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for AML1, MOZ-CBP might prevent AML1 from forming
active AMLI/MOZ/p300/CBP transcription factor com-
plex. Interestingly, both the HAT- and bromo-domain of
MOZ-CBP is required for inhibitory action. MOZ-CBP
undergoes autoacetylation and can acetylate AML] as well
as histones [20]. Similar to the observation that p300/CBP
acetylates and dissociates the coactivator ACTR from the
estrogen receptor [2], MOZ-CBP-mediated aberrant acet-
ylation may disrupt some transcription factor and
cofactor(s) complexes. Alternatively, MOZ-CBP may
inhibit transcription by aberrantly binding to acetylated
proteins, then antagonize the function of the AML] com-
plex (Fig. 3a). Analysis of MOZ~CBP-interacting proteins
and MOZ-CBP-acetylating proteins should lead to a better
understanding of the mechanism through which MOZ-
CBP induces leukemia.

3.3 MOZ-TIF2-induced the aberrant histone code
insensitive to physiological stimuli

MOZ is also fused to nuclear receptor coactivator TIF2 by
inv(8) (Fig. 2). MOZ-TIF2 has transforming properties in
vitro and causes AML in a murine bone marrow transplant
assay [3]. The PHD-finger motif of MOZ is essential for
ransformation, whereas MOZ HAT activity is dispensable.
However, MOZ-TIF2 interaction with CBP through the
TIF2 CBP interaction domain (CID) is essential for trans-
formation. These results indicate that nucleosomal
targeting by MOZ and recruitment of CBP by TIF2 are
critical requirements for MOZ-TIF2 transformation and
indicate that MOZ gain of function contributes to leuke-
mogenesis. MOZ-TIF2 inhibits transcription by CREB-
binding protein (CBP)/p300-dependent activators such as
nuclear receptors and p53 [17]. On the retinoic acid (RA)

H15PHD 28

A AML1 transcription in Normal Hematopoiesis

Transciption

B Derugulated AML1 transcription
Dissociation of Active AML1 Complex

Low Transcription
(Differsntiation)

C Global changes in chromatin sturucture

Aberrant Histone Code U ive to Physiological Stimuli

Low Transcription
(Differentiation)

+RA or Not

Fig. 3 A model for MOZ fusion products on MOZ-dependent
transcription by altering chromatin structures, a AML1 transcription
in normal hematopoiesis. The transcriptional activity of AMLI
depends on MOZ. b Deregulation of AMLI-medisted transcription by
MOZ-related chimeras. MOZ-CBP dissociates AML1/MOZ/p300
active transcription factor complexes, and then inhibits the expression
of genes regulated by AMLI (B-1). MOZ-TIF2 associates with
AML1, MOZ-TIF2 also forms complex with CBP via AD1 domain of
the fused TIF2, and enhances AMLI-mediated transcription by
increasing histone acetylation (B-2). ¢ Alteration of global chromatin
structures by a MOZ-related chimera. MOZ~TIF2 alters the histone
code of genes those are regulated by p300/CBP, their response to
normal physiological stimuli, and then dercgulates their expression

receptor promoter, MOZ-TIF2 modestly increases ligand-
independent acetylation of H3K9 or H3K14, but inhi-
bits further acetylation induced by RA. These effects are

MOZ
Chr.#8p11.2 =t
AML1 AML1
H15PHD vl CH1 le Brorno
MOZ-p300 F W= \T
1(8;22)(p11.2;p13.1)
} CH1 KIX  Brom
MOZ-CBP H15-PHPL : T o\
1(8;16)(p11.2;p13.3) L
H15PHD l
MOZ-TIF2 T TRE 5
inv(B)(p11q13)

Fig. 2 Schematics for MOZ and its related chimeras. Amino acid
numbers of each fusion points are given. HI1/5 histone HI/H5
homology region; PHD plant homeodomein; HAT histone acelyl-
transferase; S, PQ, and M, serine-, proline and glutamine-, and
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methionine-rich region; CH cystein/histidine rich region; KIX kinase
inducible domain; Br bromodomain; S/D nuclear hormone receptor
interacting domain; HLH helix-loop-helix motif; NR nuclear receptor
box; AD activation domain
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site-specific, because H4K8 is unaffected by MOZ-TIF2
and rernains RA dependent (Fig. 3c). Aberrant dimethyla-
tion of H3R17 and H4R3 is also induced by MOZ-TIF2 by
recruiting the arginine methyltransferases such as CARM1
and PRMT . Thus MOZ fusion proteins have differential
effects on the activities of CBP-dependent and MOZ-
dependent activators because of their ability to alter
cofactor recruitment and chromatin modification at target
promoters.

4 Conclusion remarks

Essential components of AMLI including CBF heterodi-
mer as well as transcriptional cofators MOZ, p300, and
CBP are indispensable for hematopoiesis, and frequent
targets of chromosomal rearrangements in human leuke-
mias. We think that molecular pathogenesis of almost all
leukemias can be explained in view of deregulated function
of AMLI complex. Therefore, AMLI complex would be a
common molecular target of therapy for a wide variety of
leukemia.
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In mammalian cells, Cdt1 activity is strictly controlled by multiple independent mechanisms, implying that it is central
to the regulation of DNA replication during the cell cycle. In fact, unscheduled Cdtl hyperfunction results in rereplication
and/or chromosomal damage. Thus, it is unpnrlmt to understand its function and lations precisely. We sought to
comprehensively identify human Cdtl-binding pr by a combination of Cdt1 Eﬁty chromatography and liquid
chromatography and tandem mass spectrometry malysis Through this ap we could newly identify 11 proteins,
including subunits of maphuse—promohng complex/cyclosome (APC/C), SNF2H and WSTF, topoisomerase | and lla,
GRWD1/WDR2S, n in/nucleoplasmin, and importins, In vivo interactions of Cdtl with APC/C“™, SNF2H,
topoisomerase | and Ia, and GRWD1/WDR2S were confirmed by coimmunoprecipitation assays. A further focus on
APC/C®4M indicated that this ubiquitin ligase controls the levels of Cdtl during the cell cycle via three destruction boxes
in the Cdtl N-terminus, Notably, elimination of these destruction boxes resulted in induction of strong rereplication and
chromosomal damage. Thus, in addition to SCF**"? and cullind-based ubiquitin ligases, APC/C™™ is a third ubiquitin

ligase that plays a crucial role in proteolytic regulation of Cdfl in mammalian cells.

INTRODUCTION

Recent research progress has uncovered molecular mecha-
nisms by which DNA replication is cell cycle-controlled in
ntn: cells (reviewed by Bell and Dutta, 2002; Diffley,
Brf‘-itqlta, 2006). The current paradigm is that a rnuihpro-
tem complex, termed the prereplication oompiex (pre-RC), is
constructed from late mitosis through G1 phase based on
origin recognition complex (ORC) bmdmg tn chromosomal
DNA. CDC6 and Cdtl (Maiorano ¢f al., 2000; Nishitani et al.,
2000) proteins are recruited to chromatin by interaction with
ORC, and the resultant machinery may act as a loader for the
minichromosome maintenance (MCM) heterochexameric
complex, which could function as a replicative helicase
(Ishimi, 1997). Once cyclin-dependent kinases (Cdks) be-
come active at the onset of S phase, pre-RC initiates replica-
tion, accompanied by further assembly of multiple other
proteins or protein complexes (Bell and Dutta, 2002). The
mechanism seems basically conserved from yeast to meta-
zoan cells, although more complicated in the latter (Bell and
Dutta, 2002; Diffley, 2004; Fuijita, 2006).
To maintain the genome integrity, chromosomal DNA
should replicate only once during a single cell cycle. There-
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fore, the reestablishment of pre-RC, in other words rebind-
ing of MCM, needs to be suppressed during the S, G2, and
M phases of the cell cycle. Recent studies have suggested
that Cdks play a central role also in this context. Thus, Cdk
activity has a bipartite function in the regulation of DNA
replication. Cdks prevent reestablishment of pre-RC through
multiple redundant mechanisms (Bell and Dutta, 2002; Diffley,
2004; Fujita, 2006). One is phasphorylation of CDCG, leading
to degradation in yeast or nuclear export in mam.mal:a.n
cells. In human cells, ORC1 is degraded after 5 Es
sumnbly de; ﬁndmg on phosphorylation by Cdks. In bucl-
function of ORC2 is suppressed through Cdk
phosphorylatiun (Nguyen ¢f al, 2001). It has also been
shown that the MCM complex is phosphorylated by Cdks
(Bell and Dutta, 2002; Diffley, 2004; Fujita, 2006). In budding
yeast, it is necessary to block all three pathways for induction
of rereplication without inhibiting Cdk activity (Nguyen et al.,
2001). At least in nontransformed mammalian somatic cells,
deregulation of an individual replication initiation compo-
nent alone also does not lead to overt rereplication. For
example, several studies have shown that overexpression of
ORC1 or CDC6 does not affect normal cell cycle progression
(Petersen ¢f al, 1999; Tatsumi ¢f al,, 2006). Although Cdtl
overexpression results in overt rereplication in several can-
cer-derived cell lines (Vaziri ¢f al., 2003), it does not in non-
transformed somatic cell lines (Tatsumi ef al,, 2006).

In metazoans, it has generally been considered that sup-
pression of Cdtl function after S phase is mainly executed
by binding to an inhibitory protein, geminin (McGarry and
Kirschner, 1998; Wohlschlegel ¢t al., 2000; Tada et al., 2001;
Mihaylov ¢f al., 2002). However, we and others have dem-
onstrated that Cdtl function is also negatively regulated
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phosphorylation by Cdks (Li ¢f al., 2003; Liu ¢/ al,,
ugimoto ¢t al., 2004). Phosphorylated Cdtl is recog-
nized by SCFP*P? and targeted for degradation. However,
phosphorylation-deficient mutant Cdtl proteins show only
partial resistance to S phase degradation (Sugimoto et al.,
2004; Takeda ¢t al., 2005; Senga ¢f al., 2006), implying the
existence of another proteolytic mechanism. Cdk phosphor-
ylation also negatively regulates Cdtl chromatin binding
(Sugimoto et al., 2004). On the other hand, the cullind-based
ubiquitin ligase system also has been suggested o be in-
volved in proteolytic regulation of Cdtl. In Caenorlalulitis
elegans, this system appears to contribute to cell cycle regu-
lation of Cdtl to ensure proper replication of the genome
(Zhong et al., 2003), whereas in mammals it was originally
implicated in DNA damage-induced Cdtl degradation
{Higa et al., 2003; Hu et al., 2004). It is now known that in
addition to the Cdk-SCF2 pathway, PCNA {Emh.femhng
cell nuclear anti )-depandmt, cu.l.ln‘;-i-!f)l)lllc 2_mediated
ubiquitination operates in S phase degradation of Cdtl
(Arias and Walter, 2006; Higa ¢! al., 2006; Hu and Xiong,
2006; Jin ¢t al., 2006; Lovejoy et al., 2005.le}ulam: et al., 2006;
Sansam ¢t al., 2006; Senga et al., 2006). Nevertheless, details
of cell cycle regulation of Cdtl remain to be fully elucidated
(Fujita, 2006).

