation. In mammals, S6K1 (RPS6KB1) and its paralog
S6K2 (RPS6KB2) have been thought to have essentially overlap-
ping functions, with a few exceptions (35). Given that S6K2 is also
activated by mTORC1, we cannot exclude the possibility that
S6K2 also phosphorylates p19Arf. Importantly, S6K activity is
present not only in the cytosol but also in the nucleolus, where
most p19Arf resides (36, 37), indicating that S6K might phosphor-
ylate p19Arf in this subnuclear compartment.

Activation of S6K1 and S6K2 requires their mTORC1-medi-
ated phosphorylation, and mTORC1 is activated by the growth
factor-induced PI3K-AKT-TSC-Rheb pathway. We thus found
that inhibitors of PI3K or mTORC1 suppressed serum-induced
p19Arf degradation. This regulation of p19Arf is similar to that of
the translation inhibitor PDCD4, which is phosphorylated by S6K
and subsequently ubiquitylated by �-TrCP to facilitate translation
(38). Furthermore, Deptor, a shared component of mTORC1 and
mTORC2 and negative regulator of mTOR, is also ubiquitylated
by �-TrCP after its phosphorylation by the combination either of
S6K1 and RSK1 (RPS6KA1) or of mTOR and casein kinase 1�
(CK1�) (39–41). In addition, the protein phosphatase PHLPP1,
which inactivates AKT, was found to serve as a substrate of
�-TrCP after its phosphorylation by CK1 and GSK-3� (42). These
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observations indicate that �-TrCP plays a key role in mTOR sig-
naling by facilitating translation (via PDCD4 degradation) and
proliferation (via p19Arf degradation) as well as by amplifying
mTOR activity (via Deptor degradation) and upstream AKT ac-

tivity (via PHLPP1 degradation), although the reason why
�-TrCP1 does not participate in p19Arf degradation is unclear.

Sustained activation of mTORC1 induced by ablation of
TSC1 and TSC2 was shown to reduce the half-life of p19Arf

A

B
Genotype E8.5

115 (23%)
263 (54%)
112 (23%)

E9.5

75 (23%)
177 (54%)

76 (23%)

E10.5

38 (36%)
62 (58%)

7 (6%)

44 (31%)
96 (69%)

0 (0%)

β-TrCP2+/+

β-TrCP2+/-

β-TrCP2-/-

P0

E

F

Exon 5 Exon 6

4.7 kb

Targeting
Vector

Wild-type
β-TrCP2

Mutant
β-TrCP2

allele

allele

BamH I
Neo

Neo
BamH I

BamH I

BamH I

BamH I

7.9 kb
Probe

Probe

C

D

+/- +/- +/- +/+ +/+ +/+
β-TrCP2

Mutant

Wild type Mutant

Wild type

-/- +/-+/+
β-TrCP2

0

0.2

0.4

0.6

0.8

1.0

1.2

R
el

at
iv

e 
β-

Tr
C

P2
 m

R
N

A
 a

m
ou

nt

β-TrCP2: +/+ +/- -/-

1

0.502

0.002

G

Embry
o

Yo
lk 

sa
c

MEF
NIH

3T
3

p16Ink4a

E9.5

p19Arf

Arbp

β-TrCP1

β-TrCP2

(p1
9, 

p1
6 K

O)

H

+/-+/+β-TrCP2:

1mmIB: Tubulin

IB: p19Arf

Yolk sac (E9.5)

*
-/-

I
β-TrCP2+/+ β-TrCP2+/- β-TrCP2-/-

Cdkn2a-/-

0.1 mm

E9.5 E9.5 E9.5

1 mm

E10.5 E10.5 E10.5

1 mm

E10.5 E10.5 E10.5

0.1 mm

-/-+/-+/+

β-TrCP2

E9.5 E9.5 E9.5
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embryos of the indicated genotypes. Scale bars, 0.1 mm (E9.5) or 1 mm (E10.5). (G) RT-PCR analysis of p19Arf, �-TrCP1, �-TrCP2, and p16Ink4a mRNAs in the
WT yolk sac and embryo proper at E9.5. Arbp served as an internal control, and WT MEFs and NIH 3T3 cells (in which the Cdkn2a locus is deleted) served as a
control for gene expression. (H) Immunoblot analysis of p19Arf in the E9.5 yolk sacs of the indicated genotypes. *, nonspecific band. (I) Gross appearance of E9.5
and E10.5 embryos of the indicated genotypes. Scale bars, 0.1 mm (E9.5) or 1 mm (E10.5).
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(consistent with our present findings) but also to facilitate
translation of p19Arf mRNA, the net result of which was the
upregulation of p19Arf (43). These effects might constitute a
mechanism of cellular adaptation that prevents overprolifera-
tion in response to hypernutrition. Another example of p19Arf-
dependent cellular adaptation is provided by the observation
that moderate expression of c-Myc promotes cell proliferation,
whereas its overexpression inhibits proliferation through com-
petitive binding of c-Myc to TRIP12 and consequent accumu-
lation of p19Arf (33).

Together, our findings have revealed that �-TrCP2 has a dis-
tinct function not shared by �-TrCP1 both in vivo and in vitro.
Indeed, we did not detect the accumulation of any well-known
substrates of �-TrCP in �-TrCP2�/� MEFs (Fig. 2A), and cyclo-
heximide chase analysis revealed that none of those examined was
stabilized in the mutant cells (data not shown), suggesting that
�-TrCP2 is not required for the degradation of these substrates in
MEFs in the presence of �-TrCP1. Resolution of the crystal struc-
ture of �-TrCP2 should shed light on the molecular underpin-
nings of this functional disparity between �-TrCP1 and �-TrCP2
and explain why most vertebrates appear to retain two �-TrCP
paralogs (44). In addition, we have identified a new mechanism
for the regulation of cell proliferation mediated by the mTOR-
S6K1 axis. S6K1 thus induces �-TrCP2-dependent degradation of
p19Arf and thereby promotes cell proliferation in a nutrient-rich
environment. As far as we are aware, this is the first example of the
direct regulation of cell proliferation by the mTOR pathway inde-
pendent of transcription and translation.
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