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Rho Exchange Factor ECT2 Is Induced by Growth Factors
and Regulates Cytokinesis Through the N-Terminal Cell
Cycle Regulator-Related Domains
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Abstract The ECT2 protooncogene plays a critical role in cytokinesis, and its C-terminal half encodes a Dbl
homology-pleckstrin homology module, which catalyzes guanine nucleotide exchange on the Rho family of small
GTPases. The N-terminal half of ECT2 (ECT2-N) contains domains related to the cell cycle regulator/checkpoint control
proteins including human XRCC1, budding yeast CLB6, and fission yeast Cut5. The Cut5-related domain consists of two
BRCT repeats, which are widespread to repair/checkpoint control proteins. ECT2 is ubiquitously expressed in various
tissues and cell lines, but elevated levels of ECT2 expressionwere found in various tumor cell lines and rapidly developing
tissues inmouse embryos. Consistentwith these findings, induction of ECT2 expressionwas observed upon stimulation by
serumor various growth factors. In contrast to other oncogeneswhose expression is induced early inG1, ECT2 expression
was induced later, coinciding with the initiation of DNA synthesis. To test the role of the cell cycle regulator/checkpoint
control protein-related domains of ECT2 in cytokinesis, we expressed various ECT2 derivatives in U2OS cells, and
analyzed their DNA content by flow cytometry. Expression of the N-terminal half of ECT2, which lacks the catalytic
domain, generated cells with more than 4N DNA content, suggesting that cytokinesis was inhibited in these cells.
Interestingly, ECT2-N lacking the nuclear localization signals inhibited cytokinesis more strongly than the derivatives
containing these signals. Mutational analyses revealed that the XRCC1, CLB6, and BRCT domains in ECT2-N are all
essential for the cytokinesis inhibition by ECT2-N. These results suggest that theXRCC1,CLB6, andBRCTdomains of ECT2
play a critical role in regulating cytokinesis. J. Cell. Biochem. 90: 819–836, 2003. Published 2003 Wiley-Liss, Inc.{
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The epithelial cell transforming gene 2
(ECT2) protooncogene was isolated from a
mouse epithelial cell line BALB/MK as a cDNA
clone, which confers transforming activity

in fibroblasts through an expression cloning
strategy [Miki et al., 1993]. The transforming
activity of ECT2 is activated by the truncation
of its N-terminal half. The C-terminal half
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of ECT2 contains Dbl homology (DH) and
pleckstrin homology (PH) domains, which are
found in guanine nucleotide exchange factors
of the Rho family of small GTP-binding pro-
teins. The Rho family of small GTPases,
represented by RhoA, Rac1, and Cdc42, func-
tion as molecular switches of diverse biolo-
gical functions, such as cytoplasmic actin
reorganization, cell motility, cell scattering,
cytokinesis, lymphocyte coaggulation, smooth
muscle contraction, and superoxide genera-
tion [Van Aelst and D’Souza-Schorey, 1997;
Hall, 1998]. The GTP-bound form of Rho
proteins is active, whereas the GDP-bound
form is inactive. Activation of the Rho proteins
is promoted by guanine nucleotide exchange
factors (GEFs), which catalyze the replace-
ment of bound GDP by GTP. The GTP-bound
form of Rho proteins can specifically interact
with their effectors or targets and transmit
signals to downstreammolecules. Rho proteins
are inactivated through the hydrolysis of
bound GTP to GDP by the intrinsic GTPase
activity, assisted through GTPase activating
proteins (GAPs).

