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The Anaphase-Promoting Complex/Cyclosome Activator Cdh1
Modulates Rho GTPase by Targeting p190
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Cdh1 is an activator of the anaphase-promoting complex/cyclosome and contributes to mitotic exit and G1
maintenance by targeting cell cycle proteins for degradation. However, Cdh1 is expressed and active in postmitotic
or quiescent cells, suggesting that it has functions other than cell cycle control. Here, we found that homozygous
Cdh1 gene-trapped (Cdh1GT/GT) mouse embryonic fibroblasts (MEFs) and Cdh1-depleted HeLa cells reduced stress
fiber formation significantly. The GTP-bound active Rho protein was apparently decreased in the Cdh1-depleted
cells. The p190 protein, a major GTPase-activating protein for Rho, accumulated both in Cdh1GT/GT MEFs and in
Cdh1-knockdown HeLa cells. Cdh1 formed a physical complex with p190 and stimulated the efficient ubiquitination
of p190, both in in vitro and in vivo. The motility of Cdh1-depleted HeLa cells was impaired; however, codepletion
of p190 rescued the migration activity of these cells. Moreover, Cdh1GT/GT embryos exhibited phenotypes similar to
those observed for Rho-associated kinase I and II knockout mice: eyelid closure delay and disruptive architecture
with frequent thrombus formation in the placental labyrinth layer, respectively. Furthermore, the p190 protein
accumulated in the Cdh1GT/GT embryonic tissues. Our data revealed a novel function for Cdh1 as a regulator of Rho
and provided insights into the role of Cdh1 in cell cytoskeleton organization and cell motility.

The anaphase-promoting complex/cyclosome (APC/C) is a
multisubunit complex that functions as an E3 ubiquitin ligase
for various cell cycle proteins (19, 46). Proteins ubiquitinated
by APC/C are recognized and degraded by the 26S proteasome
to ensure proper cell cycle progression. APC/C activity is
strictly dependent on coactivator proteins that interact with
APC/C during specific phases of the cell cycle. Cdh1 (also
known as Fzr, Hct1, or Srw) is one of the coactivators that
maintain APC/C activity from anaphase of mitosis until the
end of the G1 phase of the cell cycle (43, 53).

The role of Cdh1 (APC/CCdh1) on cell-cycle progression has
been well studied; however, several studies have shed light into
another aspect of Cdh1’s function. For example, expression of
Cdh1 is not restricted to cycling cells; APC/CCdh1 is also
present and active in quiescent cultured cells (9). Furthermore,
immunohistochemical analysis has shown that Cdh1 is ex-
pressed in a wide variety of tissues that are predominantly
composed of postmitotic cells, such as neurons, where APC/
CCdh1 has a high cyclin B ubiquitination activity (1, 16). It has
been reported that APC/CCdh1 promotes axonal growth and
patterning (20) and is required for neuronal survival (1). These

results highlight the importance of the APC/C activator Cdh1
in neurons. However, Cdh1 has also been shown to participate
in the differentiation of tissues such as the muscle (25). Given
that Cdh1 is ubiquitously expressed in organs containing qui-
escent cells, there might be additional roles for Cdh1.

Rho GTPase proteins play a central role in the regulation of
cell shape, polarity, and locomotion via their effects on actin
polymerization, actomyosin contractility, cell adhesion, and
microtubule dynamics (13). Small G proteins, which include
Rho, act as molecular switches that cycle between an inactive
GDP-bound state and an active GTP-bound state. The latter
form of Rho proteins interacts with and activates downstream
effector proteins. The activity of Rho GTPases is controlled by
three class of key regulators: (i) guanine nucleotide exchange
factors (GEFs), which catalyze the exchange of GDP to GTP
for their activation (41); (ii) GTPase activating proteins
(GAPs), which stimulate the intrinsic GTPase activity for their
inactivation (8); and (iii) guanine nucleotide dissociation
inhibitors (GDIs), which interact with GDP-bound Rho
GTPases and sequester them in the cytoplasm to inhibit the
exchange of GDP to GTP (33). In addition to these canonical
regulations, recent studies indicate that the ubiquitination
pathway is also involved in the modulation of Rho GTPase
activity. Smurf1, which is a HECT domain E3 ubiquitin ligase,
controls the local levels of RhoA at the cell periphery by
targeting it for degradation (40, 55). Therefore, the regulatory
mechanisms of Rho GTPase activity seem to be more complex
than previously thought. It thus remains to be clarified whether
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other ubiquitin ligases also play a role in Rho signaling by
targeting its components directly or indirectly.

In this study, we found that the APC/C activator Cdh1
modulated actin organization. Mouse embryonic fibroblasts
(MEFs) derived from a homozygous Cdh1 gene-trapped ([GT]
Cdh1GT/GT) mouse model displayed decreased numbers of
stress fibers and focal adhesions (FAs). Consistent with these
phenotypes, Rho activity was apparently reduced in Cdh1-
deficient cells. Cdh1 regulated Rho activity via the targeting of
p190 for degradation. We also found that Cdh1 knockdown
cells showed decreased motility, which was rescued by codeple-
tion of p190. Furthermore, phenotypic similarities between
Cdh1GT/GT embryos and ROCK (also known as Rho-kinase,
which is the important Rho downstream effector of actin cy-
toskeleton formation) knockout (KO) mice (44, 49) support
our notion that Cdh1 plays a role in the Rho/ROCK signaling
axis. Collectively, our findings suggest an alternative role for
Cdh1 other than cell cycle regulation and reveal Cdh1 as a new
regulator of Rho.

MATERIALS AND METHODS

Mice. Cdh1�/GT mice (C57BL/6 background) were derived from the TT2
embryonic stem (ES) cell line (57) by integration of the pU-17 exchangeable GT
vector (48) into the Cdh1 locus. These mice were obtained from TransGenic
(Kumamoto, Japan). Characterization of the vector insertion site was performed
by 5� rapid amplification of cDNA ends (5� RACE) and plasmid rescue exper-
iments. Genotyping of the mutant mice was performed using a PCR protocol
based on the primers Gs4 (5�-CCTCCACTACAGCAGCACG-3�), Gas7 (5�-C
TCCAAGGCCTTTGTGAGGC-3�), and SA6as (5�-CCGGCTAAAACTTGAG
ACCTTC-3�) (see Fig. S1 in the supplemental material). For detection of the
Cdh1–�-geo fusion mRNA, oligo(dT)-primed cDNAs derived from mutant mice
were subjected to PCR using the primers 5NC-s (5�-TGTTCCTGGGACCGGC
GGGAAC-3�) and LZUS-3 (5�-CGCATCGTAACCGTGCATCT-3�). The am-
plification product was cloned into the TA cloning vector and sequenced. All
animal experiments were approved by the Animal Ethics Committees of Keio
University and Kumamoto University.

Replacement of the �-geo gene cassette. To produce ES cells in which the
�-geo gene cassette of Cdh1�/GT cells was replaced with the Cdh1 cDNA, we
introduced the P17/Cdh1 replacement vector (see Fig. S2C in the supplemental
material) together with pCAGGS-Cre (encoding Cre recombinase) (3) into
Cdh1�/GT ES cells using electroporation. Cells were cultured in medium con-
taining puromycin for 1 day to isolate cell lines that had undergone recombina-
tion. Puromycin selection was performed twice at a 2-day interval. To detect the
expression of the knock-in (KI) Cdh1 (Cdh1KI) allele, we performed reverse
transcription-PCR (RT-PCR) analysis using the primers 5NC-s2 (5�-TCGAAC
AGGCGCGGCGTGTT-3�) and mFzr as2 (5�-ATAGTCCTGGTCCATGGTG
GAG-3�) (see Fig. S2C). The PCR product was cloned into the pGEM-T easy
vector (Promega) and sequenced.

