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APC/Cdh1 is a major cell cycle regulator and its function has been implicated in DNA damage repair; however, its exact
role remains unclear. Using affinity purification coupled with mass spectrometry, we identified Claspin as a novel
Cdh1l-interacting protein and further demonstrated that Claspin is a novel Cdhl ubiquitin substrate. As a result,
inactivation of Cdh1 leads to activation of the Claspin/Chk1 pathway. Previously, we demonstrated that Rb interacts with
Cdh1 to influence its ability to degrade Skp2. Here, we report that Cdh1 reciprocally regulates the Rb pathway through
competing with E2F1 to bind the hypophosphorylated form of Rb. Although inactivation of Cdh1l in HeLa cells, with
defective p53/Rb pathways, led to premature S phase entry, acute depletion of Cdh1 in primary human fibroblasts resulted
in premature senescence. Acute loss of many other major tumor suppressors, including PTEN and VHL, also induces
premature senescence in a p53- or Rb-dependent manner. Similarly, we showed that inactivation of the p53/Rb pathways
by overexpression of SV40 LT-antigen partially reversed Cdh1 depletion-induced growth arrest. Therefore, loss of Cdh1
is only beneficial to cells with abnormal p53 and Rb pathways, which helps explain why Cdh1 loss is not frequently found

in many tumors.

INTRODUCTION

In normally dividing cells, the cell cycle is tightly controlled
and defective cell cycle regulation can lead to genomic in-
stability and ultimately, cancer development. Selective deg-
radation of key cell cycle regulators by the ubiquitin-protea-
some system has recently been shown to be a major regulatory
mechanism for ensuring ordered and coordinated cell cycle
progression (Cardozo and Pagano, 2004; Petroski and
Deshaies, 2005). Two related, multiunit E3 ubiquitin ligase
enzymes, anaphase-promoting complex (APC) and Skp1-
Cullin1-F-box complex (SCF), are thought to be the major driv-
ing forces governing cell cycle progression (Nakayama et al.,
2001). We previously demonstrated that Cdhl could control
the degradation of the SCF component Skp2, a known oncop-
rotein (Gstaiger et al., 2001), in the early G1 phase. Furthermore,
many known Cdhl substrates including Securin (Zou et al.,
1999), Cyclin A, Polo-like kinase 1 (Takai et al., 2005), and
Aurora Kinase (Giet et al., 2005) have been found to possess
oncogenic activity /potential and are overexpressed in various
types of cancer. The function of Cdhl as a tumor suppressor
was confirmed recently by mouse modeling (Garci-Higuera et
al., 2008). Nevertheless, it remains unclear why in contrast to
the frequently observed loss of other tumor suppressor genes
including p53, PTEN, or VHL, loss of Cdh1 expression is not
found frequently in various tumors.
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In response to DNA damage signals, cells will arrest either
in the G1 phase to prevent the replication of the damaged
DNA or arrest in the G2 phase to prevent cells from segre-
gating defective chromosomes (Weinert, 1998). It is widely
assumed that activation of the ATM/ATR/Chk kinase path-
way is the initial response to damaged DNA, resulting in the
phosphorylation and stabilization of p53. The p53 tumor
suppressor protein is considered the major effector of DNA
damage signals, eliciting a cellular response by activating
either a G1 or G2 arrest through its transcriptional targets
p21 or Gadd45a (Lakin and Jackson, 1999; Meek, 1999). The
p21 protein is an universal Cdk inhibitor, and many reports
have demonstrated that the p53/p21 pathway is required for
establishing G1 arrest after genotoxic stress (Waldman et al.,
1995). On the other hand, it is known that cyclin, the regu-
latory subunit of various Cdk complexes, is extremely un-
stable and that destruction of cyclin by either the APC or
SCF complexes is considered an efficient way to inhibit Cdk
activity, thereby facilitating cell cycle arrest. It is noteworthy
that APC/Cdh1 activity can be activated by DNA damage
signals, resulting in enhanced degradation of its substrates
including cyclin B, cyclin D (Agami and Bernards, 2000),
Cdc25A (Dongzelli et al., 2002), and Securin (Romero et al.,
2001). Thus, Cdh1 activity may also play an important role
in mediating cell cycle arrest after DNA damage signals. In
support of this assertion, Cdhl—/— chick DT40 cells failed
to arrest in either the G1 or G2 phase after DNA damage
(Sudo et al., 2001). Furthermore, it was demonstrated re-
cently that loss of Cdhl in both human and mouse fibro-
blasts leads to accumulation of DNA damage signals
(Engelbert et al., 2008; Garci-Higuera et al., 2008). However,
the exact mechanism by which Cdhl participates in the
DNA damage repair process is still unknown. Using affinity
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purification coupled with mass spectrometry, we found that
Claspin associates with Cdhl. In agreement with a recent
report (Bassermann et al., 2008), we further demonstrated
that Claspin is a novel substrate for Cdhl. Claspin is a
positive regulator of Chk1 activity and is a key player in the
DNA damage repair pathway (Sar et al., 2004). Thus our
finding provides a bridge for further understanding the
function of Cdh1 in the DNA-damage repair pathway.