Inhibition of Cdtl activity after S phase is carried out by
multiple independent mechanisms, implying that deregula-
tion of Cdt1 is a more deleterious insult than deregulation of
other initiation proteins. In fact, recent studies have shown
that unscheduled Cdt1 hyperfunction results in rereplication
and/or chromosomal damage, leading to chromosomal in-
stability and, presumably, eventual carcin (Arent-
son et al., 2002; Vaziri et al., 2003; Fujita, 2006; Tatsumi ¢f al.,
2006). However, molecular mechanisms by which denegu-
lated Cdtl damages chromatin without rereplication are so
far unclear (Tatsumi ¢f al, 2006). As components of the
MCM complex-loading machinery, ORC and CDC6 proteins
act using their ATPase activity, ll:arobably like &e]glicaﬁon
factor C, a loader for PCNA (Bell and Dutta, 2002). How
does Cdtl, lacking an ATPase motif, act during MCM load-
ing? It could be that interactions with unidentified proteins
contribute to the physiological and/or pathological func-
tions of Cdtl.

It is clearly important to generate a better understanding
of the functions and regulation of Cdtl. As a way to address
the issue, we have tried to comprehensively identify human
Cdtl-binding protems by a combination of Cdtl affinity
chromatography am.{ id chromatography and tandem

/MS) analysis. We adopted this
approach rather than commonly used coimmunopurifica-
tion methods to identify proteins not only stably bmdmg bul
also dynamically interacting with Cdtl, Through this
proach, we identified 11 novel Cdtl-binding proteins. Pns-
suble contributions of these proteins to Cdtl function and

tion are discussed, with a particular focus on an-
promoting mmplex/cyclosome (APC/C). Our data
mdlcate that, in addition to SCF**¥? and Cullin4-based ubxq-
uitin ligases, APC/C~“" ubiquitin hgnsealwpl:nn
role in proteolytic regulation of Cdtl in mamm, ce]ls

MATERIALS AND METHODS

Cells
Hela, T98G, and 2037 cells were grown in DMEM with 8% fetal calf serum.

Cdt1 Affinity Chromatography

Glutathione S-transferase (GSTHCdt] and GST were bacterially produced and
purified as described previously (Sugimoto ef al., 2004), Fifteen milligrams of
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GSTCdtl or 20 my of GST in coupling buffer (L1 M NaHCO,, pH 83, 500
mM NaCl, 0.5 mM vimethvisulfonyl fluoride [PMSF]) were cross-linked
to 2 ml of cyanogenbromide-activated Sepharose 4B (Amersham, Piscataway,
NJJ. Hela cell nuclear extracts were prepared as follows, HeLa cells (51, -3 »
107 cells) were first extracted with 50 ml jce-cold inCSK buffer {10 mM PIPES,
pH 68, 100 mM NaCl, 300 mM sucrose, 1 mM EGTA, 1 mM MgCl,) contain-
ing 0.1% Triton X-100 and a multiple protease inhibitor cocktail (Fujita o al.
1998), and the remnant nuclear was resuspended in 50 mil mCSK buffer
containing 0.1% Triton X-100, 0.5M NaCl, and ense inhibitors. After
centrifugation (3500 rpm, 10 min), the soluble nuclear fraction was filtrated.
The nuclear extracts (30 ml) were diluted with 90 m] bufier A (25 mM
Tris-HC, pH 7.4, 0.01% Nonidet P<40 [NP-40], | mM dithiothreitol [DTT], 0.5
mM MSF, 10% glycerol) and loaded onto tandemly joined GST and GST-
Cdtl columns pre-equilibrated with buffer A conta (.15 M NaCl. After
washing with 200 ml buffer A containing 0.15 M NaCl, the bound proteins
were eluted with 8 ml buffer A containing 0.5 M NaCl. The fractions contain-
ing eluted were determined by SDS-PAGE followed by Coomassie
brilliant blue (CBB) staining.

Mass Spectrometry
The bound fractions were collected, concentrated with Centricon YM-30
(Millipore, Bedford, MA), and separated by 4-20% gradient SDS-PAGE (9-cm
length) followed by BB slnlnin;. The area from the top to bottom of the
el cor hits from =250 to 10 kDa was
cut into allcnol"z-mnlhkhlwonamge mumbered from the bottom
hmp.?muhuipeodn ylﬂnwmdw wuhlqwnﬂ’:wwga,
fison, W) and 4 into spec {LCQ-
DECA, ThermoQuest Co,, Sin]mCA}mphdwllneboa capillary HPLC
column (Magic 2002, Michrom BioResources, Aubumn, CA), as described
previously (Kitabayashi ef al, 2001), The mass spectrometer was ted in
the mutodetection mode to acquire MS/MS spectra of the peptide. Then
sequence databases were senrched with the Mascot program (Matrix Science,
Boston, MA) 1o identify proteins showing high hits with the obtained jon
spectra.

GST-Cdt1 Pulldown Assay

GST-Cdtl or CST was bound to glutathione beads, and the beads were mixed
with the diluted nuclear extracts from Hela cells. After washing
three times with 10 ml buffer A _D.lSMNnCLIIanpmuim

were eluted and analyzed by & 8-
Plasmids
Mammalian vectors, peDEBdelta-T7-Cdil,

Cdll pcDNM.’my\:-thl peDNA3/ myc-Cde20, and FDNA}HA&I:FZ.
the bacterial expression vector pGEX-6P-1-Cdtl were described previ
mldy('l‘.lsudndu! 2002; Sugimoto ¢f al, 2004; Tatsumi of al, m; Tn

the Cdtl N-terminal 2-101 amino acids, a fragment was excised from
V-Cdt1{2-101 Pmyc3NLSmyc (Nishitand ¢ al, 2006) and Inserted into
PcDNA-3xHA (Nishitani ¢f al., 2004), To introduce mutations into thc Cdtl
D-bonltdmmcthnbammﬂgmﬂ)a lll?nu: utagen-
esis (QuikChange Site-directed Mutagenesis Kit: Struin_;em, La loll-, CA) was
performed with §5'-CACCCCCAGCCCCOGOGOCGCCCGCAGCGOGCGOCC-
CGGOCTCC3 and a I
were mutated with 5" éACDCCA
CGG(I‘G‘I‘CGGT‘SGAOGAGGTH‘CC 3" and a complementary oligonucleo-
the T29A was created with 5 -CTGGCCTGC
CGCG:CCCCJ&GCCCCGCC)\GG-S and a |
Mutations in the conserved PIP-motif (FCNA-interaction prohin motif) of
Cdil were introduced with 5'- CCACCCATGGACGGCACCOCCCGCAAC-
CGACCOGTTCGOGOGCOGC3" and a complementary  oligonucleotide.
pKJFPCl was pun:h&u'd from Clontech leminh Vu'w CA), pCMV6-XLS-
2A human topoi I and pCMVe-XL4-SNF2ZH ex-
pressing Buman SNF2H were purchased from OriGene Technologies (Rock-
ville, MD). GRWD1/WDR28 c¢DNA was synthesized according to the
blished with codon op and confirmed by sequencing
, Scotch Plains, NJ). For convenience, It was tagged with hemag-
glutinin [HA} ar its N inus, and signals for the Gateway
technology (Invitrogen, Carlsbad, CA) were also added to the either side. The
cDNA was inserted into pGEX6P-2 for bacterial expression of GST-GRWDI
and into a retroviral vector pCLMSCVhyg (Tatsumi o al., 2006) for expression
in mamumalian cells.

lide. Simil

Transfection
transfected into 3 x 10

%}uﬁm plasmids {total ~6 pg) were transientl
115 in lmmm culture dishes wlth TumlT reagents (Mirus, Mad-
ison, Wi) g 1o the Fon t hours after

rhy-eigh
!rmﬁw:ﬁm.mlhmlvmdh 1% ﬁtﬁumplrh:lrr (62.5 mM Tris-HCl, pH
63. 2% SDE 5% &mploeﬂnml. 10% ;lyuml. 0.01% hm'nphnol blue)
multiple with

F PPIYF

i 1 whh-lﬂ
um MG132 (Calbiochem, Laloha.dmmsnuknmm.
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Fluorescence-activated Cell Sorting
Cells were treated with a CycleTEST FLUS DNA lﬂgmkﬂihdmmk-

Novel Cdtl-binding Proteins

Immunostaining

Cl!kmhhﬁymwdwllhl'&mxlmmmﬁﬂh!?.
;IU’- t 'u\d

insom, Franklin Lakes, NJ) for propidium odide v and then
with a Becton Dickinson FACS (fluorescence-activated cell sorting) Calibur,

Establishment of HeLa, T98G, and 293T Cells Stably
Expressing T7-tagged Cdt1

Cells were infected with retrovinuses produced with retroviml
vectors pCLMSCVhyg-T7-Cdtl wild-type or various mutants T7-
Cdrl@mud.ﬂfmnd_mmmmm

B. Detection of rereplication in H!bcrﬂinawrhium—i‘-b
d alter i In other i cells cultured for more than 2 wk after
iﬂhﬂn!.nwiud:mvﬁnndwhd lly und ble,

Immunoprecipitation

For Figure 2B, 2907 cells stably expressing T7-Cdt] were lysed on ice In 1.ml
o(nﬂhlﬁrmlalnﬂo.i'bhﬁmx-lm 0.1 mM ATP, 1 mM DTT, and
and

- the soluble fractions were g
mlrnl.lqptlnn. ted with anti
antibody- or ‘SGMMMINO\ WIL and the beads

wiere washed four times with 1 ml of the bu Impnunoprecipitates were
-Mmuummummymﬂapuuamww

lotting.
For Figure 2, C-F, and ry Figure S1A, 293T cells were tran-
smlywwiﬁluw hdnpmdm\mamﬂm:hrmm
mm:rnﬂmmmmmmumrm
X-100, 0.1 mM ATP, T mM DTT, and multiple protease inhibitors. Aliquots of
unmm“emmmmﬁlmﬁﬁﬂam;nﬂ
protein G-Seph beads (Amersh

Fnrl‘-igm:l'md" I Figure 518, fected 2937
mlynthMbulu{l!lnMNﬂl%N?—ﬂ.!ﬂmMTm-HCL
PH?G)oaﬂuhh; protease inhibitors, Aliquots of the lysates were

immunoprecipitated anti-HA or anti-Cdil antibodies.
hﬁmmnﬁmmdﬁ T7Cdtl were first cross-
linked with 1% formald bufiered saline (PBS) for 10 min
at room mmmuhm on kcw In 250
ulll.l?a\ [!'!lmMTm- ?ilsnnMNnC.l.l'h riton X-100, 0.1%
ing multiple protese | and
nnimd.mdthtmhbb‘ ion wins by ifugation, S t

ddnmmhwmlhmhmwwﬁhﬁwmmu{dﬁmﬂ-

G-Sepharose beads or with anti-T7 antibody beade. The

M&mwﬂnﬂ&mﬂmﬂwﬂﬂﬁdmﬂbﬂ-(lﬂmm
50 mM Tris-HCI, pH7.4, 0.1% Triton X-100, 1 mM EDTA).