Cell culture and transfection. MEFs were prepared as follows. After mating
with Cdh1�/GT male mice, a pregnant female Cdh1�/GT mouse was sacrificed at
11.5 days postcoitus (dpc), and the uterus was removed and washed in phos-
phate-buffered saline (PBS). The yolk sacs were separated for genotyping, and
the embryos were isolated and washed in PBS. The viscera of each embryo were
removed under a dissecting microscope, and the embryo was washed in PBS and
incubated with TrypLE Express (Invitrogen) for 20 min at 37°C. The cell sus-
pension was then passed several times through a pipette and filtered through a
sterile cell strainer (100-�m pore size) to remove cell clumps. The cell suspension
prepared from each embryo was washed with medium containing 10% fetal
bovine serum (FBS) and plated onto 100-mm culture dishes. MEFs were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)-F12 supplemented
with 10% FBS and antibiotics. For immortalization of MEFs, primary MEFs
were transfected with simian virus 40 (SV40) large T antigen, which was pre-
pared by transfection of Plat-E cells with pWZL-hyg-SV40 large T (28). Cells
were selected in medium containing hygromycin for a week. The resultant im-
mortalized MEFs were maintained in the medium described above. The human
embryonic kidney cell line HEK293T (RCB2202) was provided by the RIKEN
BRC through the National Bio-Resource Project of the MEXT, Japan. Culture
and transfection of HeLa and HEK293T cells were performed as described

previously (23). pEGFP-c/full-length p190 (where EGFP is enhanced green flu-
orescent protein) was kindly provided by H. Sabe (51). Cells were subjected to
transient transfection in six-well plates using Fugene HD reagent (Roche). The
transfection procedures used in the RNA interference (RNAi) experiments and
the small interfering RNA (siRNA) oligonucleotides for Cdh1 and the control
were as described previously (23). The target sequences of other siRNAs were as
follows: siEmi1, 5�-GAGAAUUUCGGUGACAGUCUA-3� (27), and sip190,
5�-UUGACAUCGUGGAAGUGAAGA-3�.

Quantitative analysis of gene expression. Total RNA was extracted from
MEFs using an RNeasy Minikit (Qiagen) and was subjected to RT using Prime-
Script (Takara). Real-time PCR was performed in a Thermal Cycler Dice
(Takara) using SYBR Premix Ex Taq (Takara). The primers used for the am-
plification of murine p190 and the glyceraldehyde-3-phosphate dehydrogenase
gene (GAPDH) were obtained from Takara. Relative mRNA levels were calcu-
lated by normalization of the cycle threshold (CT) values of the target gene to
those of the reference gene (GAPDH).

Immunofluorescence microscopy. MEFs or HeLa cells were seeded onto
35-mm dishes (5 � 104 cells per dish) the day before the analysis. Cells were fixed
with 4% paraformaldehyde-PBS for 15 min, which was followed by permeabili-
zation with 0.2% Triton X-100–PBS. Cells were then incubated and stained with
an antipaxillin antibody. This was followed by incubation with Alexa Fluor
488-conjugated phalloidin and Alexa Fluor 555-conjugated anti-mouse antibody
(Molecular Probes). The stained cells were mounted with 1,4-diazabicyclo-
[2,2,2]-octane–glycerol and were examined using a confocal microscope (FV300;
Olympus). Densitometric analysis of the signal of each cell labeled with Alexa
Fluor 488-conjugated phalloidin was performed using MetaXpress software
(Molecular Devices).

Histochemistry, immunostaining, and X-Gal (5-bromo-4-chloro-3-indolyl-�-
D-galactopyranoside) staining. For histological analysis, tissues were fixed over-
night with 4% paraformaldehyde in PBS, embedded in paraffin, and then sec-
tioned and stained with hematoxylin-eosin. For immunochemistry of eyelid
epithelial sheets, 4-�m sections were prepared from 18.5-dpc embryos and boiled
for 20 min in citrate buffer (pH 7.0) in a microwave oven to retrieve antigens.
Nonspecific sites were blocked with mouse-on-mouse (MOM; Vector Laborato-
ries) solution in PBS for 1 h. Sections were incubated overnight with mouse
anti-p190 (1:50; BD) in MOM diluent, washed three times with PBS, and incu-
bated with biotinylated anti-mouse IgG in MOM diluent for 10 min. Staining and
development were performed using Elite ABC reagent (Vector Laboratories)
and diaminobenzidine (DAB) substrate (Wako). For immunostaining of whole
embryos, 12.5-dpc embryos were embedded in Tissue-Tek OCT compound me-
dium (Sakura) and frozen in acetone-dry ice. Cryosections were stained as
described above.

Immunoprecipitation, Western blotting, and antibodies. Immunoprecipitation
and Western blotting were performed as described previously (23) with slight
modification. We used magnetic Dynal beads (Invitrogen) for immunoprecipi-
tation instead of agarose beads. The antibodies used in this study were anti-Myc
(9E10; Santa Cruz Biotechnology), 1:1,000; anti-HA (12CA5; Santa Cruz Bio-
technology), 1:1,000; anti-GFP (full-length; Santa Cruz Biotechnology), 1:500;
anti-Cdh1 (DH01; Abcam), 1:500; anti-p190 (BD), 1:1,000; anti-�-tubulin (B-5-
1-2; Sigma), 1:50,000; anti-RhoA, -B, and -C (Cell Signaling), 1:1,000; anti-Rac1
(Upstate Biotechnology), 1:1,000; anti-RhoGDI (Millipore), 1:500; anti-Skp2
(Zymed), 1:250; anti-cyclin B (GNS1; Santa Cruz), 1:200; and anti-Emi1
(Zymed), 1:200; anti-cdc27 (AF3.1; Santa Cruz Biotechnology), 1:500; and anti-
His (MBL), 1:500. For immunoprecipitation and Western blotting of Cdh1, we
generated a polyclonal antibody against Cdh1 by injecting rabbits with a synthetic
peptide (MDQDYERRLLRQII, corresponding to mouse Cdh1 amino acids 1 to
14) coupled to keyhole limpet-hemocyanin (KLH) via a cysteine added at the C
terminus.