We previously showed that Rb specifically interacts with
Cdh1 and thereby influences its ability to degrade its sub-
strate Skp2 (Binne et al., 2007). Here, we continue to dem-
onstrate that by specifically interacting with the hypophos-
phorylated (active) form of Rb, Cdhl can regulate the
activity of the E2F1 transcription factor (Sorensen et al.,
2000). As a result, in normal human fibroblasts, depletion of
Cdh1 resulted in premature senescence, whereas inactiva-
tion of both the p53 and Rb pathways by overexpressing
SV40 LT-antigen partially reversed this phenotype. Interest-
ingly, inactivation of other major tumor suppressors includ-
ing PTEN (Chen et al., 2005) and VHL (Young et al., 2008) is
also reported to induce premature senescence. The ability of
normal cells to establish premature senescence in response
to various stresses, including DNA damage (Robles and
Adami, 1998), oxidative stress (Chen et al., 1998), and ex-
pression of active oncogenic proteins (Bartkova et al., 2006;
Koutsami et al., 2006; Mallette et al., 2007) has been proposed
as a built-in fail-safe mechanism against cancer development
(Campisi and d’Adda di Fagagna, 2007). In agreement with
this model, our finding that normal human fibroblasts un-
dergo premature senescence after acute loss of Cdhl pro-
vides the possible underlying molecular mechanism for
the less frequently observed Cdhl loss in tumor cells and
further implies that loss of Cdhl occurs late in tumor
development.

MATERIALS AND METHODS

Plasmids

A claspin construct was obtained from Michele Pagano (New York University
School of Medicine, New York, NY), and subcloned into the pPCDNA3.5Xmyc
vector. Claspin mutants and Cdhl mutants were generated using the
QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) ac-
cording to the manufacturer’s instructions. Full-length Cdhl ¢cDNA was
subcloned using the Pfu polymerase (Stratagene) into the pGEX vector to
create a GST-Cdhl in-frame fusion protein. HA-E2F1 and Flag-Rb vectors
were kind gifts from Dr. William Kaelin (Dana-Farber Cancer Institute,
Boston, MA). The c-terminal of E2F1 (amino acids 382-437; Hsieh et al., 2002)
was subcloned using the Pfu polymerase (Stratagene) into the pGEX vector to
create GST-E2F1 in frame fusion protein. Various Cdhl constructs were
described previously. HA-Cdh1 and HA-Cdc20 were obtained from Dr. Peter
Jackson (Genentech, South San Francisco, CA). The Fbw4, Fbw5, Fbw7, and
Skp2 constructs were described previously (Wei et al., 2005). HA-Trcp1 vector
was obtained from Dr. Wade Harper (Harvard Medical School, Boston, MA).
Lentiviral short hairpin RNA (shRNA) vectors against GFP or Cdhl were
obtained from Dr. William Hahn (Dana-Farber Cancer Institute, Boston, MA).

Antibodies and Reagents

Anti-Chk1 antibody (SC-8408), anti-p21 antibody (sc-397), anti ¢-Myc antibody
(sc-40), anti-p53 antibody (sc-126), anti-p27 antibody (SC-528), polyclonal anti-
HA antibody (SC-805), anti-cyclin A antibody (SC-751), anti-cyclin B antibody
(SC-245), anti-Cdc20 antibody (SC-8358), anti-Plk1 antibody (SC-17783), anti-
cyclin E antibody (SC-247), and anti-Ets-2 antibody (SC-22803) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-tubulin antibody (T-
5168), polyclonal anti-FLAG antibody (F2425), monoclonal anti-FLAG antibody
(F-3165), anti-vinculin antibody (V4505), peroxidase-conjugated anti-mouse sec-
ondary antibody (A4416), and peroxidase-conjugated anti-rabbit secondary an-
tibody (A4914) were purchased from Sigma (St. Louis, MO). Monoclonal anti-HA
antibody (MMS-101P) was purchased from Covance (Madison, WI). Anti-
GFP antibody (632380) and monoclonal anti-Skp2 antibody (32-3400) was pur-
chased from Invitrogen (Carlsbad, CA). Monoclonal anti-Cdh1 (CC43) antibody
was purchased from Calbiochem (San Diego, CA). Anti-Claspin antibody
(A267A) was purchased from Bethyl Labs (Montgomery, TX). Anti-pSer317-
Chk1 antibody (2344), anti-pSer15-p53 antibody (9284), anti-pSer20-p53 antibody
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(9287), and anti-pSer807pSer811-Rb antibody (9308) were purchased from Cell
Signaling (Beverly, MA). Anti-E2F1 antibody (05-379) was purchased from Up-
state Biotechnology (Lake Placid, NY). Anti-p16/™N&42 antibody was purchased
from BD Pharmingen (San Diego, CA).