Small Interfering RNA Expmmfs

Sinall interfering RNA (siRNA) oli ides (Dh on, Lad o)
were synthesized with lhelolluvm;#m lememndr Cdhi-1 5%
UGAGAAGUCUCCCAGUCAGATAT-3'), Cdhi-2 (5'-GAAGGGUCUGLIU.
CACGUAUUCATAT-3'), and GL2 (control; 5'-CGUACCGCGGAAUACUUC-
GAdTAT-3'). For Fgms.l\,wﬁda cells (4 % In'fafl' in 12-well plates) were
transfected with 160 pmol si duplexes using i ine (lnvitrogen)
fwell § hz-wvllphlu muhudh pu.:an'm:&..?mt“
0 ini 1] were with 12 siRNA
HiPerFect (Qiagen, C

the manufacturer’s instructions. Tummwuxnwdm
12-well plates) were transfected with 18 pmol siRNA duplexes using HiPer-
Fect transfection Reagent.

In Vitro Ubiguitination Assay

Amfcfﬂwﬂwrmndimmuﬁawhuﬂ G‘lﬂ-r
thmymnhlhmdmnynﬂm 18 h,
medium without

washed with PBS, in fresh h.ly-td
hlwdhmmkhﬂutlnmumm ?.!,SHMNaCLl.SmM
MgCly, 0.1 mM ATP, 1 mM DTT) iple p inhibitors, and

mmmmw-m.mm
fraction was separated and aliquots were reacted with
anti-Cde27 antibody or control IgG for 5 h at 4°C. tates wene
collected with G-Sepharcse beads, washed twice hypotonie
buffer 0.1% Triton X-100, twice with hypotonic buffer containing
100 mM NaCl, and twice with buffer. The beads were res

hypotonic
hmﬂﬂmmmmmme;ﬂl?& 50 mM
mM DTT) i

W Cdi1, u,.;..'min
{ u-muu;.aos;fuﬂmmmu
mg/ml His-tagged ubiquitin (Sigma, St. Louls, MOJ, and 2 mM ATP. Recom-
b‘hﬂicdﬂmmlmm;uﬁﬁdmfcdllﬁwnmﬂd m}hy
PreScission Protease (Amersham), The
anumm.mmww&rmmnudbymm

blotting.
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purcha companies: T7-
mm-:, Novagen), myc-tag (PLI4, MBL, Nagoya, Japan), His-tag m‘.!
Novagen and 114922416001, Roche, Indianapolis, IN). HA-tag (16812
BabCO, Richmond, CA, and 3F10, Roche), geminin (SC-13015, Santa Crue
Biotechnology, Sanfa Cruiz, CA), Skp2 (s<-7164, Santa Cruz), PCNA (PC10,
DAKO, C: CA), 1 (20122, TopoGEN, Columbus,
mxmam-u-umisamumnnwmmmm
nology, Lake Placid, NY), WSTF (2152, Cell Signaling. Beverly, MA), APC7
(sc-20967, Santa Cruz), APCB (abd172, Abcam. , MA), Cdhl
(C7RSS, Sigma), Cde2D (sc-13162, Sllt?agﬁm&Cdd? (C-7104, slg‘ﬂ}, nu-
W{mmcﬂﬂ Vision, Fremaont, CA),
B (GNS-1, PharMingen, San Diego, CA), GFP(46-0092, hﬂh'ogm}.‘z}:\]ﬂ

mHngJ.A‘I‘MW Gene Tex, San Antonlo, TX), Ser1981-phosphorylated
;wﬁcmn:mww Biosciences, Gilbertsville, PA}.md E2F-1 (s-
. h

RESULTS AND DISCUSSION

Identi] of Novel Cdt1-binding Proteins by n
Combination of Cidt1 Affinity Chromatography and Mass
Spectrometric Analysis

Cdtl-binding proteins enriched from HeLa cell nuclear ex-
tracts using a GST-Cdtl column were eluted with buffer
containing 0.5 M NaCl and analyzed on SDS-PAGE followed
by CBB staining. Many specific proteins were detected, with
some bands, (Figure 1), concentrated,
and subjected to preparative SDS-PAGE and LC/MS/MS
anal Themwdn!awmfurﬂmprmdtodetermhe

y scored hits with protein sequence databases. We
pickedidmhﬁed mwiﬂ'llatal smmhom
the Mascot of more than 100. Among the

Mmhﬁed,weexdndadmenm-cprom nwtabohcm—

cyt:phmc proteins, ribosomal proteins, splicin
fadors. heat shock proteins, and cytoskeletal proteins, whi
may have been lyuuh\edinlheCdflmlumn
beeauseof&mabundmuarhwaolub:hty The
proteins are listed in nglen'un'lli!.ry'I’al;ulelttlsl.tp;:ilen'lel'l-
mryMawnals dengm ﬁﬁmry data.”

through our procedure,

only 4mdMCM6pmbeimwmalrwd known to
bind to Cdtl (Table 1; Yanagi of al., mcmad 2004).
This was further confirmed by conventional GST-Cdtl pull-

down assay and immunobl (Fi 24). lt m[ghl a
pear anomalous that aﬂiermsknown gm; e
such as (Wohlschlegel ef al,, JWJ-Tsdacfm‘ 2001)
and Skp2 (Li ¢t al., 2003; Liu ¢t al., 2004; Sugimoto ef al., 2004)
mm:dmhﬁdmmmawymwnﬁ@tbeu—
plained by the fact that we used 0.5 M NaCl buffer to elute
Cdtl g proteins in order to avoid GST-Cdtl leaking
wt&omﬂ\emtunmmdmntammungsmpb&wlwm
subjected to MS analysis. Under these experimental condi-
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220-

10-

Figure 1. Resolution of Cdtl-binding proteins on CBB-stained
SDS-PAGE. Nuclear extracts obtained from Hela cells were loaded
onto GST or GST-Cdt] columns as described in Materials and Meth-
oids. The bound proteins were eluted and then separated in a 4-20%
SDS-PAGE gel Pollowed by CBB staining.

tions, it is conceivable that &mmm binding to Cdtl too
tightly might not be eluted. Efficient enrichment of geminin,
Skp2, and CDC6 (Cook ¢f al,, 2004) was however rved
when assessed by conventional GST-Cdtl pulldown assay,
in which bound proteins were eluted simultaneously with
GST-Cdtl by glutathione (Figure 2A).

On the basis of their potential involvement in cell cycle
regulation, DNA replication, and Cdt1 function, we picked
12 potential novel Cdtl-binding proteins from the primary
data for further analysis, as described below (Table 1). The
other novel Cdtl-binding proteins identified by MS analysis,
for example histones, are only listed in Supplementary Table
1. However, we could not exclude the possibility that some
of them play crucial role(s) in Cdtl functions or regulation.

Physical Interactions between the Newly Identified
Proteins and Cdt1

PCNA is a well-known processivity factor for DNA poly-
merases involved in regulation machinery for many replica-
tion-associated processes (Tsurimoto, 1999). Conventional

ulldown assay and immunoblotting showed that PCNA in

act binds to GST-Cdtl with an comparable with
those for known Cdtl-binding proteins such as MCM and
geminin (Figure 2A; Nishitani ef al., 2006). PCNA binding to
Cdtl in vivo was demonstrated by immunoprecipitation
assay (Figure 2B; Nishitani ¢f al,, 2006), We and other groups
have previously found that PCNA in fact mediates cullind-
DDBI complex-directed ubiquitination and subsequent d
radation o}) Cdtl during S phase (Arias and Walter, 2006; Hu
and Xiong, 2006; Nishitani ¢t al., 2006; Senga cf al., 2006).

1010

Table 1. List of known and potential novel Cdt1 binding proteins
from Supplementary Table 1

Annotation Gel slice number*
APC/C APCS 20 (145), 21 (124
APC7 18(115), 21 (132
APCS 24(118)
Chmmaﬁn n SNF2H 303(]2}?,&;2?{,3)
WSTF 31(145
PCNA PCNA 11 (305), 12 (58)
DNA topot Topoisomerase | 22 (407, 402, 270)
23 (731), 24 (233)
Topoiso 1 z:u;s),z(g g?
merase Il a 32 (194), 33 (312),
Nuclear import Importin a1 7 0t 155, 136)
in a 1 18 ), 1
lrl?orﬂ.rl eVI'D 26 (274), 27 (91)
WD-repeat protein GRWD1/WDR28 19 ﬁCE()
} %} 1, P T 1 IL‘I.- 1 ¥ T 1 Mmy {w d'E]’ e
emen
: T
sy MM 7 (59,28 257
29 (139)
* Gel slice number, numbers of slices from the CBB-stained gels {see

Material and Methods). Values hgmﬂi‘m&s are the total probability
scores from the Mascot search for identified proteins.

Topoisomerase 1 and topoisomerase lla (Wi 1996)
were identified by MS analysis, and binding to GST-Cdtl
was confirmed by pulldlown assay and immunoblotting.
Although the binding efficacy appeared low compared wi
PCNA and APC subunits (Figure 2A), it was detected in
multiple slices in the MS analysis (Table 1), suggesting that
the absolute amounts of the bound proteins are high. We
further confirmed these interactions by coimmunoprecipita-
tion of topoisomerase I and Ila with Cdtl (Figure 2, C and
D). It has been suggested with the SV40 T antigen-directed
replication system that isomerases may play a role not
only in elongation but also initiation (Simmons ef al., 2004).
It is also of interest that Tahll, a budding yeast Cdtl ho-
molog, genetically interacts with topoisomerase I (Devault cf
al., ; Tanaka and Diffley, 2002). We therefore speculate
possible involvement of topoisomerases in establishment of

re-RC, a possibility presently under investigation in our
ratory.