Rho activation assay. HEK293 cells were transfected with siRNA oligonucle-
otides against Cdh1 or control. After 48 h of transfection, cells were treated with
lysophosphatidic acid ([LPA] 10 �M; Sigma) for 10 min before being harvested.
Cells were lysed by incubation with magnesium-containing buffer (25 mM
HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl2, 1 mM EDTA,
and 2% glycerol) supplemented with 25 mM sodium fluoride, 1 mM sodium
orthovanadate, 20 �M MG132, and protease inhibitor cocktail (Roche). After
centrifugation of the lysate at 14,000 � g for 5 min at 4°C, the resulting super-
natant was incubated with 25 �g of glutathione S-transferase (GST)-RBD
(where RBD is the Rho-binding domain of rhotekin [amino acids 7 to 89]) bound
to glutathione-Sepharose beads (GE Health Care) for 30 min at 4°C. The beads
were then washed three times with magnesium-containing buffer and were sub-
jected to immunoblot analysis using an anti-RhoA, -B, and -C polyclonal anti-
bodies (Upstate Biotechnology). Whole-cell lysates were also immunoblotted for
Rho as a loading control.
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In vitro and in vivo ubiquitination assays. For production of recombinant Cdh1
protein, a mouse Cdh1 cDNA was subcloned into pFASTBAC1 (Invitrogen)
with an oligonucleotide linker corresponding to a penta-His tag. Baculoviruses
were prepared according to the manufacturer’s instructions (Invitrogen). Sf9
cells were transfected at a multiplicity of infection (MOI) of 10 with baculovirus
for 72 h. Recombinant Cdh1 proteins were purified using a Ni-nitrilotriacetic
acid (NTA) spin kit (Qiagen). The in vitro ubiquitination assay was performed as
described previously (22, 47) with slight modification. Briefly, HeLa cells were
lysed in lysis buffer (0.5% NP-40, 25 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM
MgCl2, 10% glycerol, and complete protease inhibitor cocktail [EDTA free;
Roche]). APC/C was immunoprecipitated from the lysates using an anti-cdc27
antibody (Santa Cruz Biotechnology). Immunopurified APC/C was bound to
recombinant Cdh1 protein and was then subjected to the ubiquitination reaction.
APC/C-bound antibody beads were mixed with a reaction buffer (20 mM Tri-Cl
[ph7.5], 150 mM NaCl, 1 mM dithiothreitol [DTT], 10% glycerol) containing
purified E1 (80 �g/ml; Biomol), UbcH10 and UbcH5a (50 �g/ml each; Wako),
ubiquitin (1.25 mg/ml; Sigma), ATP regenerating system (10 mM creatine phos-
phate, 2 mM ATP, 1 mM MgCl2, 0.1 mM EGTA, and 39 U/ml rabbit creatine
phosphokinase type I), and substrate (22). Myc-tagged full-length p190 protein
(which was used as a substrate) was generated by in vitro translation using a TNT
T7 Quick Coupled Transcription/Translation System (Promega) and biotinylated
lysine (Promega Transcend tRNA), according to the manufacturer’s instructions.
Ubiquitinated p190 was detected by using anti-p190 antibody or streptavidin-
horseradish peroxidase ([HRP] Promega). For in vivo ubiquitination assays,
293T cells transfected with a plasmid encoding hemagglutinin (HA)-tagged hu-
man ubiquitin and pEGFP-c/full-length p190 were incubated with 10 �M MG132
for 6 h after 24 h of cell culture. Cells were collected and subjected to immu-
noprecipitation using an anti-GFP antibody. Samples were immunoblotted to
detect polyubiquitination using an anti-HA antibody.

Cell migration assay. Cell migration was measured using a 24-well Boyden
chamber (BD). HeLa cells were transfected with siRNA 48 h before the assay.
Cells (5 � 104) were seeded in serum-free medium (0.5 ml) in the upper
chamber, with serum-containing medium in the lower chamber. After 24 h of
incubation at 37°C, nonmigrating cells in the upper chamber were scraped using
a cotton swab, and the undersides of the membranes were fixed with 100%
methanol and stained with 50% Giemsa solution. The migrating cells at the
bottom of the filters were counted (four fields per filter) in three independent
experiments.

Establishment of Cdh1GT/GT ES cells and tetraploid aggregation experiments.
To generate Cdh1GT/GT ES cell lines, we cultured delayed two-cell-stage em-
bryos obtained by in vitro fertilization until the blastocyst stage and established
ES cell lines as described previously (4, 31). The cell lines obtained were geno-
typed as described above. For tetraploid aggregation experiments, two-cell-stage
embryos derived from crosses of BDF1 females with ICA;CAG-EGFP-IRES-
puromycin males (in which the EGFP gene was ubiquitously expressed) were
collected in KSOM medium (ARK Resource, Kumamoto, Japan). Embryos were
then equilibrated in fusion buffer (0.3 M mannitol, 0.1 mM MgSO4, polyvinyl
alcohol [0.1 mg/ml], bovine serum albumin F-V [3 mg/ml; Sigma]) and placed
between the electrodes of an electrofusion chamber (1-mm gap). Electrofusion
was performed using a pulse generator (ECM2001; BTX, San Diego, CA) by
application of two 40-�s pulses at 80 V/cm. Fused embryos were cultured in
KSOM medium at 37°C for 40 h. Cdh1GT/GT or wild-type ES cells were then
aggregated with the tetraploid embryos and transferred to pseudopregnant foster
mothers (29, 31).

Scanning electron microscopy. The eyelids of embryos at 14.5 to 18.5 dpc were
dissected under a stereoscopic microscope and fixed in 0.1 M sodium phosphate
buffer (pH 7.4) containing 2% glutaraldehyde and 2% formaldehyde. Samples
were washed and dehydrated in a graded series of ethanol, dried, sputter coated
according to standard procedures, and then examined under a scanning electron
microscope.

RESULTS

Effects of Cdh1 ablation on actin cytoskeleton organization.
The role of Cdh1 has been investigated mainly as a regulator of
the cell cycle using mammalian cultured cells or model organ-
isms, such as flies and Saccharomyces cerevisiae (35). To further
elucidate the physiological functions of Cdh1, we analyzed
Cdh1 gene-trapped (GT) mice generated using the exchange-
able pU-17 GT vector, which encodes the �-galactosidase-
neomycin resistance (�-geo) fusion gene (see Fig. S1 in the

supplemental material). Homozygous Cdh1 GT (Cdh1GT/GT)
mouse embryonic fibroblasts (MEFs) had a severely reduced
abundance of Cdh1 expression, both at the RNA (less than 2%
of that observed in wild-type MEFs) and protein levels (see
Fig. S1). To investigate the role of Cdh1 on mammalian cel-
lular behavior, we first analyzed asynchronously proliferating
Cdh1GT/GT MEFs using time-lapse microscopy. We noticed a
slight reduction in the cellular motility of Cdh1GT/GT MEFs
compared with wild-type MEFs (data not shown). One possi-
ble reason for this difference could be proliferation defects in
Cdh1GT/GT MEFs. To explore other possibilities, we focused
on actin cytoskeletal architecture, which also plays an impor-
tant role in cell motility. We compared the distribution of
F-actin between Cdh1GT/GT MEFs and control cells (Fig. 1A).
Immunofluorescence analysis of Alexa Fluor 488-conjugated
phalloidin-labeled cells revealed that Cdh1 deficiency led to a
striking phenotype that was characterized by fewer bundled
actin stress fibers in the cell body and a more disorganized
appearance (Fig. 1A, frames a and b). We quantified stress
fiber density by incorporating a line profile across the cyto-
plasm that identified stress fibers by their increased fluores-
cence relative to areas devoid of stress fibers (Fig. 1B). Sharp,
distinct peaks in fluorescence intensity within each line profile
represented individual stress fibers crossed by the lines, as
shown in Fig. 1B. Quantification of these peaks showed a
significant decrease in Cdh1GT/GT MEFs compared with wild-
type cells; however, the formation of cortical actin was pre-
served in Cdh1GT/GT MEFs (Fig. 1B). To further confirm the
observation from MEFs, we transfected HeLa cells with an
siRNA oligonucleotide against Cdh1 (Fig. 1C) and then ana-
lyzed the cytoskeletal architecture of these cells. Cdh1-defi-
cient cells showed reduced stress fiber organization (Fig. 1C,
frames a and b). The inhibitory effect of Cdh1 on actin stress
fiber formation was enhanced under serum-free culture con-
ditions (Fig. 1C, frames c and d). Moreover, we used the
N-terminal fragment of Cdh1 (DN-Cdh1), which lacks the
substrate-binding C terminus of Cdh1 and functions in a dom-
inant negative fashion (54), to evaluate the role of Cdh1 in
stress fiber formation. HeLa cells that expressed GFP–DN-
Cdh1 tended to display a flattened shape, had reduced stress
fibers, and exhibited reorganized cortical actin compared with
surrounding nontransfected cells (Fig. 1D and E). The expres-
sion of DN-Cdh1 had the same effect on stress fibers in NIH
3T3 cells as in HeLa cells (Fig. 1F). These results suggest that
Cdh1 played a regulatory role in the actin cytoskeleton of cells
of different origins.