Small Interfering RNAs

Human small interfering RNA (siRNA) oligos which can deplete both
B-Trcpl and B-Trep2 (sense, 5'-AAGUGGAAUUUGUG GAACAUC-3') have
been validated previously (Jin et al., 2003) and were purchased from Dhar-
macon (Boulder, CO). Human siRNA oligos against Fbw?7, Skp2, and Cdhl
have been described previously (Wei et al., 2004, 2005). A luciferase GL2
siRNA oligo was purchased from Dharmacon. As described previously,
siRNA oligos were transfected into subconfluent cells using Oligofectamine
or Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions (Wei et al., 2004, 2005).

Cell culture and Cell Synchronization

Cell culture, including synchronization and transfection, has been described
(Wei et al., 2004). Retrovirus packaging and subsequent infection of various
cell lines were performed according to the protocol described previously (Wei
et al., 2003). Lentiviral shRNA virus packaging and subsequent infection of
various cell lines were performed according to the protocol described previ-
ously (Boehm et al., 2005).

Immunoblots and Immunoprecipitation

Cells were lysed in EBC (50 mM Tris, pH 7.5, 120 mM NaCl, and 0.5% NP-40)
buffer supplemented with protease inhibitors (Complete Mini, Roche) and
phosphatase inhibitors (phosphatase inhibitor cocktail set I and II, Calbio-
chem). The protein concentrations of the lysates were measured using the
Bio-Rad protein assay reagent on a Beckman Coulter DU-800 spectrophotom-
eter (Fullerton, CA). The lysates were then resolved by SDS-PAGE and
immunoblotted with indicated antibodies. For immunoprecipitation, 800 ug
lysates were incubated with the appropriate antibody (1-2 ug) for 3-4 h at
4°C followed by a 1-h incubation with protein A Sepharose beads (GE
Healthcare, Waukesha, WI). Inmunocomplexes were washed five times with
NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5%
NP-40) before being resolved by SDS-PAGE and immunoblotted with indi-
cated antibodies.

Rb Binding Assays

Binding to immobilized GST proteins was performed as described before
(Wei et al., 2004).

Protein Degradation and In Vitro Ubiquitination Analysis

Cells were transfected with a plasmid encoding a Myc-tagged version of
Claspin along with HA-Cdh1 or HA-Cdc20, and a plasmid encoding GFP as
a negative control. Forty hours after transfection, cells were lysed and protein
abundances were measured by immunoblot analysis. In vitro ubiquitination
assay was performed as described previously (Wei et al., 2004).

Bromodeoxyuridine Labeling and Senescence-associated
B-Galactosidase Staining
Bromodeoxyuridine (BrdU) labeling and senescence-associated B-galactosi-

dase (B-Gal) staining were performed using the protocol described previously
(Wei et al., 2001). Experiments were repeated twice to generate error bars.

Fly Work

A null mutation for Fzr (fzr*?%) was obtained from C. Lehner (University of
Bayreuth, Bayreuth, Germany) (Jacobs et al., 2002). Mitotic clones were in-
duced using the flippase recombination enzyme/flippase recognition target
(FLP/FRT) technique (Xu and Rubin, 1993). Therefore, the mutant allele was
recombined with an FRT-chromosome (FRT19A) to generate fzri?%, FRT19A,
and ey-FLP was used to induce the clones in the eye. Inmunostaining of eye
imaginal disks was performed as previously described (Moon et al., 2006),
using antibodies against green fluorescent protein (GFP; rabbit polyclonal,
1:2000, Invitrogen), Cyclin B (mouse monoclonal, 1:100, Developmental Stud-
ies Hybridoma Bank) and dE2F1 (guinea pig polyclonal, 1:200, a gift from T.
Orr-Weaver, Whitehead Institute for Biomedical Research, Cambridge, MA).

RESULTS

Claspin Is Identified as a Specific Cdhl-interacting
Protein

The interaction of Cdh1 with its substrates does not require
any prior modification of the substrate (Harper et al., 2002;
Peters, 2002). This feature suggests that an affinity-purifica-
tion approach is a promising way to screen for putative
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blue reagent. (C) Illustration of the peptide se-
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Cdhl substrates. Toward this end, we constructed a T98G
cell line that overexpresses hemagglutinin (HA)- and Flag-
tagged Cdhl protein (Figure 1A). After affinity purification
of the HA-Cdhl protein, we utilized mass spectrometry to
identify Cdhl-associated proteins (Figure 1B). From this
analysis, 10 peptides were identified for a previously de-
scribed Cdh1 substrate, RIR2 (Chabes et al., 2003), and two
peptides were identified from the well-known Cdhl sub-
strate Cyclin A (Pfleger et al., 2001). These results clearly
demonstrated that this method is a valid and practical ap-
proach to search for novel Cdhl substrates. In addition to
these two proteins, four peptides were identified for the
Claspin protein (Figure 1C), which is an upstream regulator
of the Chk1 kinase (Kumagai et al., 2004; Wang et al., 2006).
The interaction between the Cdh1l and Claspin proteins was
validated using immunoprecipitation analysis (Figure 1D).
Furthermore, we showed that the interaction between Cdhl
and Claspin is specific: Claspin only weakly interacts with
Cdc20 and does not interact with other F-box proteins we
tested, except B-Trcp, which has been identified recently as
an upstream E3 ligase that controls Claspin stability in the M
phase (Figure 1E; Peschiaroli et al., 2006). Additionally, we
also mapped the interaction domain on the Cdhl protein
required for interaction with Claspin (Figure 1F). We found
that Cdhl utilizes its WD-40 repeats motif to interact with
Claspin. Previous studies suggested that most Cdhl sub-
strates interact with the WD-40 repeats-domain of Cdhl
(Harper et al., 2002); therefore this result supports our hy-
pothesis that Claspin might be a novel Cdhl ubiquitin sub-
strate.
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Claspin Abundance Is Controlled by Cdhl