Inﬁmh%\ switch (ISWI}-mdeosame remodeling fac-
tor SNF2ZH and WSTF ( syndrome transcription
factor) were also identified by MS analysis and confirmed to
bind to GST-Cdt1 by pulldown assay and immunoblotting,
albeit at low r:dﬁcacit?d (P"ngttlx‘re (:2&&} I; additiog;,mdS!\lFﬂ-ls \Purlas
coimmun tal wi tl (Figure 2| e-
mentary l"“’lpgmgilA).lkhasbeensu tedﬂmtti'uesrl:gﬂ-l
WSTF complex interacts with PCNA and thereby is targeted
to replication foci to play a role in the maintenance of
chromatin structure (Bozhenok et al,, 2002; Poot ef al., 2004).
Therefore, recovery of the SNF2H-WSTF complex in our
system might be due to the indirect binding to Cdtl via
PCNA. However, it also remains possible that SNF2H-based
chromatin remodeling complexes could play a role in
Ere-RC formation and /or initiation step of DNA replication.

or example, the CHRAC (chromatin accessibility complex),
which contains SNF2H, allows binding of T-antigen and
efficient initiation of replication in an in vitro replication
system using SV40 DNA reconstituted into chromatin (Alex-
iadis ¢f al., 1998). It has been also reported that silencing of

Molecular Biology of the Cell



Figure 2 Confirmation of interactions be-
tween Cdtl and proteins identified by the MS
analysis. (A) GST-Cdtl or GST were incubated
with Hela cell nuclear extrncts, and bound pro-
teins were analyzed by CBB staining (left panel)
or immunoblotting with the indicated antibod
ies. Fifteen percent of the input was also loaded.
(B) Cdt1-PCNA complexes were immunopre-
cipitated with anti-T7 antibody from 293T cells
stably expressing T7-tagged Cdtl, and immuno-
precipitates (IP) were subjected 1o i
ting with anti-T7 or anti-PCNA antibodies. Five
percent of the input (for T7-Catl) or 0.5% of the
input (for PCNA) were analyzed to show the
precipitation efficiency. (C-E) 293T cells were
fected with the indicated exp 1 vec-
tors, and nuclear extracts were prepared. After
imm itation with anti-Cdt1 antibody
or control t IgG, the i were blot-
ted with the indicated an Ten percent of
the input was loaded. (F) 2937 cells were trans-
fected with the indicated expression vectors,
and the soluble fractions were prepared. After

imm ipitation with anti-HA antibody,

the itates were blotted with anti-HA or
anti-T7 antibodies. Five percent of the input was
loaded. (G) The 293T cells stably T7-
tagged Cdt] were first treated with formalde-
hyde and then solubilized with SDS and soni-
cation, The lysates were immunoprecipitated
with anti-Cdt] antibodies or control IgG, and

the lmml.mnprﬂdrimles (IP) were immunoblot-
ted with anti-Cdtl or anti-Cdhl antibodies. Five
percent of the input for Cdtl or 0.5% of the input

for Cdhl were loaded.

i

SNFZH by siRNA impedes DNA replication in Hela cells
(Collins ¢f al., 2002). Recently, it was suggested that SNF2H
is recruited to the Epstein-Barr virus origin of plasmid
lication during G1 phase and that siRNA letion of
SNF2H reduces MCM3 loading at the origin (. et al.,
2005). However, it remains unclear whether this is also the
case for cellular replication origins and, if so, how SNF2H
might be recruited. Further studies are required to ad-
dress potential roles of Cdt1-SNF2H interactions in pre-
RC formation.

GRWDI (glutamate-rich WD-repeat protein 1), a human
homolog of budding yeast RRB1, which is implicated in
ribosome biogenesis and chromosome segregation (louk ef
al., 2001; Schaper ¢t al., 2001; Killian ¢f al., 2004; Gratenstein
elal., 2005), was also identified by MS analysis. Interestingly,
RRBI1 is known to genetically interact with ORC6 and also
physically with Yphl (Killian ¢t al., 2004), a nucleolar protein

ired for ribosome biogenesis and involved in DNA rep-
lication probably through binding to ORC (Du and Stillman,
2002). ore, it is intriguing to speculate that GRWD1
might be involved in regtfah'on of DNA replication initia-
tion through binding to Cdt1 in mammalian cells. Both Cdt1
and GRWDI proteins have a to accumulate into
nucleoli (Killian ef al., 2004; Nishitani ¢f al., 2001). As shown
in Figure 24, specific binging of GRWD1 to GST-Cdt1 could
here be confirmed. Furthermore, in vivo interaction between
GRWD1 and Cdtl was confirmed by coimmunoprecipita-
tion assay (Figure 2F and Supplementary Figure S1B). Very
recently, GRWDI1 was also identified as a candidate sub-
strate-receptor of Cullind-DDB1 ubiquitin ligase (Higa ¢f al.,
2006). However, its biological significance remains to be
elucidated.
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Nucleophosmin/nucleoplasmin was identified by MS
analysis, and binding to GST-Cdtl was confirmed by pull-
down assay and immunoblotting (Figure 2A). Its require-
ment for in vitro replication of Xenopus sperm nuclei in the
egg extracts is of interest in this context (Gillespie and Blow,
2000).

Human Cdtl protein has putative nuclear localization
signals (Arentson ef al,, 2002; Yanagi ef al., 2002), and it is
indeed a nuclear protein. Therefore, it is conceivable that
importinal and importingl (Goldfarb et al., 2004) bind to the
nuclear localization signals, and they were indeed identified
in our MS analysis.

;g.:CJC'-‘""' Ubiquitin Ligase Physically Interacts with

t1

For this report, we further focused on APC/C as novel
Cdtl-binding proteins and investigated its potential role in
Cdtl proteclytic regulation. APC/C is an ubiquitin ligase
that regulates exit from mitosis by targeting several proteins
to d tion through pg:l:ubiquiﬁmtim (Vodermaier,
2004; et al., 2005; , 2006). Important targets in-
clude cyclin A, cyclin B, geminin, and securin. In our initial
MS analysis, , 7, and B subunits were identified as
Cdtl-binding proteins (Table 1). Binding of APC7 and APC
8 to Cdtl was further confirmed by conventional GST-Cdt!
pulldown assay and immunoblotting (Figure 2A). APC/C is
regulated by its association with one O‘gu“.\rm activator pro-
teins, Cdc20 and Cdhl. APC/C™<® js first activated at
mitotic exit and APC/CM is sequentially activated during
GI1 phase or when cells enter GO phase (Vodermaier, 2004;
Castro ¢f al., 2005; Pines, 2006; see also Figure 9). Therefore,
we investigated whether these activator proteins were also
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recoverable in Cdtl-bound fractions by GST-Cdtl pulldown
assay and immunoblotting, As shown in Figure 2A, Cdhl
was efficiently recovered in the Cdtl-bound fraction, and
Cdc20 to a lesser extent, suggesting that APC/C%"! rather
than APC/C% efficiently binds to Cdtl. Consistent with
this conclusion, Cdh1 was coimmunoprecipitated with Cdtl
when cells were first cross-linked with formaldehyde and
then subjected to immunoprecipitation (Figure 2G). So far,
we could not observe their coimmunoprecipitation without
formaldehyde cross-linking. Therefore, physical interaction
between Cdtl and Cdhl may be relatively unstable. Never-
theless, as shown below, their interaction is specific and

physiologically significant.

Identification of Destruction Boxes 1-3 in the Cdtl
N-Terminus Required for Recognition by APC/ICE
Substrates of APC/C are often characterized by the presence
of a “destruction box"” (D-box), which is a stretch of four
amino acids (RxxL) first noted in cyclin B (Burton and So-
lomon, 2001; Vodermaier, 2004; Castro et al.,, 2005; Pines,
2006). We have identified four RxxL motifs in human Cdtl
(amino acids 34-37, 67-70, 69-72, and 396-399; hereafter,
termed D-boxes 1, 2, 3, and 4, respectively), but could not
find any other known putative Cdhl recognition motifs such
as the KEN-box (Burton and Solomon, 2001; Pfleger and
Kirschner, 2000), A-box (Littlepage and Ruderman, 2002),
and O-box (Araki ¢t al,, 2005). Two other known ubiquitin
ligases that regulate proteolysis of Cdtl, SCF***? and cul-
lin4-DDB1, recognize the motifs in the Cdtl N-terminus
(Fiﬁm 3A,; Fujita, 2006). We therefore reasoned that APC/
ght also utilize D-boxes 1-3 in the Cdt]l N-terminus
for recogmhcm Accordingly, we needed to prepare Cdtl
mutants in which the D-boxes 1, 2, and 3 in the N-terminus
were individually or simultaneously mutated. A difficult
E.l;?fleminthis regard is that the D-boxes 2 and 3 and the
cyclin-binding motif required for Skp2 binding overlap

(Figure 3A). In principle, R67A L72A mutations might elim-
inate the function of the D-boxes 2 and 3 without affecting
Cdtl interaction with Skp2 because the Cy motif (R68 R69
L70) is conserved. However, we found the interaction with
Skp2 (and also with cyclin A) to be severely impaired by the
R67A L72A mutations (data not shown), and it appears
impossible to abrogate D-boxes 2 and 3 without impairing
the interaction with Skp2. In many experiments, we there-
fore used the Cdt1 CKB{RbBA R69A L70A; Sugimoto ef al.,
2004) as a mutant having disrupted D-boxes 2 and 3
(Figure 3A).

We investigated whether the mutations in D-boxes 1-3
indeed impair physical interaction of Cdt] with APC/CC4h,
For this purpose, we first ?:MCST-CdHC y and GST-
Cdtl Cy+D1m in which LE:.- box 1 is mutated in addition
to mutations in the D-boxes 2 and 3, as well as the wild type
(Figure 3A), and performed GST pulldown assays. HeLa cell
nuclear extracts were incubated with these GST-Cdtl pro-
teins and the bound proteins were analyzed. Binding of
APC7, APCS, and Cdhl to Cdtl was partially impaired by
the Cy mutation and severely impaired by the triple muta-
tions (Figure 3B). As , PCNA binding to Cdtl,
which is dependent on the N-terminal PIP-motif (Figure
3A), was not changed by the D-box mutations (Figure 3B).
The data suggest that both the D-box 1 and D-boxes 2-3 are
required for efficient APC/C=4"! binding.

We further investigated whether in vivo interactions be-
tween Cdhl and Cdtl detected by coimmunoprecipitation
after formaldehyde cross-linking are dependent specifically
on the D-boxes 1-3. 293T cells were transiently transfected
with wild-type T7-Cdtl or T7-Cdtl Cy+DIm, cross-linked
with fnrm.a]deh%ie and then subjected to immunoprecipi-
tation with anti-T7 antibody. While Cdhl was coprecipitated
with wild-type Cdtl, it was not with the Cdtl Cy+DIm
{Figure 3C). As expected, Skp2 coprecipitation was also lost
with the mutations and geminin was coprecipitated, irre-

Cy-motit Figure 3. Interaction of Cdtl with APC/CEdn
CantwT 1 MEQRRVIDFF) RPALS WRRRLRLSV 74 Tequires amino-terminal destruction boxes 1-3.
i matl Gbent Bbasz—T  Tpet (A} Top, schematic illustrations of the N-termi-
ca cy MEGRRAVIDFFARRAPGPPRIAPT wrasanisy-re  nal amino acids of wild-type human Cdt1 and
A —— L msyye the mutants used in this study. Bottom, table
ke summarizing the properties of the mutants. PIP-
catom W APALS RSV motif, PCNA-interaction protein motif (Qux1/
Cart D2,3m arasrasv-74  L/VioFF) required for PCNA binding and sub-
fequmém@}ﬂ;nxby Cullind-DDB1 ubiquitin
Catt Dbox1_D-boxz_D-bowd binding and COK phoaphorylation igase; Cy-motif, RXL-type cyclin-binding motif
b e S requilred 10 AN phsphansletion by cydby
R = - = A/Cdks and subsequent recognition by SCF*?
TaoA + 7 Y = ublquitin ligase; and T29, threonine 29 residue
Dim - + - - phosphorylated by cyclin A/Cdks. (B) Wild
Didm * = - T b - o i vl type and the indicated mutant GST-Cdt1 or GST
1,23m — . WL = were incubated with I-lancellnudearexh'nda,
Cy+01m - re - - and bound proteins were analyzed by i -
bll'!hl‘lg with the indicated mhbudls. PCNA
B C Tr.Cdt!  TT.Cdtd E'emmin served as control proteins whose
o« © WT Cr’mm Twml; h;‘ Cdtl isnot ndﬂ‘a'Iedh by the mum%

o4, e percent input was
ﬁwwﬁgﬁn"‘ iinii Eﬁn loaded. (C) 293T cells were transfected with
wild- ly|.:|e T7-Cdtl, T7-Cdtl Cy+Dim, or con-

trol vector, cross-Ii

body and analyzed by immunoblotting with the
indicated antibodies. Five t of the i

for Cdtl, geminin, and Skp2 or 0.5% of the input
for Cdhl and E2F-1 was analyzed to show the

precipitation efficiency.
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spective of the mutations (Figure 3C). In addition, we also
confirmed that chromatin-associated proteins irrelevant to
Cdtl are not coprecipitated. As shown in Figure 3C, E2F-1,
a transcriptional factor important for cell cycle progres-
sion, was never coprecipitated with T7-Cdtl even after
formaldehyde cross-linking. Taken together, these data
demonstrate that APC/C“*™ binds to and recognizes
Cdtl via D-boxes 1-3.

