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As a subunit of a ubiquitin ligase, Skp2 is implicated in facilitating cell cycle progression via degradation of
various protein targets. We report here that Skp2 is rapidly degraded following cellular stimulation by the
cytokine transforming growth factor 3 (TGF-) and that this degradation stabilizes the cell cycle arrest protein
p27. The Skp2 degradation is mediated by Cdhl-anaphase-promoting complex (APC), as shown by depletion
of Cdhl with small interfering RNA, and by reconstitution of ubiquitylation reactions in a purified system.
Blockage of Skp2 degradation greatly reduces TGF-fB-induced cell cycle arrest, as does expression of a
nondegradable Skp2 mutant. Furthermore, we demonstrate that TGF-f3-induced Skp2 degradation is mediated
by the Smad cascade. The degradation of Skp2 stabilizes p27, thereby ensuring TGF-B-induced cell cycle
arrest. These results identify a novel mechanism for tumor suppression by TGF- and explain why dysfunction
of APC in the TGF-3 pathway in responsive cells is associated with cancer.

Transforming growth factor 8 (TGF-B) is a pluripotent cy-
tokine that regulates a variety of biological effects, including
cell growth inhibition, differentiation, matrix production, and
apoptosis (24). Loss of its regulatory function has been impli-
cated in enhancing oncogenic growth (8, 35). Transduction of
intracellular TGF-p signals from the cell surface to the nucleus
is accomplished by the ordered association of type II and type
I receptors and a cascade of intracellular signal transducing
proteins, called Smads (14). Binding of ligands to the type II
receptor results in phosphorylation of the GS domain of the
type I receptor, leading to phosphorylation of Smad2 or Smad3
(R-Smads) on the carboxy-terminal SSXS residues (2, 49).
Upon phosphorylation, Smad2 or Smad3 forms oligomers with
Smad4 (Co-Smad), translocates to the nucleus, and regulates
gene transcription, usually through additional coordination
with coactivators such as p300/CBP, cosuppressors such as
¢-Ski/SnoN, or other transcription factors such as AP-1 (49).
Currently, an important area of research in TGF-B focuses
on how ubiquitin-dependent proteolysis modulates TGF-@ sig-
naling. The significance of the ubiquitin-proteasome system
(UPS) in TGF-p signaling is reflected by two aspects. First,
after each step of signaling, phosphorylated signaling compo-
nents are removed via proteolysis. Second, proteins suppress-
ing TGF-B-induced transactivation are degraded. These no-
tions are based on recent proteomic studies suggesting that
proteolytic regulation is more complex than previously be-
lieved (6). Thus, a thorough investigation of the UPS in mod-
ulating TGF-B signaling could provide novel insights into the
mechanism of TGF-B function.

UPS modulates TGF- signaling through targeting TGF-
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receptor, various Smad proteins, accumulated nuclear pro-
teins, and certain transcriptional cofactors such as SnoN/Ski
(7). Smad proteins in both unstimulated cells and TGF--
stimulated cells are degraded by proteolysis. Smad ubiquitin
regulatory factors (Smurfs), ubiquitin ligases containing C2-
WW-HECT domains, have been implicated in the destruction
of Smads and phosphorylated TGF-B receptors through an
interaction between their WW domains and PPXY motifs
present on the substrates. Smadl and Smad5 are degraded by
Smurfl (55), whereas activated TGF-B receptors are degraded
by Smurf2 in association with Smad7 (11). Destruction of nu-
clear accumulated Smadl and Smad2 is also mediated by
Smurf2 (17, 53). Recently, the SCF complex and ectodermin
have also been demonstrated to govern Smad4 degradation
(10). Besides the proteolytic regulation of Smads and recep-
tors, protein degradation is also required for transcriptional
initiation. SnoN and Ski, two corepressors of transcription, are
rapidly removed upon stimulation with TGF-B in order to
initiate TGF-B-induced transactivation. In particular, degrada-
tion of SnoN has been reported to require the involvement of
anaphase-promoting complex/cyclosome (APC/C), whereas
destruction of Ski is suggested to be through the SCF (Skp1-
Cull-F-box) complex (21, 38, 43).

Our recent studies systematically measuring protein profiles
in response to TGF-B stimulation show that several proteins
are significantly altered in a rapid manner that suggests protein
degradation (unpublished data). Among these proteins, the
most intriguing protein whose levels were altered is Skp2.
Skp2, an F-box protein, is the substrate-recognition subunit of
the SCF ubiquitin ligase complex that has been implicated in
targeting various proteins for degradation. Dysfunction of
Skp2 has been detected in various types of cancer (36). The
major role of Skp2 is to target p27 for degradation (4, 41). Both
transcriptional and posttranslational changes are thought to
underlie the cell cycle-dependent oscillation of Skp2 levels (3,
46-48). The SCF complex has been suggested to be the E3
ligase ubiquitylating and degrading Skp2 in G,/G, quiescent
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cells, thereby leading to a high level of p27 (48). During the cell
cycle, Skp2 protein levels drop in late mitosis and G, and
accumulate once cells progress to S phase (3). It is now known
that ubiquitin-dependent Skp2 turnover in G, is governed by
APC/C (3, 47), where degradation of Skp2 is required to or-
chestrate p27 levels, therefore preventing unscheduled entry
into S phase.