Consistent with the hypothesis that Claspin is a novel ubig-
uitin substrate for APC/Cdh1, depletion of Cdhl by RNAi
treatment led to an up-regulation of Claspin expression
levels in both synchronized and asynchronized HeLa cells
(see Figure 2, A and B), indicating that Cdhl controls
Claspin destruction. It is worth noting that depletion of
B-Trcpl, another known upstream E3 ligase, but not other
F-box proteins, also led to a significant up-regulation of
Claspin abundance (Figure 2A). Conversely, we also found
that overexpression of Cdhl led to a significant reduction of
Claspin protein abundance (Figure 2, C and D), which can
be reversed by treatment with the proteasome inhibitor
MG132 (Figure 2D). In keeping with our previous finding,
Cdc20, which did not strongly interact with Claspin (as
illustrated in Figure 1E), was also unable to promote
Claspin degradation (Figure 2E). Sequence analysis re-
vealed that similar to other known Cdhl downstream
substrates including Cyclin B1, Securin, and Skp2, Claspin
contains a canonical destruction box as well as other types
of degrons including A-box and O-boxes that can be
recognized by the APC/Cdhl E3 ubiquitin ligase (Sup-
plemental Figure S1, A and B). However, to our surprise,
after mutation of all the identified possible degron se-
quences, the mutant Claspin was still unstable in the early
G1 phase, where APC/Cdh1 activity is high (Supplemen-
tal Figure S1D). This indicates that the Claspin protein
might contain a novel degron sequence that has not yet
been identified.
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Figure 2. Cdhl controls Claspin stability. (A and B) Depletion of Cdh1 by siRNA treatments leads to significant induction of Claspin protein
in both asynchronized (A) and synchronized (B) HeLa cells. (C) Immunoblot analysis of the U20S cells, engineered to overexpress Myc-Cdh1
after removal of tetracycline to induce Cdhl, with indicated antibodies. (D-E) Myc-Claspin and HA-Cdh1 or HA-Cdc20 constructs were
cotransfected into HeLa cells as indicated, and the differences in Claspin expression levels were detected by anti-Myc immunoblot analysis.
MGI132 was added in D as indicated to block the proteasomal degradation pathway.

The Claspin Protein Contains a Novel Degron at its
N-Terminus That Governs Its Destruction by Cdhl

To identify the degron sequence critical for Cdhl-mediated
Claspin destruction, we generated four Claspin constructs
that contained four nonoverlapping fragments (Figure 3A).
Further studies revealed that although both fragment A and
fragment D could interact with Cdhl (Supplemental Figure
S2B), only fragment A could be efficiently degraded by
overexpressing Cdhl (Supplemental Figure S2A). This im-
plied that the potential unidentified degron was localized
within the first 340 amino acids (Figure 3A). Therefore, we
made a series of N-terminal deletion Claspin constructs
(Figure 3B). As illustrated previously (Bennett and Clarke,
2006), wild-type Claspin is unstable in the early G1 phase,
where APC/Cdhl is active (Figure 3C). Deletion of the first
300 amino acids did not affect its stability in early G1 phase.
However, further deletion of the next 40 amino acids created
a mutant Claspin that is stable in the early G1 phase (Figure
3C). To further pinpoint the exact location of the putative
degron, we generated two internal deletion constructs,
A300-320 and A320-340 (Supplemental Figure S2C). We
found that the A320-340 mutant Claspin became stabilized
in early G1 phase. This might be due to reduced ubiquiti-
nation by Cdhl because after deletion of the degron se-
quence, the resulting mutant cannot be efficiently ubiquiti-
nated by Cdhl in vitro (Supplemental Figure S2D). After
careful examination of the protein sequence in this region,
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we found that two motifs, LLK and KYQ, that were con-
served across different species (Figure 3E). Further studies
clearly showed that mutation or deletion of the KYQ motif
did not affect the stability of Claspin (data not shown),
whereas deletion of the LLK motif created a Claspin mutant
that could not be degraded at the early G1 phase (Figure
3D). Furthermore, we found that deletion of the LLK motif
also abolished its interaction with Cdhl (Supplemental Fig-
ure S2E). Although it is distinct from all known Cdhl de-
gron motifs, it seems to be derived from a hybrid of the
O-box and KEN box.