In the following i we have used Cdtl Cy+Dlim
as a mutant Cdtl with impaired APC/C*™ binding and
recognition. Because cyclin and Skp2 binding is inevitably
impaired in Cdtl Cy+DIm, we anal this mutant in
comparison with Cdtl Cy or Cdtl T29A, in which Cdk
phosphorylation and Skp2 binding are impaired (Sugimoto
et al., 2004; Takeda ¢! al., 2005), as well as the wild lnx As
a prerequisite for such experiments, it needed to be con-
firmed that the other known inhibitory machineries nor-
mally function in the Cdtl Cy+Dim mutant. With geminin
binding, both in pulldown and coimmunoprecipitation
assays, it bound to Cdtl 3Cy€~a£:‘1dm C\;fi!h com = efficacy
to the wild- ure 3, . For -dependent,
nﬂh&mmw tination, we found that PCNA
binds to Cdtl Cy+D1m with efficacy comparable to that of the
m&lgﬂdownmys(ﬁgmﬂ) We further con-

that proteclytic pathway is functional in Cdtl
Cy+Dim by emw%iv-&duad Cdtl degradation (Higa
et al, 2003; Hu et al, ; Nishitani ef al., 2006; et al,,
2006). As shown in Supplementary S2A, the of
Cdtl Cy+DIm were decreased after UV irradiation to an ex-
tent comparable to the decrease in the wild Cdtl, al-

some residual protein was observed, y because
of the high basal level. As previously reported, a Cdil mutant
having a di A-interaction protein motif (Cdtl
PIPm with Q3A V6A F9A mutations) proved resistant to UV-
induced degradation (Supplementary Figure S2A).

Cdhl, but Not Cdc20, Overexpression Accelerates Cdtl
Destabilization
To examine effects of enforced ion of the activator
proteins on Cdtl stability, we transfected 293T cells with
T7-Cdtl expression vector, along with a construct express-
ing my 1 or mye-Cdc20 (Figure 4A). Overexpression of
Cdhl resulted in a remarkable decrease in the steady-state
levels of T7-Cdtl proteins, whereas Cdc20 overexpression
had only a limited effect, consistent with the fact that APC/
CEdM preferentially binds to Cdtl. Furthermore, addition of
a proteasome inhibitor MG132 to the transfected cells sig-
nificantly supp i the Cdtl reduction by Cdhl (Figure
4A). Under our assay conditions, the steady-state levels of
cotransfected GFP proteins were not aff by Cdhl over-
expression (Figure 4, B, C, and E). We also examined the
zﬁl:d: of Cdhl overexpression on endogenous Cdtl levels,
The steady-state levels of endogenous Cdtl were decreased
to an extent comparable to the decrease in cyclin A and
clin B, whereas protein levels were never affected
(Figure 4B). These data suggest potential involvement of
APC/CSM in proteolytic regulation of Cdtl.

Elimination of D-boxes 1-3 Stabilizes Cdt1 and Confers
Partial Resistance to Cdhl Overexpression
To address the potential roles of D-boxes 1-3 in APC/C<4hi-
mediated Cdtl regulation, we first created a construct ex-
mﬂn;i&n Cdt1 N-terminal 2-101 amino acids tagged with
gHA ( ~Cdt1[2-101]) and introduced mutations into the
three D-boxes in the N-terminus (Figure 3A). Because the
positions of D-boxes 2 and 3 overlap, we mutated them
simultaneously, We transfected 293T cells with the 3HA-
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Cdt1[2-101] expression vectors, along with a construct ex-
pressing GFP for normalization of transfection In
these experiments, expression of both 3HA-Cdt1[2-101] and
GFP was driven from a cytomegalovirus-derived promaoter.
Although mutations in D-box 1 alone did not affect the
steady-state level of 3HA-Cdt1{2-101] protein and those in
D-boxes 2 and 3 affected it only partiaily, significant increase
was noted when all the three es were mutated (Fi
4C; lanes without Cdhl). As shown in Figure 4D, the half-
lives of 3HA-Cdt1[2-101] with the mutations in all the D-
boxes 1-3 were remarkably increased. 3HA-Cdt1[2-101)
with the mutations in the D-boxes 2 and 3 was also stabi-
lized but to a lesser extent. Because the mutations in the
D-boxes 2 and 3 inevitably disrupt the Cy motif, simulta-
neous loss of SCF**#2 binding undoubtedly could contrib-
ute to stabilization of the 3HA-Cdt1[2-101). However, the
fact that 3HA-Cdt1]2-101] was further stabilized with the
mutations in all D-boxes 1-3 shows an importance for
D-box 1. On the other hand, mutation limited to D-box 1 did
not stabilize 3HA-Cdt1[2-101], suggesting that D-boxes 2 and 3
also function in proteolytic reguhﬁmaig(:du by APC/C4M,
Similar stabilization by mutations in D-boxes 1-3 was also
observed in transient transfection assays with full-length
Cdtl (Figure 4, E and F). We then examined effects of en-
forced expression of Cdhl on stability of the Cdtl mutants.
Unexpectedly, the steady-state levels of the full-length Cdtl
and 3HA-Cdti[2-101] proteins with the triple mutations
were still decreased upon coexpression of Cdhl, yet the
remnant levels were highest (Fi 4, C and E). One pos-
sible reason why the triple D—lg::!mumtim confer only
partial resistance on Cdt1 might be that aberrant res-
sion of Cdh1 results in some chromosomal damage and this
induces additional Cdtl degradation. We found that phos-
phorylation of Chk2 kinase was induced upon Cdhl over-
expression in 293T cells (data not shown), This may be
because Cdhl ression can induce some rereplication
(Supplementary Figure S3A), as reported previously (So-
rensen ¢t al., 2000). However, addition of mutations in the
PIP-motif could not confer further resistance on Cdtl
Cy+Dilm (data not shown). It is now considered that the
D-box sequence is more redundant than previously consid-
ered; namely, it is R/KxxL/I/M/V (Pines, 2006). Thus hu-
man Cdt] potentially has eight additional D-boxes (amino
acids 71-74, 189-192, 294-297, 311-314, 334-337, 368-371,
470-473, and 497-500). These D-boxes might operate with
mrt\‘ihyslnlogiml overexpression of Cdhl. Thus, the extent
of the promotion of Cdtl degradation by Cdhl overexpres-
sion in 293T cells could be overestimated co: with
physiological conditions. Nevertheless, the fact that elimina-
tion of D-boxes 1-3 stabilizes Cdt] and confers partial resis-
tance to Cdh1 overexpression also suggests the involvement
of APC/CCM in proteolytic regulation of Cdtl.

Depletion of Cdlil by siRNAs Stabilizes Mutant Cdt1
Proteins with Weakened Skp2 Binding

To further examine whether APC/C“*M indeed participates
in proteol{ll:c regulation of Cdtl, we used siRNAs. Asyn-
chronous HeLa cells were transfected with a siRNA target-
ing Cdhl (termed Cdh1-1) or control siRNA, and harvested
48 h after transfection ( S5A). As expected, treatment
with the siRNA Cdhi-1, but not control siRNA against hu-
ciferase, remarkably reduced its protein levels. Unexpect-
edly, we found that endogenous Cdtl in levels were
rather dw‘reas;d in thl-sﬂ';md cells 5A). Cdtl is
targeted for degradation polyubiquitination by
SCF*#2 (Li ¢t al., 2003; Liu ¢ nf?l%’.‘)-l; Sngin'loq::ﬁ al., 2004),
and it was recently found that Skp2 is degraded via APC/
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Figured. Elimination of D-boxes 1-3 stabilizes Cdtl and confers partial resistance to Cdhl overexpression in 293T cells. (A) Overexpression
of Cdhl p Cdtl degradation in 2937 cells. 293T cells were transfected with wild-type T7-Cdt1 expression vector (3 ug), along with
a construct expressing myc-Cdhl or mye-Cde20 (3 pg), and whole cell lysates were prepared 48 h after transfection. When necessary, cells
were supplemented with 40 uM MG132 for 5 h before harvest. Protein levels of T7-Cdtl, myc-Cdhl, and myc-Cdc20 were measured by
immunoblotting with anti-T7 (left panel, top row) or anti-myc (middle row) antibodies. The membranes were also subjected to CBB staining
to show equal loading (bottom row). The signal intensities of the bands were quantified, and the mean and SDs from two independent
experiments are shown with Cditl alone without MG132 set at 100 (right panel). (B) Overexpression of Cdhl promotes degradation of
endogenous Cdtl. 293T cells were transfected with myc-Cdh1 (6 ug) and GFP (0.1 ug), and whole cell lysates were immunoblotted with the
indicated antibodies. (C and D) Triple mutations in the D-boxes 1-3 increase the stability of 3HA-Cdt1[2-101] proteins. 293T cells were
transfected with 3HA-Cdt1[2-101] expression vectors (3 ug), along with plasmids expressing myc-Cdh1 (3 ug) and GFP (0.1 ug). (C) Left
panel, whale cell lysates were prepared 48 h after transfection. Protein levels of 3HA-Cdt1[2-101], myc-Cdh1, and GFP were measured by
immunoblotting with anti-HA, anti-mye, or anti-GFP antibodies. The membranes were also subjected to CBB staining to confirm equal
loading. The signal intensities of the bands were quantified, and the means and SDs from two independent experiments are shown with
3HA-Cdt1{2-101] D1,23m without Cdh1 set at 100 (right panel). (D) Cycloheximide (100 pg/ml) was added to the medium 48 h after
transfection, and cells were sequentially harvested at the indicated time points for immunoblot analysis. (E and F) Triple mutations in the
D-boxes 1-3 increase the stability of full-length Cdtl proteins. Similar experiments to C and D were performed with full-length T7-Cdt1
expression vectors. For detection of T7-Cdt1, anti-T7 antibody was used.
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CCdhlmediated ubiquitination (Bashir et al., 2004; Wei ¢t al., On the basis of this hypothesis, we used a mutant Cdt1, Cdtl
2004). In fact, we found Skp2 protein levels to be up-regu-  Cy, whose sensitivity to Skp2-mediated destabilization is
lated in Cdh1-silenced HeLa cells (Figure 5A). Therefore, the  decreased (Figure 3A and Supplementary Figure S2B; Sugi-
up-regulated Skp2 might have accelerated Cdtl degradation ~ moto et al,, 2004). We established HeLa cells stably express-
even during the G1 phase when Cdk activities are low.  ing T7-Cdtl Cy at levels comparable to the endogenous Cdtl
Although Cdt1 ubiquitination by SCF*9? is enhanced when  and silenced Cdhl in these cells. As shown in Figure 54, the
phosphorylated by Cdks, it is quite possible that unphos-  amounts of T7-Cdtl Cy protein were moderately but signif-
phorylated Cdtl is also modified by #2 with low effi- icantly increased upon Cdhl silencing. As mentioned above,
ciency. Indeed, ectopic Skp2 overexpression caused Cdtl  the Cy mutation also disrupted the two RxxL type D-boxes
destabilization (Supplementary Figure S2B; Li ¢f al,, 2003).  (Figure 3A). Thus, the extent of the increase in Cdt1 Cy upon
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Figure 5, of Cdhl stabilizes Cdtl mutants with impaired
binding to Skp2 in Hela cells. (A) HeLa cells stably expressing the
T7-Cdtl Cy mutant were transfected with siRNA corresponding to
a nonrelevant mRNA (control siRNA) or to a portion of Cdhl
mRNA (termed Cdh1-1). Forty-eight hours after transfection, whole
cell lysates were subjected to immunoblotting (left). The signal
intensities of the bands were quantified, and ttr:e mean and S[c)_:’fmm
five independent experiments are shown with endogenous Cdtl or
T7-Cdtl Cy in cells treated with control siRNA set at 100 (right
panel), (B) Hela cells stably expressing T7-Cdtl T29A, Cy, or
Cy+Dlm were transfected with the control siRNA, siRNA Cdhi-1,
and another siRNA against Cdhl (termed Cdhl-2). Forty-eight
hours after transfection, whole cell lysates were subjected to immu-
noblotting (top), The signal intensities of the bands were quantified
and are shown with endogenous Cdtl or each of the T7-Cdhl
mutants in cells treated with control siRNA set at 100 (bottom).