We have shown that ECT2 catalyzes guanine
nucleotide exchange on RhoA, Rac1, and Cdc42
in vitro [Tatsumoto et al., 1999]. ECT2 is a
nuclear protein in interphase cells and then
disperses in the cytoplasm after nuclear mem-
brane breakdown. ECT2 is phosphorylated in
G2 and M phases of the cell cycle. In M phase,
ECT2 is localized in the mitotic spindle. During
cytokinesis, ECT2 is localized in the midbody.
Inhibition of the ECT2 function, either by
microinjection of affinity-purified anti-ECT2
antibody or expression of a dominant-negative
form of ECT2 (ECT2-N), strongly inhibits
cytokinesis. A Drosophila gene pbl, whose
mutation renders cells defective in cytokinesis
during embryogenesis, encodes an ECT2-
relatedprotein [Prokopenko et al., 1999]. There-
fore, ECT2 regulates cytokinesis from fly to
humans. The level of GTP-bound, active form of
Rho, does not change from S phase to prometa-
phase, but increases thereafter and reaches
to a peak at telophase. ECT2 appears to play
a critical role in the Rho activation during
cytokinesis, as a dominant negative ECT2
efficiently inhibits the elevation of active Rho
during cytokinesis [Kimura et al., 2000]. ECT2
expression is induced in regenerating mouse
liver after hepatectomy [Sakata et al., 2000].
Through somatic cell analysis and FISH, we

have mapped the human ECT2 gene to 3q26.1-
q26.2 [Takai et al., 1995].

In this report, we show high levels of ECT2
expression in various tumor cell lines and
rapidly proliferating cells in embryonic tissues.
Consistent with this finding, ECT2 expression
was regulated by serum and various mitogens.
We also report that cytoplasmic localization of
ECT2-N strongly enhances its activity to inhibit
cytokinesis. Finally, we found that the cell cycle
regulator-related domains are essential for the
inhibition of cytokinesis by ECT2-N.

MATERIALS AND METHODS

DNA Constructs

Human ECT2 cDNA was isolated from a B5/
589 human mammary epithelial cell cDNA
library using the mouse ect2 cDNA as probe.
The entire nucleotide sequence of the longest
cDNA insert (clone 1M) was determined. This
cDNA (4,349 nucleotides) contained a large
open-reading frame encompassing 2,649
nucleotides (882 amino acids) beginning with a
methionine coden at position 44S and ending
with a TGA termination coden at position 3091,
and was flanked by 50- and 30-untranslated
regions. The segment was degssiter GenBank
(Accession no. AY376439).

ECT2 N-terminal fragments were amplified
by PCR using ECT2 clone 1M as template and
subcloned between BamHI and EcoRI sites of
the mammalian expression vector pcDNA3
(Invitrogen, CA) or pCEV29F3 [Lorenzi et al.,
1999]. A small deletion was introduced in the
Clb6-homology domain ofECT2-N4bydigestion
with BspEI and EcoNI followed by blunt-end
ligation. The THL to AAA mutations in the
BRCT-1 and BRCT-2 domains were introduced
by PCR using mutant primers. pEGFP-C1 was
from Clontech, CA. All constructs generated by
PCR were sequenced to ensure no mutation
occurred except the designed mutations.

Cell Culture

U2OS cells were grown in modified McCoy’s
5A medium supplemented with 15% fetal bov-
ine serum. Other cell lines were maintained in
Dulbecco’s modified minimal essential medium
(Invitrogen, CA), supplemented with 10% fetal
bovine serum, 100 nM glutamine, and penicil-
lin/streptomycin in a humidified atmosphere
with5%CO2.For growth factor treatment,NIH/
3T3 mouse embryonic fibroblasts and Balb/MK

820 Saito et al.



mouse epidermal keratinocytes were switched
to serum-free medium [1:1 (v/v) mixture of
Dulbecco’s modified Eagle’s medium (DMEM)
and Ham’s F-12 medium, supplemented with
5 mg/ml transferrin and 30 nM Na2SeO3] and
incubated overnight. The growth factors used in
this study were all human recombinant pro-
teins. KGF and HGF/SF were purified as
previously described [Ron et al., 1993; Cioce
et al., 1996]. TGF-b was purchased from R&D
(Minneapolis, MN). EGF and IGF-I were from
Pepro Tech, Inc. (Rocky Hill, NJ). DNA synth-
esis was assessed by measuring 3H-thymidine
incorporation as described [Rubin et al., 1989].