Loss of Cdhl Activates the Claspin/Chk1l Pathway

The Claspin protein plays a critical role in activating Chk1
kinase activity in response to various stresses including
DNA-damage signals (Kumagai et al., 2004, Wang et al.,
2006). We found that depletion of Cdh1 in HeLa, U20S, and
primary human fibroblasts led to an up-regulation of
Claspin, and subsequent increase in activation of Chk1 ac-
tivity, as determined by the p-Ser317-Chk1 antibody (Figure
4A, Supplemental Figures S3 and S5C). Claspin/Chk1 acti-
vation was typically seen after cells entered the S phase
(Bennett and Clarke, 2006), and recent studies indicated that
Claspin/Chkl activity is important for proper DNA repli-
cation (Petermann et al., 2008). We found that overexpres-
sion of Claspin promotes BrdU incorporation (Supplemental
Figure S3E), whereas depletion of Cdhl in Hela cells re-

Molecular Biology of the Cell
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sulted in an unscheduled premature induction of Claspin/
Chk1 activity, as evidenced by enhanced Ser317-Chk1 phos-
phorylation in the G1 phase (Figure 4B); and subsequent
premature entry into S phase as determined by enhanced
BrdU labeling, a phenotype which can be reversed by fur-
ther inactivation of the Claspin protein (Figure 4C). Chkl
has been shown to phosphorylate p53 at the Ser-20 site to
activate the p53 pathway (Shieh et al., 2000). Correspond-
ingly, we found that inactivation of Cdh1 in U20S cells led
to a moderate increase in p53 Ser-20 phosphorylation (Fig-
ure 4A), indicating that activation of the Claspin/Chk1 path-
way might contribute to the observed increase in p53 activ-
ity after Cdh1 loss (Engelbert et al., 2008; Garci-Higuera et al.,
2008; Figure 4D). However, further studies are needed to
dissect whether the increased p53 phosphorylation status is
a cause or consequence of the accumulated DNA damage-
like signals induced by Cdhl-loss (Engelbert et al., 2008;
Garci-Higuera et al., 2008).

Depletion of Cdhl Resulted in Premature Senescence in
Primary Human Fibroblasts

Previous reports demonstrated that overexpression of
strong oncogenes, such as Ha-Ras or Stat3, likewise led to
activation of the ATM/ATR DNA damage pathway and
premature senescence (Mallette ef al., 2007), and that inacti-
vation of both the p53 and Rb pathways is required for
bypassing the growth arrest phenotype (Serrano ef al., 1997;
Wei et al., 2003). In keeping with previous reports (Bashir ef
al., 2004; Wei et al., 2004), we found that depletion of Cdh1 in
HelLa cells, whose p53 and Rb pathways are defective due to
the presence of HPV E6 and E7 proteins, did not cause
growth arrest (Supplemental Figure S4A); instead, it re-
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sulted in early S phase entry as evidenced by enhanced
BrdU labeling (Figure 4C).

In contrast to our observations in HeLa cells, we found
that depletion of Cdhl with lenti-viral shRNA vectors re-
sulted in retarded growth in U20S cells, which possess
relatively normal p53 pathway, but defective Rb pathway
due to loss of p16 expression (Stott et al., 1998; Supplemental
Figure S4, B and E). A similar growth retardation phenotype
is observed in mouse embryonic fibroblasts when Cdhl is
depleted (Garci-Higuera et al., 2008; Li et al., 2008). We
further found that normal human fibroblasts (Wei et al.,
2003) responded more severely to acute loss of Cdhl, un-
dergoing the premature senescence program as evidenced
by elevated B-Gal staining (Figure 5A) and ceased cell pro-
liferation (Supplemental Figure S4F). This observation was
supported by FACS analysis, which showed that the S-phase
cell populations were significantly decreased after depletion
of Cdhl (Figure 5B). Additionally, we found that after Cdh1
depletion, there was almost no BrdU incorporation even
after 6-h incubation, whereas more than 60% of the control
cells were BrdU positive (Figure 5, C and D). In agreement
with the growth arrest phenotype, we found that many
senescence-associated molecular markers, including p21,
p27, and to a lesser degree p16, were also induced after acute
loss of Cdhl in primary human fibroblasts (Figure 5E). p21
is a well-characterized p53 downstream target; thus, the
significant induction of p21 provides further support for
the notion that loss of Cdh1 activates the p53 pathway. On
the other hand, consistent with a recent report (Li et al.,
2008), we found that elevated Ets-2 expression might con-
tribute to the moderate increase in p16 expression (Figure 5E).
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Acute inactivation of other major tumor suppressor path-
ways such as PTEN or VHL has also been reported to induce
the onset of premature senescence. Next, we used the
matched HCT116 WT and HCT116 p53— / — cells to examine
whether the p53 pathway plays a critical role in this process.
To our surprise, depletion of Cdhl in HCT116 p53—/— cells
still resulted in retarded growth arrest (data not shown).
Inactivation of both the p53 and Rb pathways has been
shown to be required for bypassing oncogene-induced
growth arrest (Serrano et al., 1997). Therefore, we next ex-
amined whether inactivation of both the Rb and p53 path-
ways is required to bypass Cdhl depletion-induced growth
arrest.