Cdhl silencing could have been underestimated. We there-
fore performed a similar experiment with HeLa cells stably
expressing another mutant T7-Cdtl T29A, in which Skp2-
mediated destabilization is impaired but D-boxes 1-3 are
intact (Figure 3A and Supplementary Figure 52B; Takeda ¢t
al,, 2005). We also used a different siRNA against Cdhl
(termed Cdhl-2) in addition to the siRNA Cdhl-1. Cdhl
knockdown by either siRNA resulted in twofold increase in
the amounts of T7-Cdtl T29A protein (Figure 5B). Using
flow cytometry, we investigated whether cell cycle profiles
are u'\cﬁumn:]d'y by Cdhl silencing, but found no significant
differences compared with the control (Supplementary Fig-
ure S3B), indicating that the observed up-regulation of the
Cdtl Cy and Cdt1 %‘Z‘JA upon Cdhl silencing is not a result
of changes in cell cycle distributions. To test more directly
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whether the increase of the Cdtl mutants is mediated by
APC/C#"1, we repeated the experiments with HeLa cells
stably expressing T7-Cdil Cy+Dlm, in which the D-boxes
1-3 are disrupted in addition to Skp2 binding being im-
paired (Figure 3). The levels of T7-Cdtl Cy+Dim protein
were not changed upon Cdh1 silencing (Figure 5B), indicat-
ing that increase in T7-Cdt] Cy and T29A protein levels by
Cdhl silencing is dependent on the D-boxes 1-3 recognized
by APC/CS“". The steady-state level of each exogenous
T7-Cdtl mutant protein was different, with that of T7-Cdt1
Cy+DIm being highest among the mutants used. Because
Hel.a cells stably expressing various T7-Cdt] mutants have
been established by infection with the high-titer retrovi-
ruses, the steady-state level of the each protein may simply
represent its stability. With regard to stable expression of
exogenous Cdtl in HeLa cells, including the point men-
tioned above, see the more detailed description and discus-
sion below and Figure 7.

The above data indicate that inhibition of APC/CS4n
stabilizes mutant Cdtl proteins with weakened Skp2 bind-
ing, Nevertheless, we wanted to know whether Cdhl silenc-
ing can indeed increase endogenous Cdtl protein levels,
One possible way to address this is to test whether double
silencing of Cdhl and Skp2 causes Cdtl stabilization. Un-
fortunately, we found that double silencing leads to obvious
cell growth inhibition in HeLa and T98G cells (data not
shown), and therefore it was difficult to assess the effects
precisely. We also tried to determine the influence of Cdh1
silencing on Cdtl in HeLa cells formally synchronized in G1
phase (Supplementary Figure S4). Hela cells were first
transfected with Cdhl siRNAs and, 24 h after transfection,
were further treated with nocodazole. Prometaphase-ar-
rested cells were then collected, replated in fresh medium to
progress through G1 phase, and harvested at the indicated
time points. Already in the prometaphase-arrested cells,
endogenous Cdt] protein levels were decreased upon Cdhl
silencing. This was rather expected, because in these cells,
Cdtl is phosphorylated by Cdks, which is efficiently cata-
lyzed by Skp2 up-regulated by Cdh1 silencing. Throughout
the G1 phase examined, the Skp2 levels were increased up to
2-3-fold in Cdhl-silenced cells, and cyclin A levels were also
increased ( lementary Figure 54). Probably reflecting
this, the Cdtl levels were virtually unchanged upon Cdhl
silencing (Supplementary Figure 54). Thus, in cycling HelLa
cells, we could not observe stabilization of endogenous Cdtl
protein by Cdhl inhibition. However, we could show that
destabilization of endogenous Cdtl upon GO entry is par-
tially suppressed by Cdhl silencing (see below).

APCICS™ Ubiquitinates Cdt1 In Vitro

We then tested whether APC/C"! can ubiquitinate Cdtl
in vitro. Recombinant Cdtl was subjected to in vitro ubig-
uitination reaction using APC/C%" immunopurified from
G1 phase HeLa cells with anti-Cdc27 antibody. A ladder of
high-molecular-weight Cdtl appeared when APC/CCdn!
was added, but was hardly detectable with a control anti-
body (Figure 6A). The high-molecular-weight Cdtl also re-
acted with antibody against 6xHis, tagged to ubiquitin for
the assay (Figure 6A). In addition, the observed high-molec-
ular-weight Cdtl generated with APC/C™™ was signifi-
cantly reduced when D-boxes 1-3 were eliminated (Figure
6B). The data indicate that Cdt1 is specifically polyubiquiti-
nated in vitro by APC/C4n1,
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Figure 6. APC/CCn g dent ubiqui of Cdtl in vitro,
(A) APC/CSIM compleues W é[;;ﬁed from Hela cells synchro-
nized in G1 phase with anti-C antibody. Recombinant Cdtl
proteins were incubated with E1, E2 (UbcH10), His-tagged ubig-
uitin, ATP, and the immunopurified APC/C or the control immu-
noprecipitate at 30°C for 180 min, separated by SDS-PAGE, and
subjected to immunoblotting with anﬂ{‘dll (left panel) or amu His
(ri nel) antibodies. (B) The t was rep
er&a wild-type Cdt1 or the Cdt Cy+D‘lm mutant. The
samples were immunoblotted with anti-Cdtl antibody.

Disruption of D-boxes 1-3 Stabilizes Cdt1 and Augments
Its Function to Induce ReReplication and Chiromosomal
Damage
The line of evidence presented above led us to conclude that
APC/C=h! contributes to proteclytic regulation of Cdtl
during the cell cycle. APC/C4"! plays a role in maintaining
the G1 state in cycling cells. It is well established that over-
expression of Cdtl induces rer?hcatmn and/or chromeo-
somal damage (Vaziri ef al., 2003; Tatsumi ef al., 2006). There-
fore, appropriate levels of Cdtl protein should be strictly
maintained during the cell cycle. APC/C4".mediated reg-
ulation of Cdtl may have a role in balancing the levels. If

roteolytic down-regulation of Cdtl by APC/C®"! is in fact
Emlogml]y important, then its deregulation would lead to
deleterious insults. We therefore examined the biological
effects of Cdtl Cy+D1m in different systems. In such exper-
iments, we needed to compare its effects not only with the
wild type but also with Cdtl Cy or Cdtl T29A, which induce
stronger rereplication and chromosomal damage than the
wild type (Takeda ¢f al, 2005; Tatsumi ¢t al., 2006), as dis-
cussed above,

First, we utilized transient Cdtl overexpression-induced
activation of the ATM/Chk2 DNA damage checkpoint path-
way in 293T cells (Tatsumi ¢t al, 21306) As we repnrhed

previously, Cdtl Cy induced stmr:g horyla-
tion than the wild type (Figure 7A). Notahly, t1 with
mutations in the D-boxes 1-3 (Cdtl Cy+DIm) was more
stabilized and induced stronger checkpoint activation than
cau Cy (Figure 7A).

investigated the effects of stable overexpression
of Cdtl Hela cells were infected with the high-titer retro-
viruses and at 24 h after infection, cells were selected with

1016

hylEqmmyan B. At 3 d after selection, when mock-infected
were not viable, we found that cells with large nuclei
{with a major axis larger than 26.6 pum, co onding to the
average + 2 5Ds of cells infected with control virus without
Cdtl) appeared with Cdtl overexpression (Figure 7B). The

u of such large-nucleus cells was ~20% with T7-
Cdtl T29A-infected cells and, notably, the percentage in-
creased about twofold with T7-Cdtl Cy+D1rn (Figure 7B).
We consider that such large nucleus may arise from rerep-
lication and confirmed this cytom analyses. In
agreement with the data ofbraxge-nudeuseh‘{lx with
rereplicated DNA (the DNA content higher than 5N) were
detected with T7-Cdtl T29A and the percentage increased
about twofold with T7-Cdtl Cy+Dlm (Figure 7C). There
was no accumulation of 4N or 8N ploidy cells, which is
indicative of mitotic failure.