Focal adhesion remodeling usually accompanies actin rear-
rangements (42). We next examined whether actin fiber disas-
sembly in Cdh1-deficient cells correlated with changes in FA
formation. Immunostaining of paxillin, which is a major com-
ponent of FAs, revealed that paxillin-labeled FAs were re-
duced in size and number, both in Cdh1GT/GT MEFs and in
Cdh1-depleted HeLa cells (Fig. 1A, frames c and d, and C,
frames e and f). We also observed that serum starvation re-
duced paxillin expression substantially in Cdh1-depleted cells
(Fig. 1C, frames g and h). Collectively, our data suggest that
Cdh1 played a role in the formation of FAs and stress fibers.

Cdh1 regulated Rho GTPase activity. Rho GTPases are
important regulators of the actin cytoskeleton. To address the
molecular mechanisms of stress fiber disassembly in
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Cdh1GT/GT MEFs, we examined the abundance of Rho-family
GTPases in these cells. We observed no significant differences
in the protein expression levels of the Rho GTPases analyzed,
with the exception of cdc42, which was not detected in MEFs
(Fig. 2A). Thereafter, we focused on Rho because of its central

role in the regulation of contractile actin-myosin stress fibers
and of the assembly of FAs (38). RhoGDI has been shown to
regulate Rho activity by binding GDP-bound RhoA (33). How-
ever, we found no changes in the levels of RhoGDI in
Cdh1GT/GT MEFs (Fig. 2A), which excludes the possibility that

FIG. 1. Effects of Cdh1 depletion on the actin cytoskeleton in mouse embryonic fibroblasts (MEFs) and HeLa cells. (A) Primary MEFs derived
from Cdh1�/GT mouse intercrosses were fixed and stained with Alexa Fluor 488-conjugated phalloidin (green) and with an antipaxillin antibody
(red). The areas outlined by the dotted lines depict the cell bodies of Cdh1GT/GT MEFs. Bars, 20 �m (a and c) and 50 �m (b and d).
(B) Quantification of fluorescent intensity across the yellow lines shown in the corresponding panels in A (to indicate stress fiber density) using
the MetaXpress software (Molecular Devices). The asterisks denote the cells quantified in panel A and their corresponding line graphs B.
(C) HeLa cells were transfected with a control siRNA oligonucleotide or with an siRNA oligonucleotide against Cdh1 and cultured for 2 days. The
levels of expression of Cdh1 were evaluated using immunoblot analysis (left panels). HeLa cells transfected as described above were cultured in
medium containing 10% serum (frames a, b, e, and f) or in serum-free medium (frames c, d, g, and h) for 24 h, fixed, and stained with Alexa Fluor
488-phalloidin (upper panels) and with an antipaxillin antibody (lower panels). Bars, 20 �m. (D) HeLa cells were transfected for 24 h with a
GFP-tagged N-terminal fragment (residues 1 to 125) of Cdh1, which lacks the substrate-binding domain (WD-40 repeats) and acts in a dominant
negative (DN) fashion (DN-Cdh1). Cells were then stained for rhodamine-phalloidin. (E) Quantification of fluorescence intensity across the yellow
lines shown in panel D, as described for panel B. (F) NIH 3T3 cells were treated and analyzed as in panel D.
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Cdh1 regulated Rho activity via the upregulation of its GDP-
bound inactive form. We next analyzed Rho activity by affinity
precipitation assay using a GST fusion protein containing the
RhoA-binding domain of rhotekin (36, 37). 293T cells were
stimulated with LPA for 10 min before harvesting, and the
levels of bound active RhoA were measured. As shown in Fig.
2B, Cdh1 siRNA-transfected cells showed a marked decrease
in GTP-bound Rho protein compared with control cells. Quan-
tification of Rho activity revealed that Cdh1 depletion reduced
Rho activity substantially, i.e., to 49% of the activity measured
in control cells (Fig. 2C). Together with the data shown in Fig.
1, these results demonstrated the previously unknown role of
Cdh1 as a regulator of Rho GTPase.

Cdh1 depletion led to p190 RhoGAP accumulation. p190
RhoGAP (p190) is ubiquitously expressed in various tissues
and functions exclusively toward Rho in vivo. Furthermore,
p190 activity accounts for �60% of the total RhoGAP activity
when activity is assessed in fibroblast cell extracts (52). We
observed a significant reduction of actin stress fiber formation
in Cdh1GT/GT MEFs, which is consistent with a phenotype of
Rho inhibition (Fig. 1A). Hence, we assumed that APC/CCdh1

may target p190 directly as a substrate for degradation. To test
this possibility, we compared the expression levels of p190 in
Cdh1GT/GT MEFs with those of wild-type cells using immuno-
blot analysis. Consistent with the results reported for the
known APC/CCdh1 substrate Skp2 (6, 56), p190 accumulated
substantially in Cdh1GT/GT MEFs (1.94-fold compared with
wild-type MEFs) (Fig. 3A). We used quantitative real-time
PCR analysis to confirm that the observed difference in p190
abundance was not due to transcriptional upregulation (Fig.
3B). To further examine whether Cdh1 had a negative impact
on the expression of the p190 protein, we interfered with Cdh1
function in HeLa cells via transfection of an siRNA oligonu-
cleotide against Cdh1 or of a dominant negative mutant Cdh1
expression vector (54) and analyzed their effect on p190 abun-
dance. Impairment of Cdh1 function led to the accumulation
of the p190 protein (Fig. 3C and D). Simple overexpression of
wild-type Cdh1 had no effect on the expression levels of p190
or on cellular morphology (Fig. 3D and data not shown), which
implies that exogenously induced Cdh1 did not activate APC/C

efficiently. To address this issue, we depleted early mitosis
inhibitor 1 (Emi1), which is an inhibitor of APC/CCdh1, to
catalytically activate endogenous APC/CCdh1 in interphase
HeLa cells (12, 27). We analyzed HeLa cells transfected with
siRNA oligonucleotides against Emi1 and found that p190
expression levels were reduced significantly in these cells (Fig.
3E, first panel). Another known target of APC/CCdh1, cyclin
B1, was also decreased after Emi1 depletion (Fig. 3E, arrow in
the second panel). Furthermore, the decreased p190 levels in
Emi1-depleted HeLa cells were restored by proteasome inhib-
itor treatment (Fig. 3E). These results support the notion that
APC/CCdh1 regulated p190 abundance via the ubiquitin-pro-
teasome system.