We have identified a novel mechanism for TGF-B-induced
tumor suppression. Among numerous TGF-B-responsive genes,
cyclin-dependent kinase (CDK) inhibitors are key in facilitat-
ing TGF-B-induced growth inhibition. Major attention has
been focused on the activation of transcription mediated by
activated Smads, resulting in induction of CDK inhibitors.
Nevertheless, the mechanism of maintaining the expression of
CDK inhibitors and thereby acquiring more sustained growth
inhibition has been less well investigated. We show here that
Cdh1-APC targets Skp25“F for degradation in response to
TGF-B, resulting in an increased half-life of p27. Accumula-
tion of p27 induced by TGF-B contributes to inhibition of
Cdk2/cyclin E, a major driver for the G,/S transition, and leads
to cell cycle arrest. Impairment of APC is frequently detected
in various human cancers (27, 45, 54), and our results further
explain why a dysfunction of APC in the TGF-fB pathway is
associated with cancer.

MATERIALS AND METHODS

Plasmids and constructs. Skp2 was engineered by PCR using the primers
5'-AAAATCGATATGCACAGGAAGCACCTCAG-3" and 5'-TTGGCGCGC
CTAGACAACTGGGCTTTTGCAGTGTC-3" and then cloned into pCS2-HA
(where HA is hemagglutinin), a mammalian expression vector. Skp2Adb (Skp2
with a deletion of the D box) was generated by deleting amino acids 1 to 11 using
a PCR-based approach. The primers used for constructing this mutant were
the following: 5'-AAAAATCGATATGCTGAGTAGCAACGTTGCCACC-3’
and 5'-TTGGCGCGCCTAGACAACTGGGCTTTTGCAGTGTC-3'. pREX-
IRES-GFP (where IRES is internal ribosome entry site and GFP is green
fluorescent protein) and pREX-IRES-CD2 were gifts from Xuedong Liu (Uni-
versity of Colorado-Boulder). pREX-HA-Skp2-IRES-CD2 and pREX-HA-
Skp2Adb-IRES-CD2 were generated by PCR using the following primers: 5'-A
AAAGTCGACCCACAGGAAGCACCTCCAGGAG-3" and 5'-TTGCGGCC
GCTCATAGACAACTGGGCTTTTG-3'. pREX-HA-SnoN-IRES-GFP and pREX-
HA-SnoNAdb-IRES-GFP were constructed by PCR using primers described pre-
viously (43).

Antibodies. Western blot analysis was performed using the anti-Skp2 (Santa
Cruz), anti-p27 (Santa Cruz), anti-Cdhl (Oncogen), anti-Smad2 (Santa Cruz),
anti-Smad3 (Santa Cruz), anti-Smad4 (Santa Cruz), anti-PCNA (Santa Cruz),
anti-HA (Santa Cruz), anti-Myc (Santa Cruz), anti-V5 (Santa Cruz), anti-Flag
(Sigma), anti-SnoN (Cascade BioScience), and horseradish peroxidase-conju-
gated goat anti-mouse or anti-rabbit secondary antibody (Santa Cruz) with an
ECL detection kit (Amersham). Semiquantification of data was performed using
NIH Image.

Construction of Cdh1-siRNA stable expressing cell lines. The following three
constructs were engineered: (i) pPSUPER-Cdh1-N (amino acids 266 to 286), (ii)
pSUPER-Cdh1-C (amino acids 566 to 586), and (iii) pSuper-Control (firefly
luciferase small interfering RNA [siRNA]) (47). siRNA-Cdhl retrovirus was
packaged by transfecting siRNA-Cdh1 constructs into Phoenix cells using Lipo-
fectamine 2000 (Invitrogen). MvlLu cells were infected with the virus, and
positive clones were selected in the presence of puromycin (4 wM)-containing
medium.

In vitro protein degradation assay and ubiquitylation assay. >S-labeled HA-
tagged human Skp2 protein was synthesized in the TNT expression system
(Promega). Approximately 10 ng of in vitro translated Skp2 was added to 20-pl
extracts supplemented with degradation cocktail (1.25 mg/ml ubiquitin, 1X en-
ergy regeneration, 0.1 mg/ml cycloheximide). Aliquots were removed at different
times and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and autoradiography (43). The method for the Skp2 in vitro
ubiquitylation assay was previously described (42).
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Coimmunoprecipitation assays for Skp2 and Cdh1. Mv1Lu cells were cotrans-
fected with expression vectors encoding HA-Skp2, Myc-Cdh1, Flag-Smad3, and
V5-Cdc27 using Lipofectamine 2000 (Invitrogen). The transfected cells were
preincubated with the proteasome inhibitor MG-132 (50 pM) or vehicle (di-
methyl sulfoxide [DMSO]) for 1 h before addition of TGF-B. HA-Skp2 com-
plexes were pulled down by anti-HA matrix (Roche). Interaction among Skp2,
Cdhl1, Smad3, and Cdc27 was judged by protein immunoblotting with anti-HA,
anti-Myc, anti-Flag, and anti-V5 antibodies.

Knock-down of Smad3 and Skp2. siRNAs were custom synthesized by Dhar-
maco. The sequence for anti-Smad3 siRNA was 5'-AAUGGUGCGAGAAGG
CGGUCAJTAT-3’ (dT is deoxyribosylthymine) (30). The sequence for anti-
Skp2 siRNA was 5'-AUUCAGCUGGGUGAUGGUCUCITAT-3" (3). Cells
were transfected with ~0.4 mM specific siRNAs or randomized cocktails of
double-stranded RNA as a control, with the use of the Oligofectamine reagent
(Gibco/Life Technologies). At 24 h posttransfection, cells were transfected again
with the same siRNA preparations to ensure efficient depletion.

RNA extraction and reverse transcription-PCR (RT-PCR). The SV Total
RNA Isolation System (Promega) was used to extract RNA. The following
primers were used: for B-Actin (291 bp), 5'-CCACACTGTGCCCATCTACG-3’
(5" primer) and 5'-CAGCGGAACCGCTCATTGCCAATGG-3" (3" primer);
for Skp2 (122 bp), 5'-CTGTCTCAGTGTTCCAAGTTGCA-3’ (5’ primer) and
5'-CAGAACACCCAGAAAGGTTAAGT-3' (3' primer).