Inactivation of the p53 and Rb Pathways by
Overexpressing SV40-LT Antigen Partially Bypassed Cdhl
Depletion—induced Premature Senescence in Primary
Human Fibroblasts

To investigate the underlying molecular mechanisms for
Cdh1 depletion-induced premature senescence, we gener-
ated LT-antigen expressing LF1 and foreskin human fibro-
blasts (FF1) human fibroblasts (Supplemental Figure S5, A
and B). We found a dramatic induction of p53 (Borger and
DeCaprio, 2006) and E2F1 (Nemethova et al., 2004) abun-
dance after overexpressing LT-ag, and more importantly,
the expression levels of most of the examined E2F1 targets
including Cdh1, Chkl, Rb, Plkl, cyclin A, and Skp2 were
induced as well (Supplemental Figure S5, A and B). In
contrast to the dramatic decrease in S phase cells after Cdhl
depletion in normal LF1 cells (Figure 5B), the S phase pop-
ulation of LF1/LT cells did not decrease after depletion of
Cdh1 (Figure 6A). In addition, compared with the total loss
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vate Chkl and p53 activity by controlling
Claspin destruction.

of BrdU incorporation in LF1 cells after depleting Cdhl
(Figure 5, C and D), there was only a 1.5- to 2-fold decrease
in the percentage of BrdU-positive cells after depletion of
Cdhl in LF1/LT cells (Figure 6, C and D). These results
indicated that the growth arrest phenotype was abolished
after inactivation of the p53 and Rb pathways. Consistent
with this finding, we found that loss of Cdh1 in LF1/LT did
not significantly induce the staining of senescence-associ-
ated B-Gal (Figure 6B). In addition, we found that the in-
duction of many senescence-associated markers including
p21 and p27 in response to Cdhl loss is largely reduced after
overexpression of SV40 LT-antigen (Figure 5E), which might
contribute to the bypass of the growth-arrest phenotype
induced by acute Cdh1 loss. Moreover, we found that over-
expression of SV40 LT-antigen in foreskin human fibroblast
cells also partially rescued the onset of premature senes-
cence induced by Cdh1 loss (Supplemental Figure S6).

Cdhl Regulates the Rb/E2F1 Pathway

The fact that inactivation of the p53 and Rb pathways allows
the human primary fibroblasts to abrogate Cdh1 depletion—
induced premature senescence implied that in addition to
the Claspin/Chk1/p53 pathway, Cdhl regulates the Rb
pathway as well (Figure 6E). In support of this notion, we
found that in addition to the activation of the p53 pathway
as evidenced by an enhanced pSer15-p53 signal, inactivation
of Cdh1 in both primary lung fibroblasts and primary fore-
skin fibroblasts resulted in a marked decrease in E2F1 abun-
dance (Figure 7A). On the other hand, we also found that
overexpression of Cdhl in U20S cells led to a significant in-
crease of E2F1 levels concomitant with Cdh1 induction (Figure
7B). Next, we sought to investigate mechanistically how Cdhl
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cation of the percentage of BrdU-positive cells in C. (E) Illustration of the proposed model by which Cdh1 could potentially regulate the

activity of both the Claspin/Chk1/p53 and Rb/E2F1 pathways.

controls Rb/E2F1 activity. Previously we reported that Rb
interacts with Cdh1 and influences Cdh1l-induced Skp2 degra-
dation (Binne et al., 2007). Here, we continued this study to
further demonstrate that Cdh1l only interacts with the hypo-
phosphorylated (active) form of Rb and that phosphorylation
of Rb with the Cyclin A/Cdk2 complex abolished their inter-
action (Figure 7, C and D). Furthermore, we found that Cdhl
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did not interact with E2F1 (Supplemental Figure S7, A and B).
Because E2F1 only interacts with the hypophosphorylated
form of Rb as well, we hypothesized that Cdh1l might compete
with E2F1 for interaction with the active form of Rb, thus
indirectly affecting E2F1 activity. Indeed, we found that an
increased amount of E2F1 blocked the interaction between
Cdhl and Rb (Figure 7E) while an increased amount of Cdhl

Molecular Biology of the Cell



Loss of Cdhl Activates Chk1/Rb Pathways

A Primary human
i iy Fibroblasts B Hours after
< O < m 0 3 6 91518244872 Tet release:
BEER£4
2O 22 22 LentiviralshhNa — T T | IBia-Myc-Caht
7 I I I B I
- —————wewww |B: 0-Cdh1
-— ~— IB: a-Cdh1
—— IB: a-Cyclin A
e . e w | |B: -pSer15-p53
. — | 1B:a-PK1
—— o e— — | IB: O~p53
e ee IB: a-E2F 1
—— e s = —— | |B: O=Rb
- e o= o e eue @@ | |B: -Rb
- - IB: a-E2F 1
‘v—.a---—n—p IB: a~Vinculin
— | |B: 0t=Tubulin