A previous study indicated that the levels of p190 oscillate in
a cell cycle-dependent manner; they are elevated from inter-
phase to mid-mitosis and decline after entry into late mitosis
(45). Therefore, loss of Cdh1 function during the cell cycle,
especially on mitotic exit, may affect the abundance of p190. To
rule out this possibility, we analyzed the cell cycle profiles of
Cdh1GT/GT MEFs and Cdh1-depleted HeLa cells using flow
cytometry. Consistent with a previous report (15), the Cdh1-
depleted cell population contained a slightly elevated number
of cells that were in the G2/M phase of the cell cycle (Fig. 3F),
which suggests slower mitotic progression. As a shortened mi-
tosis can cause secondary p190 accumulation, these results
indicate that cell cycle alteration in Cdh1-depleted cells may be
unfavorable to p190 protein accumulation. Therefore, the role
of Cdh1 during the cell cycle seems to be independent from the
regulation of p190 abundance.

APC/CCdh1-mediated ubiquitination of p190. Cdh1 recog-
nizes and binds target motifs on its substrate (35). The destruc-
tion (D) and KEN boxes are most prominent among the tar-
geting motifs of APC/C substrates for degradation. p190 has
five D boxes and two KEN boxes in its full sequence (Fig. 4A).
To determine whether p190 was a direct target of APC/CCdh1,
we performed an in vitro binding assay using several p190
mutants. As shown in Fig. 4B, both full-length p190 and the
middle domain (MD) of p190 were coprecipitated with in vitro
translated Cdh1 (Fig. 4B). Furthermore, deletion mutants con-
taining only KEN-box (MD-N) and D-boxes (MD-C) were also

FIG. 2. Rho activity was decreased in Cdh1-depleted cells. (A) Cell lysates from wild-type or Cdh1GT/GT MEFs adjusted to equal protein
concentrations were electrophoresed and transferred to nitrocellulose for immunoblot analysis using anti-Rho, anti-Rac, and anti-RhoGDI
antibodies. �-Tubulin levels are shown as a loading control. (B) 293T cells were transfected with an siRNA directed against Cdh1 or with a control
and were lysed after 2 days of cell culture. The GST-rhotekin RBD was incubated with the cell lysates to pull down active Rho. The levels of
RBD-bound Rho and total Rho in cell lysates were determined by immunoblotting using an anti-Rho antibody. A representative result of three
individual experiments is shown. (C) Quantification of the immunoblotting data in panel B was performed using densitometry. Data (arbitrary
units) were normalized to the amount of total Rho and represent means � standard deviations from three independent experiments (*, P 	 0.05,
Student’s t test).
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bound to Cdh1 (Fig. 4B), which indicates the relevance of each
box for the interaction with Cdh1. We next examined the in
vivo interaction between Cdh1 and p190. Immunoprecipitation
of the lysate that expressed GFP-fused full-length Cdh1 using
the p190 antibody led to the identification of exogenous Cdh1
in the complex (Fig. 4C). To confirm the physiological inter-
action between these proteins, we prepared a Cdh1-specific
antibody by immunizing rabbits with mouse Cdh1 N-terminal
peptides. Using this polyclonal antibody, we found that endog-
enous p190 coprecipitated with endogenous Cdh1 (Fig. 4D).

We next examined whether the abundance of p190 was reg-
ulated via the ubiquitin–proteasome system. Coexpression of
GFP-p190 with HA-tagged ubiquitin in 293T cells revealed
that p190 was ubiquitinated predominantly in the presence of
the proteasome inhibitor (Fig. 5A), which supports the notion
that p190 is ubiquitinated in vivo (45). However, 293T cells
transfected with an siRNA oligonucleotide against Cdh1 ex-
hibited a substantial reduction in the ubiquitination of endog-
enous p190 (Fig. 5B) to �60% of that observed in control cells
(Fig. 5C). Furthermore, the decrease in the ubiquitination of

p190 in immortalized Cdh1GT/GT MEFs was restored by the
addition of wild-type Cdh1 in a dose-dependent manner (Fig.
5D). We next examined whether the APC/CCdh1 complex ubiq-
uitinated p190 directly using an in vitro ubiquitination assay.
We incubated immunopurified HeLa APC/C with or without
recombinant His-tagged full-length Cdh1 protein purified from
Sf9 cells. The resultant APC/CCdh1 complex was analyzed for
its ability to support the ubiquitination of in vitro translated
p190 in a reconstituted reaction mixture containing purified E1
and E2 enzymes (22). As shown in Fig. 5E, APC/C ubiquitin-
ated p190 effectively in vitro when Cdh1 was present in the
reaction mixture.

Cdh1 regulated cellular motility via control of p190 abun-
dance. As the coordinated regulation of Rho activity is impor-
tant for cell migration (13), we investigated whether Cdh1
deficiency affected cellular movement. The migration ability of
Cdh1 knockdown HeLa cells was examined using a Boyden
chamber migration assay. Serum-deprived siRNA-transfected
HeLa cells were plated onto the membrane of a Boyden cham-
ber in the absence of any stimuli and were allowed to migrate

FIG. 3. p190 was stabilized in Cdh1-deficient cells. (A) Primary MEFs of the indicated genotypes were collected, lysed, and immunoblotted for
endogenous p190, Cdh1, and Skp2. �-Actin levels are shown as a loading control. Each experiment was conducted in triplicate, and the
immunoblots presented here are representative runs. (B) An abundance of p190 proteins was regulated posttranslationally. Total RNA was
isolated from MEFs of the indicated genotypes and subjected to quantitative RT-PCR analysis of the p190 mRNA. Data were normalized to the
levels of GAPDH mRNA and represent means � standard deviations from three independent experiments. (C) Accumulation of p190 in
Cdh1-depleted HeLa cells. HeLa cells were transfected with either control or Cdh1 siRNA oligonucleotides. After 48 h of culture, cells were
harvested and examined for the expression levels of p190, Cdh1, and �-tubulin using immunoblotting analysis. (D) HeLa cells were transfected with
GFP-tagged full-length Cdh1 or DN-Cdh1 expression vectors. Cells were lysed and processed through immunoblotting using antibodies against
p190, GFP, and �-tubulin. (E) Cdh1 activation caused a reduction in the levels of p190. HeLa cells transfected with control or Emi1 siRNA
oligonucleotides were cultured for 48 h in the absence (
) or presence (�) of MG132. Cell lysates were subjected to SDS-PAGE and immunoblot
analysis using the indicated antibodies. Emi1 depletion led to Cdh1 activation, as evidenced by the degradation of its target, cyclin B (arrow, middle
lane). (F) Flow cytometric analysis of the cell cycle. Asynchronous MEFs with the indicated genotypes and HeLa cells that were transfected with
either control or Cdh1 siRNA oligonucleotides for 24 h were stained with propidium iodide and were then subjected to flow cytometry. The
percentage of cells in each phase of the cell cycle is shown.
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for 24 h. Unstimulated HeLa cells exhibited virtually no mo-
tility (Fig. 6C, first bar). Stimulation of HeLa cells with FBS led
to an increase in their migratory activity compared with un-
stimulated HeLa cells (Fig. 6A, left panel, and C, second bar).
Importantly, Cdh1 knockdown cells exhibited very low motility,
even when stimulated by FBS (Fig. 6A, middle panel, and C,
third bar). To determine if Cdh1 and its substrate p190 acted
in a linear pathway to regulate cellular motility, we performed
an epistatic analysis of the effects of Cdh1 and p190 knock-
down on a cell migration assay. We optimized co-knockdown
conditions to deplete p190 in Cdh1-knockdown cells to levels
comparable to those of control cells (Fig. 6B). The combina-
tion of both Cdh1 and p190 RNAi rescued the motility defect

of Cdh1 knockdown HeLa cells significantly to �110% of the
level observed in control cells (Fig. 6A, right panel, and C,
fourth bar).