Growth inhibition assay. For the growth inhibition assay, 5 X 10> Mv1Lu cells
were incubated with various concentrations of TGF-B1 for 3 to 4 days. The
growth of cells was determined by counting and comparing the results with those
for unstimulated cells (38).

RESULTS

TGF-B induces the fast turnover of Skp2 resulting in p27
accumulation. The TGF-B-induced physiological response is
tightly regulated by the UPS (7). To thoroughly probe the
biological significance of TGF-B-induced protein turnover, we
systematically monitored the alteration in the protein profiles
of a number of proteins (data not shown). This work has
resulted in identification of several previously unreported pro-
teins that are degraded in response to TGF-B, including Skp2
(Fig. 1A). Our result shows that Skp2 is degraded in response
to TGF-B stimulation, resulting in the accumulation of p27
(Fig. 1A, D, and E). The half-life of Skp2 in response to TGF-3
signaling is approximately 60 min (Fig. 1A and B), whereas the
half-life of SnoN turnover in response to TGF-B demonstrated
previously is about 30 min (Fig. 1A) (43). Furthermore, Skp2
degradation is blocked by incubating cells with a 50 wM con-
centration of proteasome inhibitor, MG-132 (Fig. 1C and D).
To assess the effect of TGF-p on Skp2 and p27 beyond 2 h, we
have monitored the alteration of protein levels for Skp2 and
p27 for 18 h after stimulation with TGF-B. As shown in Fig.
S1A in the supplemental material, Skp2 is dramatically de-
graded in the first 90 min, and low levels of Skp2 were main-
tained up to 18 h, while the protein levels of p27 were gradually
accumulated after 90 min in response to TGF-B stimulation. A
similar result was repeated for BaF3 cells (see Fig. S1B in the
supplemental material). To exclude the possibility that the
observed change in Skp2 protein levels is due to altered tran-
scriptional regulation, we measured Skp2 mRNA levels after
stimulation with TGF-B by RT-PCR. As shown in Fig. 1A,
Skp2 mRNA is constant, suggesting that the drop in Skp2
protein levels is due to protein degradation. It appears that
TGF-B-induced Skp2 degradation stabilizes p27, thereby facil-
itating cell cycle arrest at the G,/S transition by inhibiting
activity of Cdk2/cyclin E (12, 32).

Cdhl silencing attenuates TGF-B-induced Skp2 degrada-
tion and abrogates TGF-B-induced growth inhibition. Cdhl-
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FIG. 1. Skp2 is rapidly degraded in response to TGF- signaling. (A) Skp2 protein levels drop drastically in response to TGF-f stimulation.
The half-life of Skp2 in response to TGF-B signaling is about 60 min while the half-life for SnoN is about 30 min. p27 protein levels gradually
increase while Skp2 protein levels decrease. Mink lung epithelia cells (Mv1Lu) were treated with TGF-f (100 pM). Protein levels were measured
by immunoblotting. Equal amounts of total protein were subjected to immunoblot analysis, as evidenced by the equal concentration of tubulin.
Skp2 and actin (control) mRNA levels were monitored by RT-PCR analysis. (B) Skp2 protein chase analysis in response to TGF-B stimulation.
Mvl1Lu cells were treated with 20 wM cycloheximide. Skp2 protein turnover was measured by immunoblotting. (C) Skp2 degradation is blocked
by the proteasomal inhibitor MG-132 (50 uM). (D) Quantification of Skp2 protein levels in response to TGF-f in the presence or absence of
cycloheximide or MG-132. (E) Quantification of p27 protein levels in response to TGF- in the presence or absence of cycloheximide or MG-132.
CHX, cycloheximide.
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APC is activated by TGF-B-induced signaling to facilitate the
destruction of SnoN, a transcriptional corepressor, which per-
mits transactivation of TGF-B-responsive genes (43). Cdhl-
APC has been implicated in targeting Skp2 for ubiquitylation
and degradation during the G,/S transition (3, 47). Given our
suggestion that Skp2 is degraded in response to TGF-p signal-
ing (Fig. 1) and that Cdh1-APC targets Skp2 for degradation
during cell cycle control, we asked whether TGF-B-induced
Skp2 degradation is mediated by Cdh1-APC. To test this hy-
pothesis, we depleted Cdhl by RNA interference in MvlLu
cells and then examined Skp2 protein levels.

To silence Cdhl in Mv1Lu cells, we designed several target-
ing oligonucleotides using the Oligoengine program. Our pre-
vious Cdhl knock-down experiment using transient transfec-
tion of duplex oligonucleotides has revealed that Cdh1-N and
Cdh1-C provide the best targeting efficiency in HeLa cells (47).
Cdhl is very conserved in vertebrates, sharing over 98% iden-
tity among human, mouse, and frog (42). To engineer Cdhl
siRNA targeting constructs for establishing stable cell lines, we
confirmed that the DNA sequences of the regions targeted by
the siRNA oligonucleotides (Cdh1l-N and Cdhl1-C) between
human and mink are identical by RT-PCR and DNA sequenc-
ing. We cloned the oligonucleotides into a pSuper vector (In-
vitrogen). Using retroviral infection, we established two Cdhl
siRNA stable clones and an siRNA control clone (firefly lucif-
erase siRNA). As shown in Fig. 2A, Cdhl1 levels were reduced
by 90% in these clones. To verify whether Cdh1-APC mediates
Skp2 degradation in response to TGF- signaling, we mea-
sured Skp2 protein levels in response to TGF- stimulation by
immunoblotting in both MvlLu wild-type and Cdhl siRNA
cells. As shown in Fig. 2B and C, silencing of Cdhl significantly
blocks Skp2 degradation while Skp2 protein levels drop in
response to TGF-B in wild-type cells as well as in siRNA
control cells. Furthermore, we demonstrated that Cdhl pro-
tein levels are not affected by the stimulation with TGF-$ (see
Fig. S2A in the supplemental material). In addition, the deg-
radation of Skp2 is rescued in Cdhl-depleted cells by supple-
mentation of purified recombinant Cdhl (see Fig. S2C in the
supplemental material) (42). Taken together, these data sug-
gest that Cdh1-APC is required to mediate TGF-B-induced
Skp2 degradation.