c 5 § 5 5 £ 3 D Gsrcan 1% input
a a a o a
£ L R £ £ L 2 £ 2 =
& 8 8 - 8 8 &£ GST proteins g8 £ g
- + Phosphatase 4 SS-PPRD
— -'Q
- a e .| « s-Rb —
—_— BOUND
BOUND BOUND
=
: — - &
P 4 GST-Cdh1 -
=™ )= il <« GST-Cdhi
" o i
-~ -
" s = « GsT
E GST-Cdh1 1% input F 1% input GST-E2F1 G
- _ ] = _— e - | =m__—] cdn
+ 4 4 4 = -- - Rb - - 4+ 4 4 4+ BRb
Cdh1
< ¥S-Rb - < *S-Rb _I.
<« 35S-E2F1 Rb
-ae - <« ®S-Cdh1 1
E2F1
BOUND =
<« GST-Cdht
< GST-E2F1
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was also able to block the interaction between E2F1 and Rb
(Figure 7F and Supplemental Figure S7D). These results indi-
cate that Cdh1 and E2F1 are mutually exclusive in interacting
with Rb. As a result, overexpression of Cdh1 leads to increased
levels of free E2F1, whereas depletion of Cdhl leads to de-
creased levels of free E2F1 (Figure 7G).

Interestingly, we found that deletion of the C-box motif,
which has been reported to disrupt the interaction of Cdhl
with the APC core complex (Schwab et al., 2001; Burton et al.,
2005), also abolished the interaction between Cdh1 and Rb
(Supplemental Figure S8, A and B). Consistent with the
model that Cdhl competes with E2F for Rb interaction, the
AC-box Cdhl mutant, which has lost the ability to interact
with Rb, also failed to induce E2F1 expression in U20S cells
(Supplemental Figure S8C). Additionally, in agreement with
a previous report (Marti ef al., 1999), we found that depletion
of Skp2 resulted in elevated E2F1 levels (Supplemental Fig-
ure S9). Because Skp2 levels are up-regulated after Cdhl
depletion (Supplemental Figure S6D), it is possible that en-
hanced E2F1 destruction by Skp2 contributes to the de-
creased E2F1 levels as well.

APC/Cdhl and Rb/E2F1 pathway functions are highly
conserved between mammalian cells and the fruit fly Dro-
sophila melanogaster. To investigate a possible role for Cdhl
loss on Rb/E2F1 pathway activity, we took advantage of
Drosophila eye imaginal disks as a model system for the in
vivo study of cell cycle regulation. During the third instar
larval stage of Drosophila development, a wave of differen-
tiation, controlled by the concerted action of a variety of
signaling pathways, moves from the posterior toward the
anterior end of the eye disk (Brennan and Moses, 2000).
The edge of this wave is apparent as an indentation in the
disk and is referred to as morphogenetic furrow (MF).
Cells anterior to the MF divide asynchronously, whereas
cells within the MF get synchronized in the G1 phase of
the cell cycle. They go through one additional cell division
immediately posterior to the MF, before they finally exit the
cell cycle and differentiate. Homozygous mutant clones for
Fizzy related (Fzr), the fly orthologue of Cdhl, were induced
in eye imaginal disks using an FLP transgene under the
control of an eye-specific promoter, ey-FLP, and identified by
the absence of GFP signal. As expected, immunostaining
using an antibody to Cyclin B, a known degradation target
of APC/Cdhl, revealed elevated Cyclin B levels in fzr mu-
tant clones compared with surrounding wild-type tissue
(Supplemental Figure S10, A and B). However, Drosophila
E2F1 (dE2F1) levels were markedly down-regulated in fzr
mutant clones (Supplemental Figure S10, C and D). The
most dramatic decrease in dE2F1 levels was observed in G1
phase cells within the MF, whereas cells posterior to the MF,
which have exited the cell cycle, showed only a modest
reduction in dE2F1 staining. However, dE2F1 protein de-
creased to similar overall levels in both regions of the eye
disk upon inactivation of Fzr, suggesting that the observed
differences in dE2F1 down-regulation are a result of the
higher basal dE2F1 levels in the MF compared with the
posterior part of the disk. Taken together, these data suggest
that Cdh1/Fzr affects the activity of the Rb/E2F1 pathway in
vivo in Drosophila.

DISCUSSION

Collectively, these results support the hypothesis that Cdhl
could potentially affect cell cycle progression through regu-
lating the functions of both the Claspin/Chk1 and Rb/E2F1
pathways. In keeping with previous reports (Bassermann et
al., 2008), we found that loss of Cdhl also resulted in acti-
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vation of the Claspin/Chkl pathway (Figure 4). It has been
proposed that activation of DNA damage checkpoints is a
critical mediator for oncogene-induced premature senes-
cence (Bartkova et al., 2006; Di Micco ef al., 2006; Mallette et
al., 2007). This indicates that in response to acute loss of
Cdh1, a similar surveillance mechanism might be activated
to trigger premature senescence that normally protects cells
from overexpression of various oncogenic proteins includ-
ing Ha-Ras, Raf, and E2F1 (Mallette et al., 2007).