To further confirm whether overexpression of T7-Cdtl
Cy+Dlm induces rereplication within a suﬁle S phase or
failed mitosis that can dstomuasem DNA content, we
performed y-tubulin i If increase in DNA
contents of W-Cdtl Cy+ Dlm—expressmg cells results from
mitotic failure, then these cells would be expected to contain
multiple centrosomes detected by y-tubulin staining. As
shown in Figure 7D, most of the large-nucleus cells had one
y-tubulin spot, and the percentages of cells with 2 or >2
y-tubulin spots was not increased remarkably, indicating
that expression of T7-Cdtl Cy+DIm can induce rereplica-
tion within a single S phase. Western blot analyses demon-
strated that although the levels of the T7-Cdtl T29A were
higher than that of the wild lhe levels of T7-Cdtl
C){I+Dln:d|:ere furd'nerbl inc _c‘?i'EJA Because Hh:‘l..a
ce tions stably ex ressmg tl proteins have
beenae:’t’abm with g“i! hJPgh titer re!:roﬁrus& (atleast 1 x
10° colony forming units per single infection experiment),
differences in steady-state levels of proteins may simply
represent stability rather than differences in transcription

-levels affected by the integration sites. In agreement with the

sl-mngtst r!mphcuhnn, T7-Cdtl Cy+DIlm induced the

t activation (Figure 7E). Thus, these data
:.ndwate that although expression of exogenous Cdtl at lev-
els comparable to those observed endogenously has only
limited effect, disruption of D-boxes 1-3 leads to remarkable
stabilization of Cdtl and induction of strong rereplication
and chromosomal damage under the same circumstances,
well consislenl with the findings of transient transfection

Re licated cells gradually disappeared during contin-
ture and at 14 d after infection virtually no such cells
were detectable (Supplementary Figure S5). This may be
because cells with rereplicated DNA cannot grow and thus
are diluted during the additional culture. In such remainin
populations, we found no significant differences in the ceﬁ
cycle profiles (S plementary Figure S5) and cell growth
rates E{m not sl awn) yet T7-Cdtl Cy+DIm was most
stable (Fi 5B). The average levels of exogenous T7-Cdtl
proteins in remaining cell uﬁpu]ahcns were found to be
lower than in earlier tions containing rereplicated
cells (compare Figure w:th Figure 5B using the lwels of
endogenous Cdtl as controls). Thus, rereplication may be
induced in cells overexpressing T7-Cdtl at high levels. It is
also notable that only two- to threefold increase in Cdtl
levels compared with endogenous values evokes checkpoint
activation (e.g., cells transfected with wild-type Cdtl shown
in Figure 7E), suggesting an importance for strict Cdt] reg-
ulation.
Taken together, the above data indicate that proteolytic
regulation of Cdtl by APC/C™" through D-boxes 1-3

Molecular Biology of the Cell
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Figure 7. The Cdil mutant with the triple mutations in the D-boxes 1-3 induces the strongest rereplication, chromosomal damage, and
checkpoint activation. (A) 293T cells were transiently transfected with T7-Cdtl expression vectors (3 ug), along with a plasmid expressing
GEP (0.1 pg) and an empty vector (3 ug) as a carrier. Whole cell lysates were prepared 48 h after transfection and immunoblotted with the
indicated antibodies. The signal intensities of the bands were quantified, and the means and standard deviations from four independent
experiments are shown with the Cdtl wild type set at 100 (right panel). (B-E) Hela cells were infected with the high-titer retroviruses
expressing wild-type, TRA, or Cy+D1m T7-Cdtl or control retroviruses and selected. (B) At 4 d after infection, cells were stained with DAPI
to visualize nucl ale bars, 50 pm. In the right panel, the percentage of cells with large nucled in which the major axis of nuclei was larger
than 26.6 um, corresponding to the average + 2 SDs for that of cells infected with control viruses, is shown. Two hundred random nuclei
were measured for each and the means and SDs from two independent experiments are shown. (C) At4 d after infection, cells were collected
and DNA content was analyzed by flow cytometry. The means and SDs of the percentage of rereplicated cells (the DNA content higher than
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plays a crucial role in regulation of Cdtl functions during
the cell cycle. Althou .§h rereplication may occur in 5, G2, and
M phases, APC/C%M is not active during these
However, it is quite possible that if the levels of éx dtl are
kept high in G1 due to stabilization, then the level of rem-
nant proteins after S phase degradation is also high. Indeed,
even when Hela cells stably expressing T7-Cdtl were ar-
rested in S phase by hydroxyurea treatment, the levels of
T7-Cdtl Cy+DIm were higher than in T29A mutant (Sup-
plementary Figure S6).

Cdtl Is Destabilized in GO Depending on D-boxes 1-3 and
Their Elimination Augments Its Function to Induce
Chromosomal Damage in GO
APC/CC4u! also plays a role in inducing and maintaining
quiescence (GO phase). Cdtl protein levels decrease as cells
enter quiescence as well as CDC6, another target of APC/
C<dn (Petersen ¢t al., 2000; Xouri ¢t al., 2004; Mailand and
Diffley, 2005; Tatsumi ef al., 2006). Importantly, inappropri-
ate existence of Cdt] in quiescent cells leads to chromosomal
damage and activation of the ATM/Chk2 pathway (Tatsumi
el al., 2006). Therefore, it is conceivable that the APC /CCdh1.
mediated destruction contributes to rapid clearance of Cdtl
when cells enter quiescence. To address this point, we used
T98G cells that can be induced to enter quiescence (G0),
where APC/CC4M s active, by serum deprivation (Mailand
and Diffley, 2005). T98G cells were infected with the high-
titer retroviruses expressing T7-Cdtl T29A or Cy+Dlm and
subjected to drug selection. During early passages, anoma-
lous cells appeared in Cdtl-overexpressing cells, similar to
the case with HelLa cells (data not shown). These cells might
represent Cdtl-induced rereplication, althuugh we did not
examine this exactly. Such cells gradually aﬁpeared dur-
ing continued culture, like HeLa, and at 14 d after infection,
virtually no such cells were detectable. In the remaining
populations, we found no significant differences in the cell
cycle profiles and cell growth rates (data not shown), yet
T7-Cdtl Cy+D1m induced stronger ATM/Chk2 phosphor-
ylation than T29A in asynchronously growing cells (Fi
8A). Parental T98G cells and cells expressing T7-Cdtl T29A
or Cy+D1lm were then serum deprived for 48 h. In all the
cells tested, the levels of endogenous Cdtl as well as cyclin
A were similarly decreased as cells entered quiescence, as
expected. The levels of T7-Cdtl T29A were also decreased
upon GO entry although to a lesser extent compared with
endogenous Cdtl. Importantly, the levels of T7-Cdtl
Cy+D1m were never decreased (Figure 8A), suggesting that
Cdtl decrease in GO is at least partly due to protein desta-
bilization dependent on the D-boxes 1-3 recognized by
APC/CEan,

To gain further support for the role of APC/C%9M in Cdtl
destabilization upon GO entry, we examined whether the

Figure 7 {cont). 5N) from two independent experiments are shown
(right panel). (D) Expression of T7-Cdtl Cy+D1m induces rerepli-
cation without centrosome overduplication. At 4 d after infection,
cells were stained with anti-y-tubulin antibody and the number of
ytubulin sruts was counted at least in 200 cells. Cells infected with
the control virus were analyzed randomly, and as to T7-Cdtl
Cy+Dl1m infection, cells larger than 26.6 um were analyzed. The
typical images of cells with 1 (top), 2 (middle), or >2 (bottom)
centrosomes are shown in left panels. Scale bars, 20 pm. The per-
centages of cells with the indicated centrosome numbers are shown
in right. (E) At 6 d after infection, whole cell lysates were immuno-
blotted with the indicated antibodies, and the signal intensities of
the bands were quantified, here shown with the Cdit1 wild type set
at 100 (right panel).
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Cdtl decrease is blocked by Cdhl silencing. T98G cells
expressing T7-Cdtl T29A were first treateg with Cdhl
siRNAs and then serum-deprived. In Cdhl-silenced cells,
partial but significant stabilization of the endogenous Cdtl
was observed at 24 h after serum deprivation (Figure 8B).
However, at 48 h, no significant difference was observed
between control and Cdhl-silenced cells. Such apparently
inefficient stabilization of endogenous Cdtl upon Cdhl
knockdown may be due to counteracting Skp2 and cyclin A
up-regulation (Figure 8B). As expected, we could observe
more clear stabilization of T7-Cdt] T29A in Cdhl-silenced
and serum-deprived cells. Compared with cells treated with
control siRNA, destabilization of the T7-Cdtl T29A upon
entry into quiescence was inhibited in cells treated with the
Cdhl siRNAs [F’lE.ll’e 8B). Together, these data provide fur-
ther support for the role of /CE4M in Cdtl proteolysis
upon GO entry.

We then examined Cdtl-induced chromosomal damage in
quiescent cells, Even in parental T98G cells, significant in-
crease in ATM and Chk2 phosphorylation was observed
upon entry into quiescence (Figure 8A). The reason is not
clear at present. It is generally thought that entry into and
exit from quiescence are accompanied by drastic changes in
chromatin structures and this could be associated with the
observed up-regulation of ATM/Chk2 phosphorylation.
Consistent with previous reports {Takeda el nF %S Tat-
sumi et al., 2006), T7-Cdtl T29A overexpression enhanced
ATMJ’Cth phosphorylation upon GO entry (Figure 8A). As

ed from the high levels of the remnant Erotem,
tl Cy+Dl1m induced stronger ATM/Chk2 pl osphuryla-
tion than the T29A mutant (Figure 8A). T er, these data
indicate that proteolytic r?u]alhon of Cdtl by APC/Ct4M
via D-boxes 1-3 during exit from the cell cycle plays a crucial
role in rapid clearance of Cdtl.

Biological Significance of Protealytic Regulation of Cdi1
by APC/CE
With the current paradigm, APC/CCdh! !ays two major
roles in regulating the cel cyde One is inducing and main-
taining quiescence. Our data indicate that Cdtl destabiliza-
tion by APC/C“! is required for rapid clearance of Cdtl
during exit from the cell cycle and that when this pathway is
impaired, strong chromosomal damage and checkpoint ac-
tivation are induced. Thus, the primary importance of APC/
CEdhlmediated regulation of Cdtl may be in this context
(see also Figure 9 showing a model for roles of APC/CSdhi.
mediated Cdtl proteolytic regulation), although molecular
mechanisms by which deregulated Cdtl damages chromatin
in GO are still unclear. APC/C“™ also plays a role in
maintaining the G1 state in cycling cells. Because Cdt1 levels
do not remarkably oscillate from late mitosis through Gl
phase (Supplementary Figure 54; Nishitani ef al., 2001), the
efficacy of APC/C-4"-mediated Cdtl proteolysis may not
be very robust. Indeed, we found that geminin is more
efficiently catalyzed by APC/C<4"! than Cdt1 in our in vitro
ubiquitination assay (data not shown). Nevertheless, this
regulation may be also important for balancing the appro-
priate Cdt1 levels in G1 (Figure 9), because its impairment
results in inappropriate Cdtl accumulation, which in turn
induces strong rereplication and chromosomal damage, as
shown here.

APC/CS4".mediated proteolytic regulation appears to be
a common feature of cell cycle regulation ofp replication
initiation factors in metazoans, because human CDC6 and
Drosophila ORC1 proteins are also under the control of this
ligase (Petersen ef al., 2000; Araki ¢t al., 2005). Considering
that CDC6 protein disappears more rapidly than Cdtl dur-
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Figure 8. Cdtl is destabilized in GO dependent on D-boxes 1-3 and their elimination augments its function to induce chromosomal damage

in GO. (A) TY8G cells were infected with retroviruses

ing either T29A or Cy+DIm mutant T7-Cdtl. At 3 wk after infection, infected

and parental cells were nrrested in a quiescent state. Forty-eight hours after serum starvation, whole csll lysates were subjected to

immunoblotting with the indicated antibodies (left). The signal intensities of the bands were quantified and shown with the values at 0 h set

at 100 (for each of Cdtl proteins) or with the maximum values set at 100 (for p-ATM and p-Chk2) (right). (B) T95G cells expressing T7-Cdt1
transfection,

T29A were transfected with a mixture of siRNAs against Cdh1 (Cdh1-1 + Cdh1-2) and, 18 h after

were d ed of serum for

the indicated times. Whole cell lysates were then subjected to immunoblotting with the indicated antibodies (left). The signal intensities of
the bands were quantified and shown with the values at 0 h set at 100 (right). The means and SDs from two independent experiments are

shown,

ing GO entry (Xouri et al., 2004; Mailand and Diffley, 2005)
and decreases remarkably in G1 phase (Petersen ef al., 2000),
it may be a better substrate than Cdtl. However, the biolog-
ical significance of APC/C“*"-mediated CDC6 regulation
remains to be clarified. By analogy with the Cdtl case, this
pathway might play a role in rapid clearance of CDCé
during GO entry and disturbance might thus lead to delete-
rious insults. However, this has not been directly addressed.