To confirm the physiological role of Cdhl-APC in the
TGF-B signaling pathway, we tested the effect of Cdhl deple-
tion on the physiological response of cells to TGF- stimula-
tion. As shown in Fig. 2D, depletion of Cdhl abrogated G,
arrest induced by TGF-p signaling. Moreover, knockdown of
Cdhl1 significantly antagonized TGF-B-induced growth inhibi-
tion (Fig. 2E). These data confirm the role of Cdh1-APC in
mediating TGF-p signaling by targeting Skp2 as well as SnoN
for degradation.

Cdh1-APC targets Skp2 for degradation in response to
TGF-f stimulation. To directly test whether Skp2 is a sub-
strate for Cdhl-APC, we analyzed Skp2 degradation in a
MviLu cell-free system, as previously described (43). **S-la-
beled in vitro translated Skp2 was added to an extract prepared
from Mv1Lu cells exposed to TGF-B. Aliquots were removed
and resolved by SDS-PAGE, and the presence of Skp2 was
detected by autoradiography. As shown in Fig. 3A, Skp2 was
degraded in extracts from cells previously stimulated by expo-
sure to TGF-B. Under this condition, Skp2 has a half-life of
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approximately 60 min, which is consistent with the data pre-
sented in Fig. 1A. Skp2 degradation in TGF-B-stimulated ex-
tracts was blocked by MG 132 (Fig. 3A).

Most APC substrates are ubiquitylated in a destruction box
[RXXLXXXX(D/N/E)]-dependent manner (51). To ask whether
the putative D box at the NH, terminus of Skp2 regulates
degradation, we deleted the D box (Fig. 3B). In Fig. 3C, D-box
mutant Skp2 was stable in TGF-B-stimulated extracts, showing
that the D box is required for Skp2 degradation. Furthermore,
Skp2 was stabilized in TGF-B-stimulated extracts prepared
from Cdhl siRNA cells (Fig. 3D). Skp2 was also stabilized in
the presence of excess NH,-terminal fragments of cyclin B
containing a D box, serving as a competitive inhibitor for
APC-dependent degradation (Fig. 3E) (25). In summary, these
results demonstrate that Skp2 is an APC substrate and that
recognition of Skp2 by Cdh1-APC is mediated by the D box at
its NH, terminus.

Recapitulation of Skp2 ubiquitylation in vivo and in a pu-
rified system. To elucidate the biochemical mechanism by
which Skp2 is ubiquitylated in response to TGF-@ signaling, we
initially measured the activation of APC in response to stim-
ulation with TGF-p.

Using an in vitro ubiquitylation assay, we assayed the acti-
vation of APC in response to TGF- stimulation, as previously
described (43). Based on extracts prepared from cells stimu-
lated with TGF-B at various times, APC was purified using
anti-Cdc27 antibodies coupled with protein A beads. The pu-
rified APC was then mixed with E1, Ubcx, and other supple-
ments in an ubiquitylation assay to target a known substrate,
cyclin B. As shown in Fig. 4A, the capacity of APC activated by
TGF-B to catalyze ubiquitylation of cyclin B is dramatically
increased in response to TGF-B stimulation, with gradual
quenching occurring 2 h after stimulation. This result demon-
strates that Cdh1-APC is activated approximately 30 min after
TGF-B stimulation. The potency of APC activation stimulated
by TGF-B lasts for about 2 h.

To recapitulate TGF-B-induced Skp2 ubiquitylation and fur-
ther examine the components that contribute to this reaction,
we next performed Skp2 ubiquitylation assays both in cultured
MvlLu cells and in a purified system. To demonstrate that
TGF-B could induce polyubiquitin conjugation of Skp2, we
cotransfected HA-tagged wild-type Skp2 and D-box mutated
Skp2 with Myc-tagged ubiquitin into either wild-type MvlLu
or Cdhl siRNA MvlLu cells. Cells were subsequently stimu-
lated with TGF-B and harvested at various times; the Skp2
immunocomplex was pulled down using an anti-HA antibody
coupled with protein A/G beads. Polyubiquitylated Skp2 was
then detected by immunoblotting using an anti-Myc antibody.
As shown in Fig. 4B, Skp2 is ubiquitylated 30 min after TGF-
stimulation, with polyubiquitin conjugation peaking in 60 min.
Mutation of the D box in Skp2 blocked the formation of a
polyubiquitin chain on Skp2. Furthermore, depletion of Cdhl
by siRNA abolished attachment of ubiquitin to Skp2 induced
by TGF-B. These results were further validated by an in vivo
Skp2 ubiquitylation assay based on cell extraction under dena-
turing conditions (see Fig. S2B in the supplemental material)
(18, 23). Thus, in vivo, ubiquitylation of Skp2 is catalyzed by
Cdh1-APC upon TGF-@ stimulation.