Cell Cycle Analysis by Multi-Parameter
Flow Cytometry

Cells (106/dish) were seeded in 10-cm dishes
and cotransfected following day with 10 mg of
the indicated expression vector DNA and 1 mg of
the selection marker plasmid pcDNA3-CD56
[Saito et al., 1994]. At the indicated time points,
cells werewashed oncewith phosphate buffered
saline (PBS) and once with PBS containing
0.1% EDTA, and then incubated in PBS con-
taining 0.1% EDTA for 5 min at 378C to detach
from plates. The detached cells were collected
by centrifugation, resuspended in 100 ml of
medium containing 4 mg of ITK-2 (anti-CD56
antibody) [Saito et al., 1991], and then incu-
batedon ice for 30min.Afterwashing twicewith
medium, cells were incubated with FITC-
conjugated anti-mouse IgG (Roche, IN) on ice
for 20min, followed bywashing twice with PBS.
For cell cycle analysis, cells were fixed and
stained with propidium iodide. At least 5,000
of CD56 positive cells were analyzed by a flow
cytometer.

Immunoblot Analysis

Western blot analysis was performed with a
polyclonal rabbit ECT2 antibody as previously
reported [Tatsumoto et al., 1999]. Briefly,
membranes were first blocked with 5% non-
fat dry milk in PBS-Tween buffer (1.5 mM
NaH2PO4�H2O, 8 mM Na2HPO4, 0.15 M NaCl,
pH 7.4, 0.1% Tween-20), and rinsed in PBS-T.
Next, the membranes were stained for 90 min
at room temperature with a 1:2,000 dilution of
affinity purified anti-ECT2 antibody. In addi-
tion to ECT2, separatemembranes were probed
with a 1:2,000 dilution of a-tubulin antibody.
Bound antibody was detected by chemilumines-
cence using an ECL detection kit (Amersham).

In Situ Hybridization

In situhybridization, studies for the detection
of ect2 transcript were performed as describ-
ed [Fox and Cottler-Fox, 1993]. Briefly, 6-mm
sections of formaldehyde fixed liver from Balb/c
mice and 14-day-old embryos from C57BL/6
mice were prepared and mounted on silanized
slides. The slides were cleared and prehybri-
dizedwith 35S-labeled sense or antisense probes
prepared from ect2CL7 cDNA [Miki et al., 1993]
as template. Some of the sections were also
digested with proteases prior to hybridization.
The slides were washed, dried, and coated with
NBT2 Kodak emulsion. After 4-day exposure,
the slides were developed and stained with
hematoxylin and eosin. In all cases, background
levels were within the acceptable range. Slides
were examined with low power dark field and
bright field microscopy.

Serum Induction of ECT2 in T98G Cells

T98G (ATCC CRL-1690), a human glioblas-
toma cell line, was obtained from the American
Type Culture Collection (Manasas, VA) and
cultured in Dulbecco’s modified minimal essen-
tial medium (DMEM) (Invitrogen Corp., Carls-
bad, CA) supplemented with 10% fetal bovine
serum, 100 nM glutamine and penicillin/strep-
tomycin. For synchronization, T98G cells at
70% confluencewere placed inmedium contain-
ing 0.1% fetal bovine serum (FBS) for 72 h, then
split at the 1:3 ratio and released from starva-
tion arrest by the addition of FBS to a final
concentration of 10%. Progression through the
cell cycle was monitored by measuring DNA
content with flow cytometer as described.
Samples were harvested at the indicated
times and analyzed by Northern blotting with
ECT2-N4 cDNA probe or Western blotting
using anti-ECT2antisera, anti-cyclinB1 (Santa
Cruz, GNS1), anti-CDC2 (Santa Cruz, 17), and
anti-a-tubulin (Oncogene Research Products,
Ab-1).