Given that p190-mediated regulation of Rho is important
for cell migration, how does Cdh1 affect p190 activity? It is
known that the activity of p190 is regulated by phosphorylation
(5, 30). We speculated that the level of expression of p190 may
also be a key factor to control its RhoGAP activity. To examine
this hypothesis, we analyzed the distribution of F-actin in p190
knockdown cells at different time points. As shown in Fig. 6D
and E, the extent of stress fiber formation of p190 knockdown
HeLa cells was inversely correlated with the abundance of
p190. Furthermore, when p190 was exogenously overexpressed
in MEFs or NIH 3T3 cells, these cells had reduced stress fibers
and exhibited reorganized cortical actin compared with sur-
rounding nontransfected cells (Fig. 6F, upper row, and G) as in
dominant negative Cdh1-expressing cells (Fig. 1D and F).
These results suggest that p190 abundance plays a key role in
its RhoGAP activity. We also confirmed that the actin pheno-
type of Cdh1GT/GT MEFs was rescued by introducing wild-type
Cdh1 (Fig. 6F, lower row). These findings are consistent with
the notion that APC/CCdh1 and p190 operate in a linear path-
way, where p190 acts downstream of APC/CCdh1 in the control
of Rho GTPase.

Physiological role of Cdh1 during murine development. To
analyze the relevance of Cdh1-mediated regulation of Rho in
vivo, we analyzed Cdh1GT/GT mice. Among the 152 mice that
were the progeny of the intercross of Cdh1�/GT mice, no
Cdh1GT/GT animals were detected at weaning (see Table S1 in
the supplemental material), which confirmed that homozygous
loss of Cdh1 resulted in embryonic death (15, 24). To deter-
mine the timing and nature of this mortality, we examined the
morphology and viability of embryos from timed Cdh1�/GT

intercrosses. Viable embryos were defined by the detection of
a heartbeat at 11.5 to 13.5 dpc. The number of viable
Cdh1GT/GT embryos decreased with developmental progres-
sion, with none remaining alive at 13.5 dpc (see Table S1).
These results thus suggest that embryonic death was initiated
at around 10.5 to 12.5 dpc. We also confirmed that the death
of Cdh1GT/GT embryos was attributable to the Cdh1 GT using
a KI rescue experiment (see Fig. S2 in the supplemental ma-
terial).

The mouse placenta consists of three layers, which, starting
from the embryonic side, are known as the labyrinth, the spon-
giotrophoblast, and the trophoblast giant cell (TGC) layers
(Fig. 7A, top panel) (34). In contrast with the thin layer of
TGCs present beneath the maternal decidua in wild-type pla-
centas, cells with giant nuclei were not detected in Cdh1GT/GT

placentas, as assessed by either hematoxylin-eosin or Feulgen
staining (see Fig. S3 in the supplemental material). This im-
plies that the endoreplication of TGC was compromised in
Cdh1GT/GT placentas (15, 24). Cdh1 was expressed in the lab-
yrinth layer of Cdh1�/GT placentas, as revealed by whole-
mount X-Gal staining (see Fig. S3). Hematoxylin-eosin stain-
ing of Cdh1GT/GT placentas at 12.5 or 13.5 dpc revealed the
presence of frequent abnormal thrombi in the labyrinth layers
(Fig. 7A, middle panel, and B). Furthermore, the labyrinth
layer of Cdh1GT/GT placentas exhibited an abnormal vascula-
ture compared with that of their wild-type counterparts (Fig.

FIG. 4. The middle domain of p190 interacted with Cdh1.
(A) Schematic representations of the structure of p190 and its derived
mutants. MD, middle domain; GBD, GTP-binding domain; GAP,
GTPase-activating domain. (B) In vitro binding assay. The indicated
GFP-p190 proteins expressed in 293T cells were immunopurified, im-
mobilized on protein A beads (Dynal), and incubated with in vitro
translated Cdh1. The resulting immunocomplex was analyzed using
avidin-HRP to detect the bound biotin-Cdh1. The arrow indicates the
MD-N mutant for p190. The arrowhead indicates IgG. (C) Lysates
from 293T cells transfected with GFP-tagged full-length Cdh1 were
immunoprecipitated using control rabbit IgG or an antibody (Ab)
against p190. These immunoprecipitates were then fractionated by
SDS-PAGE and immunoblotted using an anti-GFP antibody (top) or
an anti-p190 antibody (bottom). (D) In vivo coimmunoprecipitation of
p190 with Cdh1. Lysates from 293T cells were immunoprecipitated
with rabbit preimmune serum or serum against Cdh1. These immuno-
precipitates were then fractionated by SDS-PAGE and immunoblotted
using anti-p190 (top) or anti-Cdh1 (bottom) antibodies. IP: immuno-
precipitation; WB, Western blotting.
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7A). These phenotypes were similar to ROCK II (also known
as Rho-kinase or ROK �) knockout (KO) mice (49).

To examine whether placental insufficiency was a central
cause of embryonic lethality, we performed tetraploid comple-
mentation rescue experiments (Fig. 7A, bottom panel; see also
Fig. S4 in the supplemental material). We found that
Cdh1GT/GT embryos survived beyond the organogenesis stage
to 18.5 dpc in this system. The placental deficiencies of
Cdh1GT/GT mice somewhat resembled those of ROCK II KO
mice; however, in contrast to what was observed in ROCK II
KO mice, blood clots in peripheral limbs were not observed in
Cdh1GT/GT animals. Eyes open at birth and omphalocele are
significant phenotypes of ROCK I (also known as ROK �) KO
mice (44). During normal mouse development, eyelid closure
occurs between 15.5 and 16.5 dpc via extension of the ridges of
the epithelium at its periphery (14). To explore whether Cdh1
deficiency caused a defect in this developmental process, we
analyzed Cdh1GT/GT embryos rescued using tetraploid comple-
mentation experiments. We used wild-type ES cell lines that
were established concomitantly with Cdh1GT/GT ES cell lines
(see Materials and Methods) as a control for tetraploid aggre-
gation. Tetraploid complementation itself affects the timing of
eyelid closure, as all wild-type embryos examined (n � 4) had
open eyelids at 15.5 dpc; however, this was reduced to 22.2%

of embryos (n � 9) at 18.5 dpc (Fig. 7C to F). In contrast,
83.3% of Cdh1GT/GT embryos exhibited an open-eye pheno-
type (n � 10) at 18.5 dpc, which suggests a significant role for
Cdh1 in eyelid closure (Fig. 7C to F). Conversely, we did not
observe increased omphalocele in Cdh1GT/GT embryos (data
not shown). Eyelid closure is regulated by complicated mech-
anisms, as other signaling pathways, such as the mitogen-acti-
vated protein (MAP) kinase cascade, are also involved in this
process (44). To explore whether Cdh1 regulated eyelid clo-
sure via the Rho/ROCK pathway, we analyzed the abundance
of p190 in the eyelid epithelial sheet. Immunohistochemical
analysis of p190 showed that staining for p190 was more pro-
nounced in the eyelid epithelial sheet of Cdh1GT/GT embryos
than in wild-type embryos (Fig. 7G). Furthermore, p190 accu-
mulated in the brain and spinal cord of Cdh1GT/GT embryos,
where p190 mRNA is expressed specifically at high levels (10)
(Fig. 7H). These results strongly suggest that Cdh1 is an im-
portant regulator of the in vivo Rho/ROCK signaling via p190.