We also examined which E2 associates with the purified
APC by incubating different E2s, including Ubcx, Ubc4, UbcS,
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FIG. 2. Cdhl is necessary and sufficient for downregulation of Skp2 in response to TGF-f stimulation. (A) Creation of Cdhl siRNA stable
clones. Based on Cdhl knock-down results using transient transfection of siRNA duplex, two oligonucleotides (N terminus, residues 338 to 358;
C terminus, residues 566 to 586) were chosen for construction of Cdh1 siRNA stable cells. Cell extracts (100 ug) were blotted with Cdh1 and PCNA
(control) antibodies. Cdh1 levels in clone 3 (using an N-terminal oligonucleotide) and clone 6 (using a C-terminal oligonucleotide) were reduced
approximately 90%, while Cdh1 levels did not fall in clone 1 (a control clone generated using firefly luciferase siRNA). (B) Depletion of Cdhl
blocks Skp2 degradation in response to TGF-B stimulation. (C) Quantification of Skp2 and p27 protein levels in response to TGF-f signaling in
wild-type and Cdh1 siRNA cells. (D) Knock-down of Cdhl antagonizes TGF-B-induced G, arrest. Wild-type and Cdh1 siRNA cells were treated
with TGF-B. The cell cycle profile was measured by fluorescence-activated cell sorting analysis 20 h after the stimulation with TGF-B. (E) De-
pletion of Cdhl blocks the TGF-B-induced cell growth inhibition. Wild-type and Cdhl siRNA cells were treated with TGF-B at different
concentrations. Cell numbers were counted 72 h after the stimulation with TGF-B. WT, wild type.
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degradation was measured by autoradiography. (B) Alignment of Skp2 with known APC substrates, cyclin B, and securin. Similar to other
substrates of APC, Skp2 contains a conserved destruction box [RXXLXXX(N/D)] at its NH, terminus. (C) Destruction box is required to mediate
TGF-B-induced Skp2 degradation. Wild-type and mutant Skp2 proteins lacking the destruction box were incubated in TGF-B-stimulated extracts.
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stimulated extract and **S-labeled in vitro translated Skp2 at the indicated concentrations. After incubation for 90 min at room temperature,
samples were analyzed by SDS-PAGE and autoradiography.
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FIG. 4. Skp2 is ubiquitylated in vivo and in a purified system. (A) Activity of APC is enhanced following stimulation by TGF-B. Mv1Lu cells
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were stimulated with TGF-f and harvested at different times as indicated. APC was subsequently purified from the cell lysate using anti-Cdc27
antibody coupled to protein A beads and was subjected to ubiquitylation mixture for a ubiquitylation assay. **S-labeled in vitro translated cyclin
B was used as a putative substrate for APC activity analysis. Polyubiquitin conjugates of cyclin B were measured by autoradiography. (B) Skp2 is
polyubiquitylated in vivo. Myc-tagged ubiquitin and HA-tagged wild-type Skp2 or mutant Skp2 lacking the destruction box were cotransfected into
wild-type or Cdhl siRNA MvlLu cells. Cells were treated with TGF-B and harvested at the indicated times. Skp2 complex was immuno-purified
by anti-HA antibody. The polyubiquitin-conjugated Skp2 was detected by immunoblotting using anti-Myc antibody. (C) Recapitulation of Skp2
ubiquitylation in a purified system. Mv1Lu cells were stimulated with TGF-B and harvested at different times as indicated. APC was purified from
the cell lysate using anti-Cdc27 antibody coupled to protein A beads and was subjected to a ubiquitylation mixture for the ubiquitylation assay.
Polyubiquitin conjugates of Skp2 were measured by autoradiography. Depletion of Cdhl attenuates TGF-B induced Skp2 ubiquitylation. In
addition, disruption of the destruction box blocks TGF-B-induced Skp2 ubiquitylation. IP, immunoprecipitation; 1B, immunoblotting; «, anti.
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UbcH10, and Cdc34 with purified APC and **S-labeled Skp2
as well as supplements (data not shown). The E2 Ubc5 most
potently catalyzed TGF-B-induced Skp2 ubiquitylation in as-
sociation with APC. To recapitulate Skp2 ubiquitylation, we
purified activated APC by using anti-Cdc27 antibody coupled
with protein A beads from extracts prepared from cells ex-
posed to TGF-B for 60 min. At this point, APC activity stim-
ulated by TGF-B is highest (Fig. 4A). As described previously,
we added the purified APC together with E2 (Ubc5) and *°S-
labeled Skp2 and subsequently observed Skp2 ubiquitylation
(Fig. 4C) (42). However, deletion of the Skp2 D box or deple-
tion of Cdhl by siRNA in MvlLu cells failed to recapitulate
Skp2 ubiquitylation in the presence of UbcS and APC (Fig.
4C). In summary, these data confirm that TGF-B-induced Skp2
degradation occurs via its ubiquitylation, catalyzed by Cdhl-
APC, and the D box in Skp2 is critical for its ubiquitylation.

TGF-pB-induced Skp2 degradation is mediated by the Smad
cascade. Cdhl binds directly to APC substrates through rec-
ognition of a degron in the substrate (29, 43). Smad3 is a major
signal transducer that interacts with various downstream pro-
teins in the TGF-B pathway (33, 34, 40). To ask whether Cdhl
interacts with Skp2 and whether this interaction depends on
the presence of Smad3 and/or TGF-B stimulation in MvlLu
cells, we examined proteins associated with Cdhl1 in the pres-
ence of TGF-B activation. We first cotransfected Mv1Lu cells
with a combination of expression vectors encoding differently
tagged versions of Cdhl, Smad3, Skp2, and Cdc27 (a core
subunit of the APC). The transfected cells were incubated
with the proteasome inhibitor, MG-132 (50 pM), or vehicle
(DMSO) for 1 h before TGF-B addition. After 60 min, the
interaction among Cdh1, Smad3, Skp2, and Cdc27 was exam-
ined by immunoprecipitation coupled with immunoblotting. In
the absence of TGF-B stimulation, the association of Cdhl
with other transfected proteins, including Skp2, Smad3, and
Cdc27, was barely detectable. In contrast, the formation of a
transient quaternary complex of Cdh1-Skp2-Smad3-Cdc27 was
detected 30 min after TGF-B stimulation when Cdhl, Skp2,
Smad3, and Cdc27 were expressed at similar levels (Fig. SA
and B). Interaction of endogenous Cdhl, Cdc27, Skp2, and
Smad3 was further detected in TGF-B-stimulated Mv1Lu cells
(see Fig. S3A and B in the supplemental material). In addition,
a moderate abundance of Smad2 and Smad4 was also mea-
sured in Cdc27 immunoprecipitation complex in the presence
of TGF-B signaling, suggesting that TGF-B-induced Skp2 deg-
radation is mediated by the Smad cascade (see Fig. S3C and D
in the supplemental material).