/ﬂ
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Figure 9. A model for roles of APC/C™™-mediated Cdt1 proteo-
lytic regulation, For details, see the text.
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In clear contrast to these initiation proteins that are -
lated by APC/CSh!, MCM proteins are relatively stable
even after cells enter quiescence (Fujita ef al., 1996; Mailand
and Diffley, 2005). In this context, it is noteworthy that
expression of the ORC1, CDC6, Cdtl, and MCM genes is in
all cases driven by the E2F transcription factor and, there-
fore, their transcription is rapidly shut down upon cell cycle
exit (Fujita et al., 1996; Xouri ef al,, 2004; Fujita, 2006). Thus,
differing from ORC1, CDC6, and Cdtl, MCM may not be
subjected to specific proteolytic regulation during the cell
cycle exit.

Previously, it was shown that an inhibitor of APC/C
could interfere with Cdtl degradation observed during exit
from metaphase in a Xenopus egg extract system, and based
on this finding, APC/C was suggested to be involved in
Cdtl proteolytic regulation (Li and Blow, 2005). Unfortu-
nately, further studies to dissect the molecular mechanisms
of APC/C-directed Cdtl regulation were not performed at
that time. In the Xenopus 88 extract system, it is generally
considered that APC/CS4<® but not APC/C™™ s active
during mitotic exit. In cycling mammalian cells, it is consid-
ered that pre-RCs are assembled around telophase, before
which (ie, from metaphase to anaphase) APC/CC420 jg
active (Figure 9). This seems consistent with the fact that
APC/CS420 targets cyclins and geminin, critical inhibitors
for pre-RC assembly, for proteolysis but does not efficiently
function on CDC6 (Petersen e¢f al., 2000). Considering
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that Cdc20 binds to Cdtl only weakly and that Cdc20 over-
expression has only a limited effect on Cdt] stability, APC/
C“4<20 may not play a significant role in Cdtl proteolysis, as
is the case for 6.

In this report, we present data indicating that APC/C“"
ubiquitin ligase controls the levels of Cdt] via three destruc-
tion boxes in the Cdtl N-terminus. Notably, elimination of
these destruction boxes resulted in induction of strong re-
replication and chromosomal damage. Similarly, the fact
that Cy and T29A mutations, which impair Cdk phosphor-
ylation and Skp2 binding, reinforce Cdtl function demon-
strates an 1mrorta.nr.\e of this pathway (Takeda et al., 2005;
Nishitani ¢f al., 2006; Tatsumi et al., 2006; and this article). As
to PCNA-dependent, cullind-DDB1S42 mediated Cdtl reg-
ulation in mammalian cells, although silencing of the com-
ponents of this ligase induces rereplication (Jin ef al., 2006;
Lovejoy et al., 2006; Sansam et al., 2006), mutations or dele-
tion of PCNA-binding motif (PIP-motif) in Cdtl rather re-
duce the ability to induce rereplication (Takeda ¢f al., 2005;
Nishitani ef al., 2006). Thus, there are at least two possibili-
ties (Fujita, 2006). One is that cullind-DDB1<4* ligase may
act on target proteins other than Cdtl. The other is that the
Cdtl N-terminal region including the PIP-motif could play
some positive regulatory roles. These should be tested in
future. In this regard, it should be also noted that in the
Xenopus egg extract system, the mutant Cdtl with impaired
PCNA binding is stabilized and induces more lication
than the wild type (Arias and Walter, 2006). In conclusion, in
addition to SCF**#* and cullind-based ubiquitin ligases,
APC/CEM s a third ubiquitin that plays a crucial
role in proteolytic regulation of Cdtl in mammalian cells.
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p130Cas (Cas, Crk-associated substrate) is an adaptor molecule composed of a Src homology 3
(SH3) d« in, a substrate d (SD) and a Src binding domain (SBD). The SH3 domain of
Cas associates with focal adhesion kinase (FAK), but its role in cellular function has not fully been
understood. To address this issue, we established and analyzed primary fibroblasts derived from
mice expressing a truncated Cas lacking exon 2, which encodes the SH3 domain (Cas Aexon 2).
In comparison to wild-type cells, Cas exon 2** cells showed reduced motility, which could be
due to impaired tyrosine-phosphorylation of FAK and Cas, reduced FAK/Cas/Src/CrklI binding,
and also impaired localization of Cas Aexon 2 to focal adhesions on fibronectin. In addition, to
analyze downstream signaling pathways regulated by Cas exon 2, we performed microarray
analyses. Interestingly, we found that a deficiency of Cas exon 2 up-regulated expression of CXC
Chemokine Receptor-4 and CC Chemokine Receptor-5, which may be regulated by IxBa phos-
phorylation. These results indicate that the SH3-encoding exon of Cas participates in cell motility,
tyrosine-phosphorylation of FAK and Cas, FAK/Cas/Src/Crkll complex formation, recruitment
of Cas to focal adhesions and regulation of cell motility-associated gene expression in primary

fibroblasts.

Introduction

Cas is composed of an N-terminal Src homology 3
(SH3) domain, a substrate domain (SD) that consists of
a cluster of Tyr-Xaa-Xaa-Pro (YXXP) motifs (one YLVP,
fourYQXPs, nine YDXPs and one YAVP), a C-terminal
Src binding domain (SBD) and other regions (Sakai et al.
1994).The SH3 domain binds to the proline-rich region
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of various signaling molecules, such as focal adhesion
kinase (FAK) (Polte & Hanks 1995), PTP-1B (Liu ef al.
1996), PTP-PEST (Garton et al. 1997), C3G (Kirsch et al.
1998) and CIZ (Nakamoto ef al. 2000). The SD offers
docking sites for the SH2 domain of several molecules
including Crkll, Nck and an inositol 5’-phophatase,
SHIP2 (SH2-containing inositol 5-phosphatase) in a
tyrosine-phosphorylation-dependent manner (Mayer
et al. 1995; Schlaepfer ef al. 1997; Prasad et al. 2001). The
SBD is rich in proline and serves as a binding site for the
SH2 and SH3 domains of Src kinase (Nakamoto et al.
1996).

Genes to Cells (2008) 13, 145-157
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Physiologically, Cas becomes tyrosine phosphorylated
in response to various extracellular stimuli, such as integrin
engagement {(Ngjima efal, 1995; Vuori & Ruoslaht
1995), which recruits Cas from cytoplasm to focal adhe-
sions (Nakamoto ef al. 1997). Tyrosine-phosphorylated
Cas binds to Crkll, forming a Cas/CrkIl complex (Vuori
¢t al. 1996), which subsequently leads to the activation of
the Rac—JNK pathway (Dolfi ef al. 1998; Kiyokawa ef al.
1998a). In addition, over-expression of Cas promotes
cell motility, depending on its association with FAK and
CrkllI (Cary et al. 1998; Klemke et al. 1998).

To clarify biological roles of Cas, we generated
Cas-deficient mice (Honda eral. 1998). Cas-deficient
embryos died in utero at 12.5 dpc showing marked sys-
temic congestion and growth retardation (Honda et al.
1998). Histologically, the heart was poorly developed
and blood vessels were prominendy dilated. Electron
microscope analysis of the heart revealed disorganization
of myofibrils and disruption of Z-disks (Honda ef al.
1998). Cas-deficient fibroblasts showed impaired actin
stress fiber formation, defects in cell migration, delayed
cell spreading and resistance to Src-induced transforma-
don (Honda eral, 1998, 1999). These results demon-
strated that Cas is an actin-assembly molecule, which
plays an essential role in embryonic development,
cytoskeletal organization and Src-induced cellular trans-
formation. Subsequently, to examine the role of each
domain of Cas in these processes, we performed a com-
pensation assay by expressing a series of Cas mutants in
Cas-deficient fibroblasts (Huang et al. 2002). The results
showed that motifs containing YDXP were indispensable
for actin cytoskeleton organization and cell migration,
suggesting that CrklI-mediated signaling regulates these
biclogical processes (Huang er al. 2002). In contrast, C-
terminal SBD was essential for cell migration, Src-
induced transformation and membrane localization of
Cas, but was dispensable for the organization of actin stress
fibers (Huang et al. 2002). Although the above results
provided insights in the roles of SD and SBD, the role of
the SH3 domain of Cas, which has been shown to asso-
ciate with various signaling molecules, remains unclear.

To address this issue, we generated mice deficient in
Cas exon 2, which produce a truncated Cas protein
lacking the SH3 domain. Heterozygous (Cas exon 2'4)
mice, which were apparently normal, were intercrossed
to produce homozygous (Cas exon 2Y%) mutants. Cas
exon 2*2 mice died in utero at 12,5-13.5 dpc and the
detailed analysis of the embryonic lethality of the Cas
exon 24 mice is underway and will be published else-
where. In this report, we established primary fibroblasts
from Cas exon 2-deficient embryos and investigated the
roles of Cas exon 2 in cellular functions,
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Figure 1 (A) Schematic il Cas full-
lengsh product (Cas) and a truncated Cas protein lacking the exon
2-derived region (Cas Aexon 2). As compared to Cas, Cas Aexon
2 is deficient in the whole SH3 domain and one YLVP and four
YQXP motifs. The position of the peptides for generating anti-
Cas2 is also shown. (B) Western blot to detect Cas Aexon 2
protein. Thirty micrograms of cell lysates extracted from the
wild-type (Cas exon 2%), heterozygous (Cas exon 2% and
homozygous (Cas exon 2**) fibroblasts were separated by 7.5%
SDS-PAGE, blotted to a nitrocellulose membrane and probed
with 1:2000 diluted an anti-Cas antibody. Molecular weight
markers are shown on the left.

Results
Cas exon 2** cells are slower to initiate migration in
the wound healing assay

To investigate functional defects caused by Cas exon 2-
deficiency, we established primary fibroblasts from Cas
exon 2-deficient (Cas exon 2**) embryos. Figure 1A
shows the schematic diagram representing Cas Aexon 2.
Cas exon 2 contains the entire SH3 domain and a part
of the SD domain containing one YLVP and fourYQXP
motifi. It encodes 211 amino acids and the predicted
molecular weight of Cas exon 2 is about 23 kDa. The
expression of Cas Aexon 2 protein in Cas exon 244
fibroblasts was detected almost as the expected size by
Western blotting using an antibody against Cas, anti-
Cas2 (Sakai f al. 1994) (Fig. 1B). Using the fibroblasts,
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