DISCUSSION

In the present study, we identified a novel function for the
APC/C activator Cdh1 on the regulation of Rho subfamily
GTPases. Rho promotes the formation of actin stress fibers

FIG. 5. APC/CCdh1-mediated ubiquitination of p190. (A) In vivo ubiquitination of p190. 293T cells were transfected with the GFP–full-length
p190 expression plasmid or control vector, together with an HA-ubiquitin expression plasmid in the presence or absence of MG132. Lysates were
immunoprecipitated (IP) with an anti-GFP antibody and were immunoblotted (Western blotting [WB]) using anti-HA (�-HA) and anti-GFP
antibodies. (B) 293T cells transfected with either control or Cdh1 siRNA oligonucleotides for 48 h were subjected to an in vivo ubiquitination assay,
as described for panel A. (C) Quantification of the ubiquitinated p190 protein in panel B was performed using densitometry. The value obtained
for Cdh1 siRNA-transfected cells without MG132 treatment was set as 1. (D) Immortalized Cdh1GT/GT MEFs were transfected with GFP-full-
length p190, HA-ubiquitin (Ub), and full-length Cdh1 expression vectors. In vivo ubiquitination of p190 was evaluated as described for panels A
and B. (E) In vitro ubiquitination assay. APC/C immunoprecipitated from HeLa cell lysates was conjugated with recombinant Cdh1 protein and
was then subjected to an in vitro ubiquitination assay, as described in Materials and Methods. In vitro translated full-length p190 was used as a
substrate. The reaction was terminated at the indicated time points. Ubiquitinated p190 was detected by immunoblotting with anti-p190 antibody
(top panel). Recombinant His-Cdh1 protein used for APC/C binding was immunoblotted using anti-His antibody (middle). The presence of APC/C
complex in each reaction product was confirmed by Western blotting against cdc27 (bottom). The input lane represents 0.5% of HeLa cell lysate
used for immunoprecipitation.
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and FAs by activating its downstream effectors, i.e., ROCK and
mDia (mammalian homolog of the Drosophila gene Diapha-
nous) (32). ROCK induces stress fiber formation via the phos-
phorylation of myosin phosphatase and LIM kinase in non-
muscle cells (2). It has been reported that ROCK inhibition
blocks myosin light chain phosphorylation and the subsequent
formation of stress fibers in the center, but not at the periph-
ery, of cells (50). Cdh1-depleted cells significantly reduced the
formation of actin filament bundles at the cell body; however,
it was retained at cell periphery (Fig. 1B and E), which implies
the presence of ROCK suppression in these cells. mDia also
regulates actin filament formation and adhesion turnover via the
mobilization of adenomatous polyposis coli and c-Src (58). FAs
are specialized adhesive structures in which integrin, a receptor of
the extracellular matrix, and numerous signaling components are
concentrated (11). The importance of the actin cytoskeleton in
FA assembly has been demonstrated in experiments where inhi-
bition of the actin-myosin interaction promotes disassembly of

FAs (42). Consistently, we found that the Cdh1 deficiency caused
a reduction of both stress fiber and FA assembly, with a decreased
level of active Rho (Fig. 1 and 2). This Rho-mediated response
acts downstream of the signaling activated by growth factors (38,
42). Serum starvation of cells transfected with Cdh1 siRNA re-
sulted in further attenuation of the assembly of stress fibers and
FAs compared with cells with Cdh1 knockdown only (Fig. 1C),
which indicates that multiple signals, including the Cdh1/p190
axis, seem to converge during Rho regulation. Rho-mediated
actin cytoskeleton formation is controlled at multiple levels. Ele-
vation of cyclic AMP (cAMP) levels and the consequent activa-
tion of protein kinase A (PKA) lead to loss of stress fibers and
FAs via the phosphorylation of the myosin light chain kinase and
Rho (42). It was reported that PKA also phosphorylates
APC/C and inhibits its ubiquitination activity, even in the
presence of Cdh1 (21). Therefore, we could speculate that
cAMP/PKA regulates the actin cytoskeleton also via an
APC/CCdh1/p190/Rho pathway.

FIG. 6. Cdh1 regulated cell motility via control of p190 abundance. (A) siRNA-transfected HeLa cells were placed on membranes in serum-free
medium after 48 h of culture and were allowed to migrate in a Boyden chamber for 24 h, either in the absence of any stimuli or in the presence
of 10% FBS. Membranes were then fixed and stained with 50% Giemsa solution in PBS. Data shown were representative of migrating cells
transfected with the indicated siRNA oligonucleotides. (B) The levels of Cdh1 and p190 in cells subjected to a Boyden chamber assay were assessed
by immunoblot analysis using anti-Cdh1 and anti-p190 antibodies. The corresponding �-tubulin levels are shown as a loading control. (C) Mi-
gration was assessed as the number of cells that invaded the membrane after 24 h of incubation. Data represented mean values � standard errors
of the means from measurements performed in triplicate from three independent experiments using HeLa cells (�, P 	 0.05, Student’s two-tailed
t test). (D) HeLa cells were transfected with siRNA oligonucleotides against p190 and cultured for 0 to 48 h in the medium containing 10% FBS.
After 48 h, the cell medium was replaced with serum-free DMEM-F12. Cells were fixed and stained with Alexa Fluor 488-phalloidin at the
indicated times. (E) HeLa cells were transfected and cultured as described for panel D. Cells were harvested and examined for the expression levels
of p190 and �-tubulin using immunoblot analysis. (F) Primary wild-type (upper row) and Cdh1GT/GT (lower row) MEFs were transfected for 24 h
with GFP-p190 and GFP–wild-type Cdh1, respectively. Cells were fixed and stained with rhodamine-phalloidin. (G) NIH 3T3 cells were transfected
for 24 h with GFP-p190. Cells were fixed and stained with Alexa Fluor 488-phalloidin. The arrowhead indicates p190 transfected cells. Bars, 100
�m (A) and 20 �m (D, F, and G).
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p190, which is a Rho family GTPase-activating protein,
has been reported to account for a substantial fraction of the
total inhibitory activity of Rho in cultured cells (52). RhoG-
APs are regulated by various mechanisms, including pro-
tein-protein interactions, phospholipid modification, phos-
phorylation, subcellular translocation, and proteolytic
degradation (7, 30). The Src-mediated phosphorylation of
p190 promotes its RhoGAP activity, whereas ROCK-medi-
ated phosphorylation of p190 leads to its inactivation via the
inhibition of its binding to Rnd (5, 30). In addition to phos-
phorylation, our results suggested that control of the abun-

dance of p190 was another regulatory mechanism of its
activity (Fig. 6D to G).

p190 expression is not constant throughout the cell cycle
(45). p190 expression decreases during late mitosis, and this
reduction is dependent on ubiquitin-mediated protein degra-
dation (45). APC/CCdh1 is a strong E3 ubiquitin ligase candi-
date for p190 as the timing of APC/CCdh1 activation fits well
with the timing of p190 degradation. However, this has not
been proven previously. In this study, we presented data that
support our hypothesis as Cdh1 formed a physical complex
with p190. We also found that Cdh1 stimulated the efficient