To validate the role of Smads in facilitating Skp2 degrada-
tion in response to TGF-B signaling, we performed a Smad3
depletion experiment using transfection of Smad3 siRNA oli-
gonucleotides (Fig. 5C) (30). As shown in Fig. 5D, knock-down
of Smad3 significantly attenuated TGF-B-induced Skp2 degra-
dation, while Skp2 was degraded in response to TGF-@ stim-
ulation in wild-type MvlLu cells. Furthermore, TGF-B-in-
duced Skp2 ubiquitylation was blocked in response to Smad3
depletion (Fig. SE). In addition, depletion of Smad3 attenu-
ated TGF-B-induced growth inhibition (Fig. 5F), and knock-
down of Smad3 significantly reduced TGF-B-induced interac-
tion of Cdhl and Skp2 (see Fig. S4A in the supplemental
material).
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Expression of a nondegradable Skp2 antagonizes TGF-3-
induced growth inhibition. Stabilization of Skp2 should pro-
mote the proteolysis of p27 and therefore antagonize the
TGF-B response. To test this hypothesis, wild-type Skp2 or
Skp2 with a deletion of the D box was introduced stably into
MvlLu cells by retroviral infection (Fig. 6A) (19). Subse-
quently, the pools of infected cells were measured for their
ability to respond to TGF-B-induced growth inhibition. As
shown in Fig. 6B (panel a), stably expressed Skp2 was degraded
in response to TGF-B stimulation while D-box-mutated Skp2
was quite stable (Fig. 6B, panel b). To know if the expressed
nondegradable Skp2 is functional for p27 degradation and
whether nondegradable Skp2 affects APC activity, we moni-
tored the alteration of endogenous protein levels of Skp2 and
p27 in response to TGF-B stimulation in the presence of non-
degradable Skp2. As shown Fig. 6B (panel b), expression of
nondegradable Skp2 did not affect Skp2 (endogenous) degra-
dation induced by TGF-B stimulation, while TGF-B-induced
p27 accumulation was blocked by expression of nondegradable
Skp2. Furthermore, we tested the potential effect of nonde-
gradable Skp2 on p27 transcripts in response to TGF-B stim-
ulation. As shown in Fig. S4B in the supplemental material, no
change in p27 transcripts was detected in response to overex-
pression of wild-type or nondegradable Skp2 using RT-PCR.
These results suggest that nondegradable Skp2 is functional for
p27 degradation and that it does not alter APC activity and p27
transcription.

As indicated in Fig. 6D, the growth inhibition analysis
showed that expression of wild-type Skp2 only moderately
blocked the ability of cells to undergo TGF-B-induced cell
cycle arrest. The reason for this may be because the wild-type
Skp2 was unstable in response to TGF-B stimulation and thus
failed to accumulate (Fig. 6B, panel a). In contrast, D-box-
mutated Skp2 markedly attenuated TGF-B-induced growth in-
hibition (Fig. 6D). Therefore, Skp2 stabilization impairs the
TGF-B-induced growth inhibitory effect. These results support
the hypothesis that degradation of Skp2 induced by TGF-B
signaling helps to maintain p27 protein levels, which results in
Cdk2/cyclin E inhibition.

Previous studies have shown that TGF-$ targets SnoN for
degradation mediated by Cdh1-APC (38, 43). Removal of
SnoN by proteolysis is required for initiation of TGF-B tran-
scriptional regulation. Degradation of SnoN and Skp2 occurs
at different time points after TGF-f stimulation (Fig. 1A and
D and 3A; see Fig. S1C in the supplemental material), sug-
gesting that the substrate specificity for Cdh1-APC catalyzing
SnoN and Skp2 ubiquitylation is under temporal control. To
test whether stabilization of both SnoN and Skp2 could more
potently antagonize TGF-B signaling, we engineered MvlLu
cells that stably express both nondegradable SnoN and Skp2
(Fig. 6A). As shown in Fig. 6C, D-box-mutated SnoN is stable
in response to TGF-B stimulation. Expression of D-box-mu-
tated SnoN abolished approximately 60% of TGF-B-induced
growth inhibition. In contrast, simultaneous expression of both
nondegradable SnoN and Skp2 abrogated approximately 80%
of TGF-B-induced growth inhibition, which is more than the
expression of either SnoNAdb or the Skp2Adb mutant alone
(Fig. 6D). Together, these results support the finding that
Cdh1-APC regulates TGF-B signaling. Removal of SnoN by
Cdh1-APC results in initiation of TGF-B-induced transactiva-
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FIG. 7. Model for the role of Cdh1-APC in TGF-B-induced deg-
radation of Skp2 and SnoN. APC is activated by TGF-$ stimulation.
Activated APC then targets Skp2 for degradation, thereby stabilizing
p27. In addition, activated APC is required for SnoN degradation,
hence permitting transactivation of TGF-B-responsive tumor suppres-
sor genes. Thus, both induction of tumor suppressors and stabilization
of p27 are necessary to achieve cell cycle arrest.

tion, while degradation of Skp2 mediated by Cdh1-APC leads
to accumulation of p27, thereby inhibiting Cdk2/cyclin E (Fig.
7) (40, 43, 52).