We combined immunoprecipitation with mass spectrom-
etry to identify Cdhl-interacting proteins. As shown in Fig-
ure 1C, we were able to pulldown known Cdh1 substrates,
indicating that we developed a novel method for identifying
potential Cdhl substrates. Claspin was found to be a novel
Cdh1 interactor, and further biochemical analysis confirmed
that Claspin is indeed a novel Cdhl substrate. Claspin is a
well-known upstream activator of Chkl (Kumagai ef al.,
2004; Wang et al., 2006). After DNA damage or replication
stress, phosphorylation of Claspin by ATR promotes its
interaction with Chk1, which subsequently promotes Chk1
activation by ATR (Yoo et al., 2006). Therefore, our results
suggest that Cdh1 could modulate Chk1 activity by regulat-
ing Claspin stability. Further studies revealed that Cdhl
degrades Claspin mainly in the early G1 phase (Figure 3).
Chk1 was reported to phosphorylate p53 at the Ser20 site
(Shieh et al., 2000); we found that phosphorylation of the
Ser20 site of p53 is moderately increased in Cdhl-depleted
U20S cells (Figure 4A). Loss of Cdh1 has been reported to
create a DNA damage-like response (Engelbert ef al., 2008;
Garci-Higuera et al., 2008). Because loss of Cdhl led to
enhanced Claspin abundance, it is reasonable to assume that
elevated Claspin levels will eventually activate the Chk1/
p53 pathway to create the DNA damage-like response (Fig-
ure 4D), although further studies are required to pinpoint
whether increased p53 activity is a cause or consequence of
accumulated DNA damage-like signals. Alternatively, be-
cause loss of Cdhl results in up-regulation of its down-
stream targets, many of which including Skp2, Plk1, and
Aurora Kinase A have strong oncogenic activity, this could
potentially result in activation of DNA damage checkpoints,
which is currently considered as a protection mechanism for
cells in response to abnormal oncogenic stress (Serrano et al.,
1997; Mallette et al., 2007).

When Ha-Ras is overexpressed in normal human fibro-
blasts, instead of enhancing cell proliferation, it results in
acute growth arrest, a phenotype called premature senes-
cence (Serrano et al., 1997). Furthermore, it has been shown
that inactivation of both the p53 and Rb pathways are re-
quired to bypass Ha-Ras-induced growth arrest. Therefore,
it has been proposed that functionally intact p53 and Rb
pathways are natural barriers to inhibit the cellular transfor-
mation process, which is typically linked with abnormal
induction of one or multiple oncogenes (Lundberg et al.,
2000). Interestingly, we found that depletion of Cdhl in
HeLa cells, which have defective p53 and Rb pathways, led
to early S phase entry and enhanced BrdU labeling (Figure
4C). On the other hand, depletion of Cdhl in both primary
lung fibroblasts and primary foreskin fibroblasts led to pre-
mature senescence (Figure 5 and Supplemental Figure S6).
In support of our findings, inactivation of Cdh1 in MEFs led
to premature senescence as well (Li et al., 2008). Inactivation
of other major tumor suppressors including PTEN and VHL
was also reported to cause a growth arrest phenotype and
the p53 or Rb pathways were found to be critical for the
phenotype, respectively (Chen ef al., 2005; Young et al., 2008).
We found that inactivation of Cdh1 led to a marked decrease
in E2F1 abundance in both lung fibroblasts and foreskin
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fibroblasts. This result indicated that in addition to affecting
the Claspin/Chk1/p53 pathway, Cdhl could modulate Rb/
E2F1 activity as well.

We previously demonstrated that Rb could physically
interact with many subunits of the APC core complex as
well as Cdh1 (Binne et al., 2007). Here, we continued to show
that similar to E2F1, Cdh1 only interacts with the hypophos-
phorylated (active) form of Rb, and phosphorylation of Rb
by cyclin A/Cdk2 kinase abolished the ability of Rb to
interact with both Cdh1 (Figure 7D) and E2F1 (Supplemen-
tal Figure S7C). Because both E2F1 and Cdhl bind to the
hypophosphorylated form of Rb in a similar manner, we
found that they might compete with each other for Rb
interaction (Figure 7, E and F). Therefore, it is plausible that
in the late G1 phase, the free Cdhl population is greatly
enhanced after its dissociation from the APC core subunit,
which might promote E2F1 release by competing for Rb
interaction. As a result, we found that when Cdh1 is over-
produced in U20S cells, there is increased E2F1 abundance
(Figure 7B). On the other hand, when Cdhl is depleted, Rb
will interact with E2F1 more strongly, which leads to repres-
sion of E2F1 activity (Figure 7A).

The finding that loss of Cdh1 in normal human fibroblasts
leads to activation of both the p53 and Rb pathways and that
the growth arrest phenotype can be overcome only after
inactivation of both pathways (Figure 6 and Supplemental
Figure S6) implies that loss of Cdh1 is not beneficial to cells
with functional p53/Rb pathways. On one hand, it helps to
explain why loss of Cdhl is observed at a very low fre-
quency in various tumors. On the other hand, it also indi-
cates that in cells with defective Rb/p53 pathways, such as
HeLa cells, depletion of Cdhl leads to enhanced S phase
entry and a proliferative advantage. Thus, the additional
loss of Cdh1 in tumors with defective p53/Rb pathways is
likely to promote tumorigenesis. In this case, loss of Cdhl
might be a relatively late event during the multistep tumor-
igenic process, which occurs after the disruption of the
p53/Rb tumor suppressor pathways.
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