FIG. 7. Developmental defects of Cdh1GT/GT embryos. (A) Hematoxylin-eosin staining of sections of wild-type, Cdh1GT/GT, or tetraploid
complementation-rescued placentas at 12.5 dpc. The asterisk indicates thrombus in the labyrinth layer. D, decidua; Sp, spongiotrophoblast layer;
L, labyrinth layer. (B) Percentage of placentas with thrombus formation at the indicated dpc. Placentas with thrombus that had a diameter larger
than 500 �m (longest diameter) were judged as positive. The number of placentas analyzed was as follows: at 11.5 dpc, Cdh1�/�, 5; Cdh1GT/�, 8;
and Cdh1GT/GT, 7; at 12.5 dpc, Cdh1�/�, 6; Cdh1GT/�, 15; and Cdh1GT/GT, 10; at 13.5 dpc, Cdh1�/�, 8; Cdh1GT/�, 8; and Cdh1GT/GT, 10. (C) The
eyes of wild-type and Cdh1GT/GT mice at 18.5 dpc were obtained from tetraploid complementation. The arrows indicate the margin of the
eyelid. (D) Hematoxylin-eosin staining of transverse eye sections from 18.5-dpc embryos, as in panel C. The arrows indicate the margin of
the eyelid. (E) Scanning electron micrographs of the eyes of wild-type or Cdh1GT/GT rescue embryos at the indicated dpc. The arrowheads
indicate eyelid fusion in wild-type embryos. (F) Percentage of embryos with eyelids open at the indicated dpc. The number of embryos analyzed
was as follows: at 14.5 dpc, Cdh1�/�, 2; and Cdh1GT/GT, 2; at 15.5 dpc, Cdh1�/�, 8; Cdh1GT/GT, 5; at 16.5 dpc, Cdh1�/�, 8; and Cdh1GT/GT, 3; at
18.5 dpc, Cdh1�/�, 9; and Cdh1GT/GT, 10. (G) Immunohistochemical staining of p190 in transverse sections of the eyelid of wild-type and
Cdh1GT/GT rescue embryos at 18.5 dpc. The arrows indicate the margin of the eyelid. (H) Sagittal sections of rescue embryos at 18.5 dpc were
stained with an anti-p190 antibody. The arrows indicate p190 staining in the central nervous system of Cdh1GT/GT embryos. Bars, 50 �m (D) and
100 �m (E).
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ubiquitination and degradation of p190, both in vitro and in
vivo (Fig. 5). Su et al. proposed that the reduction of endoge-
nous p190 levels during late mitosis is linked to completion of
cytokinesis. Cytokinesis is driven by an actin and myosin con-
tractile ring. Constitutive inhibition and activation of Rho
block cytokinesis, which suggests that a complex regulation of
Rho activity is required for the process (13). Constitutive over-
expression of p190 in breast cancer cells leads to multinucle-
ation, which is often caused by cytokinesis failure and is rem-
iniscent of the phenotype of Cdh1-null fibroblasts (15, 45).
Therefore, Cdh1 may regulate not only cell motility but also
cytokinesis via p190.

p190 has five D boxes and two KEN boxes (Fig. 4A), which
are degradation motifs that are recognized by APC/CCdh1 (35).
Our mutational analysis indicated that KEN and D boxes
within the MD region were relevant for the interaction with
Cdh1 (Fig. 4B). Cdh1 effectively stimulated ubiquitination and
subsequent degradation of p190 (Fig. 5). However, Cdh1
knockdown did not inhibit the ubiquitination of p190 com-
pletely (Fig. 5B and C), which suggests that several other
candidate E3 ligases, such as the Skp1-cullin-F-box complex,
may also be involved in the process. Thus, our results suggest
that APC/CCdh1 is a major, but not exclusive, E3 ligase for
p190. Further analysis will be required to explore the exact
molecular mechanism of control of p190 abundance.

All Rho isoforms (RhoA, -B, and -C) induce stress fiber
formation when overexpressed in fibroblasts (18). RhoB-null
and RhoC-null mice are viable and have no major develop-
mental defects (17, 26). The significance of RhoA in mamma-
lian development is unknown because of a lack of RhoA KO
mice (18). It is difficult at present to understand the develop-
mental role of Cdh1 in terms of its correlation with Rho as we
are unable to compare it with RhoA KO mice. Among the
various downstream effectors of Rho, ROCKs were the first to
be identified and appeared to mediate a significant proportion
of the Rho signals (2, 39). Therefore, comparison of
Cdh1GT/GT mice with ROCK-deficient mice may be useful for
the elucidation of the physiological roles of Cdh1. ROCK KO
mice have been generated, and the involvement of ROCK in
the developmental process has been analyzed (44, 49). Most
ROCK I
/
 mice die soon after birth, and homozygous em-
bryos exhibit failed eyelid and ventral wall closure (44). Most
ROCK II
/
 mice also exhibit embryonic lethality after 13.5
dpc and show defects in the placental labyrinth layer, with
disruptive architecture and extensive thrombus formation (49).
In the present study, the developmental failures observed in
Cdh1GT/GT embryos have many similarities with those of both
ROCK I
/
 and ROCK II
/
 mice. Cdh1 was highly expressed
in the labyrinth layer of the placenta, similarly to ROCK II (see
Fig. S3 in the supplemental material). A disorganized structure
and an increased frequency of thrombus formation were found
in the labyrinth layer of Cdh1GT/GT placenta (Fig. 7A and B).
Loss of Cdh1 leads to embryonic lethality because of placental
insufficiency at midgestation, which happens earlier than in
ROCK-null embryos (15, 24). One possible reason for these
differences in lethal timing is that ROCK KO mice have no
TGC abnormalities (44, 49). Both the labyrinth and the TGC
layer were compromised in Cdh1-deficient placentas, which
may cause a more severe phenotype than that of ROCK-null
embryos. We also confirmed the significance of the placenta in

Cdh1GT/GT embryonic lethality using tetraploid complementa-
tion rescue. This technique allowed Cdh1GT/GT embryos to
survive until birth; nevertheless, these embryos showed a de-
layed timing of eyelid closure compared with that of their
normal counterparts. Embryos derived from wild-type ES cell
aggregation resulted in delayed eyelid closure compared
with those derived from normal pregnancy (44); however,
Cdh1GT/GT embryos showed an even slower timing, which
seems to rule out the possibility of an effect of the artificial
defects of the delay associated with embryonic manipulation
(Fig. 7C to F). The p190 mRNA is expressed abundantly in the
central nervous system during mouse development (10). We
found that the p190 protein was highly expressed in the spinal
cord of Cdh1GT/GT embryos (Fig. 7H). Furthermore, the p190
protein also accumulated in epithelial cells of the eyelid of
Cdh1GT/GT mice (Fig. 7G), which supports our notion that
Cdh1 may modulate the RhoA/ROCK signaling axis via p190
regulation during mouse development.

In summary, our findings provided new insights into the
physiological roles of Cdh1. Cdh1 regulated Rho via a major
RhoGAP, p190. Therefore, Cdh1 participated not only in cell
cycle regulation but also in cell motility. Its functional interac-
tion with Rho provides a broader functional perspective of
Cdh1 under physiological and pathological conditions.
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