DISCUSSION

A new mechanism for growth inhibition by TGF-. The
TGF-B signaling pathway has attracted substantial interest for
its duality in tumor suppression and metastasis based on tumor
type and stage (9, 26, 35). In this work, we have identified a
new mechanism for TGF-B-induced growth inhibition via de-
struction of Skp2, an F-box protein, that, if overexpressed,
could lead to upregulated cell cycle progression and poor prog-
nosis in terms of cancer treatment (36).

The effect of decreased Skp2 expression in response to
TGF- signaling is to achieve a longer half-life for p27, a major
cell cycle inhibitor. Thus, induction of certain tumor suppres-
sors such as p21 and pl5 together with stabilization of p27
orchestrates a concerted effect of TGF-B signaling, thereby
providing an efficient TGF-B-induced inhibitory response. We
have here addressed the mechanism governing TGF-B-induced
Skp2 degradation, which involves Cdh1-APC activation by
TGF-B. Cdh1-APC-facilitated Skp2 degradation in response to
TGF-B signaling is mediated by the Smad cascade.

and SnoNAdb, respectively, and coexpressing Skp2Adb and SnoNAdb
were incubated for 4 days with various concentrations of TGF-f as
indicated. The growth of cells was quantified by cell counting and
compared with the growth of unstimulated cells. WT, wild type.
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In normal cells, Skp2 protein levels oscillate during the cell
cycle, falling in mitosis and early G, and rising after entry into
S phase. It is now known that Skp2 is an important ubiquitin
E3 ligase whose accumulation is required for ubiquitylation
and degradation of p27, which in turn liberates Cdk2/cyclin E,
a major driver for the G,/S transition. Abnormal expression of
Skp2 is often observed in various human cancers, where p27
expression is usually inversely correlated with Skp2 accumula-
tion (36). TGF-B signaling orchestrates the activity of Cdk2/
cyclin E via an Skp2-p27 cascade with TGF-B activating the
UPS to degrade Skp2, thereby slowing the turnover of p27 and
prolonging the inhibition of Cdk2/cyclin E. Previously, we
demonstrated that the E3 ligase, APC, is activated in response
to TGF-B stimulation (43). Our other studies have shown that
in the normal cell cycle Cdh1-APC targets Skp2 for degrada-
tion, thereby preventing premature entry into S phase (3, 47).
Here, we have identified Cdh1-APC as the E3 ligase that is
activated by TGF-B-induced signaling for degradation of Skp2.

Skp2 as a novel substrate for APC in TGF-3 signaling.
Other than facilitating chromatid separation during mitosis,
the critical role of APC has also been shown in the control of
G, progression, genomic integrity, and signal transduction, as
well as multiple developmental events (3, 13, 37, 39, 43, 47).
Malfunction of APC has been implicated in a variety of carci-
nomas including breast cancer, colorectal cancer, and hema-
topoietic cancer (27, 44, 45, 54). Given the pivotal role of
TGF-B signaling in tumorigenesis and the notion that Cdhl-
APC mediates TGF-B-induced cell cycle inhibition, abrogation
of APC function in the TGF-B signaling pathway could be one
means of initiating cancer formation. Identification of Skp2, a
novel substrate for Cdh1-APC in the TGF-8 signaling pathway,
has further filled the gap in our understanding of TGF-B-
mediated physiology. To fully address the mechanism by
which Skp2 is degraded by Cdh1-APC in the presence of
TGF-B, we utilized our previously developed cell-free-based
degradation assay in association with an in vitro ubiquityla-
tion assay (42, 43).

APC is known to target its substrates for degradation
through recognizing molecular motifs including the D box,
KEN box, and the A box (28). Using degradation and ubiqui-
tylation assays, we demonstrated that mutation of the D box at
the NH, terminus of Skp2 significantly blocked TGF-B-in-
duced Skp2 ubiquitylation and destruction. This D-box-depen-
dent Skp2 degradation is supported further by the competitive
inhibition of Skp2 degradation with an NH,-terminal fragment
of cyclin B that contains the D box. These data implicate
Cdh1-APC as the E3 ligase that mediates Skp2 degradation in
TGF-B-governed physiological responses. To verify whether
Cdhl is the substrate-specific activator directing APC for tar-
geting Skp2, we also engineered an siRNA Cdhl cell line.
Depletion of Cdhl attenuates the fast turnover of Skp2 in-
duced by TGF-B. To complement these genetic analyses, we
examined the complex formation among Smad3, Cdhl, Skp2,
and APC in the presence of TGF-B signaling. The coimmuno-
precipitation analysis shows that Smad3-Cdh1-Skp2-Cdc27
forms a stable quaternary complex in response to TGF-f stim-
ulation. Therefore, both genetic and biochemical experiments
support the hypothesis that Cdhl is the substrate-specific ac-
tivator mediating TGF-B signaling for activation of APC in
TGF-B-induced Skp2 degradation.
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Management of substrate degradation after TGF- stimu-
lation. The elevated rate of degradation via APC in response
to TGF-B stimulation is not limited to Skp2. Previous studies
suggested that acceleration of SnoN degradation is mediated
by APC (38, 43). We do not know at present how APC is
coordinated to catalyze these two substrates in the TGF-
signaling pathway. We have noticed that APC activity is po-
tently increased in the first 2 h in response to TGF- stimula-
tion. In the presence of TGF-B, the half-life of Skp2 is approx-
imately 1 h, whereas the half-life of SnoN is about 30 min.
Therefore, we propose that the mechanism of substrate spec-
ificity for APC targeting Skp2 and SnoN in the TGF-3 pathway
is potentially through temporal management.

Smad3 plays a critical role in mediating TGF-B signaling to
activate transcription and to transduce the TGF-B signal to
other effectors (35). Detection of Smad3 as a component of a
Cdhl complex suggests that Smad3 is critical for connecting
the TGF-B cascade to the ubiquitin machinery for Skp2 deg-
radation. This result fits well with our current understanding
that Cdhl recognizes the substrate (Skp2) and brings it to the
APC and Smad3. This conclusion has been further confirmed
by a Smad3 knock-down experiment with depletion of Smad3
abolishing TGF-B-induced Skp2 ubiquitylation and degrada-
tion (Fig. 5D and E). Although we have demonstrated that
Smad3 mediates TGF-B signaling to activate APC for Skp2
degradation, the precise mechanism by which Cdh1-APC is
activated by Smad3-TGF- still remains unknown. Possibly,
TGF-B targets Cdc27 and therefore increases the affinity of
Cdhl for APC or Skp2 or both. It may also have some effects
on polyubiquitylation and deubiquitylation in addition to its
effects on binding. In accordance with the findings of previous
studies (38, 43), Smad3 may serve to coordinate APC-medi-
ated time-dependent degradation of SnoN and Skp2. These
ubiquitylation events ensure the activation of TGF-B-induced
gene expression and stabilization of p27, both of which are
required for inhibition of cell growth as shown in Fig. 6D and
7. To better understand the mechanism by which APC is acti-
vated by TGF- signaling, further experiments should be car-
ried out to examine if Cdh1 or components of the APC become
posttranslationally modified by TGF-$ signaling.

Integration of our findings with the current paradigm. Reg-
ulation of p27 expression is thought to be important for achiev-
ing TGF-B-induced growth inhibition (31). Previous reports
have demonstrated that the up-regulation of p15 by TGF-
results in the release of p27 from CDK4/6 complexes with a
corresponding increase of p27 in complex with Cdk2-cyclin E
(12, 32). A reasonable synthesis of our findings and this estab-
lished model could be that p27, a short-lived regulatory pro-
tein, is consistently targeted by Skp2/SCF for turnover, no
matter whether p27 is associated with CDK4/6, bound to Cdk2-
cyclin E, or exists singularly. Thus, a mechanism to stabilize
p27 through TGF-B is needed to effectuate complete and suc-
cessful redistribution of p27 from CDK4/6 to CDK2-cyclin E to
achieve arrest of cell growth. Observations of changes in p27
protein levels induced by TGF-B have been variable, depen-
dent upon cell types, where p27 dramatically accumulated in
some cases while alteration of p27 was subtle in other cases. In
addition, between different cell types that exhibited increases
in p27 following TGF-B induction, the kinetics of TGF-B-
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induced p27 accumulation also differed, with a significant in-
crease of p27 seen from 1 h to 72 h (22, 50).

We have found that APC is activated by TGF-B, with its
activation being maintained for approximately 3 h in response
to TGF-B stimulation. Given that complete arrest of the cell
cycle by TGF-B usually requires about 20 h, there is still a gap
between the TGF-B-induced transient activation of APC and
timing of TGF-B-induced cell cycle arrest. This inconsistency
could be explained by the theory that TGF-8 may induce two
mechanisms to deplete Skp2, thereby achieving elevation of
p27 protein levels, including Skp2 degradation and inhibition
of Skp2 protein translation. If this is the case, then 3 h of
activation of APC could be enough to remove Skp2 and main-
tain a long-term increase of p27 if no novel Skp2 is synthesized.
Accumulation of p27 starts once Skp2 is degraded by TGF-B-
activated APC, and high levels of p27 are maintained until cell
growth is completely arrested. This interpretation is supported
by the measurement of bromodeoxyuridine (BrdU) incorpora-
tion during the 24-h time course in response to TGF-B stim-
ulation (see Fig. S5A to C in the supplemental material),
where the number of BrdU-positive cells gradually drops in
response to TGF- treatment. The effect of Cdhl1 depletion on
BrdU incorporation was detected in a window of time soon
after stimulation with TGF-B (see Fig. S5B in the supplemen-
tal material). Although our work suggests the important role of
Cdh1-APC in facilitating TGF-B-induced growth inhibition via
Skp2 degradation and therefore stabilizing p27, more careful
work is needed to address the timely coordination between the
Cdh1-APC-Skp2-p27 cascade and the TGF-B-induced physio-
logical response.

Cancer and dysfunction of the APC in the TGF-f3 signaling
pathway. Malfunction of the ubiquitin-proteasome pathway
can result in carcinogenesis by disrupting the balance between
oncoproteins and tumor suppressor proteins (1, 7, 36). Abnor-
mal expression of Skp2 is often detected in various types of
human cancer including breast cancer, hematopoietic tumors,
and colorectal cancer (15, 16, 36). Conversely, decreased p27
protein levels are usually measured in these cancer types (5, 16,
20). We have demonstrated that the ubiquitin protein ligase,
Cdh1-APC, targets Skp2 for degradation in the TGF-B path-
way, contributing to a new paradigm of how a ubiquitylation
cascade could modulate the normal physiological effect of
TGF-B and the potential dysfunction of this mechanism on
tumorigenesis. Our current study shows that Cdh1-APC is re-
cruited by TGF-B signaling, leading to cell growth inhibition
through a Cdh1-APC-Skp2-p27-Cdk2/cyclin E axis. These re-
sults provide a potential mechanism for the induction of cancer
formation caused by failure in Skp2 and p27 regulation. Given
the notion that the APC is impaired in a variety of human
cancers (27, 44, 45, 54), our studies have opened a new avenue
for exploring the mechanism of tumorigenesis induced by dys-
function of the APC in the TGF-$ signaling pathway.
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