RESULTS

N-Terminal Domain of ECT2 Is Related
to Cell Cycle Regulators

We isolated human ECT2 using murine ect2
cDNA as template (Fig. 1). The structure of
human ECT2 cDNA has been briefly reported
[Tatsumoto et al., 1999]. Comparison of human
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ECT2 with related molecules revealed that
murine ect2 is the most closely related molecule
(95% similarity, 84% identity at the amino acid
level), although the human clone contained

an additional stretch of 150 amino acids at its
N-terminus. T19E10.1b, an open-reading frame
identified by a Caenorhabditis elegans genome
project, and pebble [Prokopenko et al., 1999],

Fig. 1. Structure of human ECT2 protein deduced from the
cDNA sequence. A: Schematic representation of ECT2 protein.
BRCT, BRCA1 C-terminal repeat; CLB6, Cyclin B6 homology;
DH, Dbl homology; PH, pleckstrin homology, S, small central
domain.B: Comparison of amino acid sequences of ECT2 homo-
logs of different species. The predicted amino acid sequence of
human ECT2 (Hs) was compared with mouse Ect2 (Mm; [Miki
et al., 1993]), Drosophila Pbl (Dm; [Prokopenko et al., 1999]),
and C. elegans T19E10.1b (Ce; accession no. Z46795 ). Amino
acid residues identical to those of human ECT2 are shown in
bold. Amino acids are numbered from the first methionine coden

of human ECT2. ‘‘�,’’ not present in the sequence; ‘‘.,’’ a gap
introduced to maximize the alignment. The positions of the
BRCT1 and BRCT2 mutations are shown by ‘‘***’’ (see Fig. 9A).
C: Structural similarity of the N-terminal domain of ECT2 with
related proteins. The human Rad4-like gene (accession no.
D87448), C. elegans genes F37D6.1 (Z75540) and T19E10.1
(Z46795), and fission yeast Rad4/Cut5 (D16627), were first
identified as proteins related to the N-terminal domain of ECT2
using BLAST, and then aligned by PILEUP in the Wisconsin
package. Amino acid residues identical to those of human ECT2
are shadowed. Gaps are introduced to maximize the alignment.
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a recently identified Drosophila gene which
regulates cytokinesis, exhibited similarities
along with the entire coding sequence, suggest-
ing that these genes are C. elegans and Droso-
phila melanogaster orthologs of human ECT2,
respectively.
The N-terminal half of ECT2 was homologous

to several cell cycle control proteins.Aminoacids
76–139 exhibited homology to a yeast B-type
cyclin, Clb6 [Schwob and Nasmyth, 1993] (29%
identity, 54% similarity). This Clb6 homology
region is followed by another domain that con-
sists of two direct repeats and exhibits similarity
to a fission yeast cell cycle regulator, Rad4/Cut5
[SakaandYanagida, 1993].Rad4/Cut5 is requir-
ed for S phase entry as well as inhibition of M
phase entrybefore completion ofDNAsynthesis,
and plays a critical role in replication checkpoint
control [Saka et al., 1994]. The Cut5-homology

domain of ECT2 consisted of two BRCA1 C-
terminal (BRCT) repeats, which are widespread
inDNAdamage-responsive cell cycle checkpoint
or DNA repair proteins [Bork et al., 1997]. The
ECT2BRCTrepeatswerealso related to those of
the human topoisomerase II-binding protein
TopBP1 [Yamane et al., 1997] and a human
repair protein XRCC1 [Thompson et al., 1990].
Besides the BRCT homology, the very N-term-
inal region of ECT2 (amino acids 24–60) also
exhibited another homology to XRCC1, and this
region is designated XRCC1 homology domain
(Fig. 1A). In addition to these genes, three genes
identified by genome projects were found to
exhibit sequence similarity to the ECT2 N-
terminal domain (Fig. 1C). Among them, the
human Rad4-like gene (accession no. Z46795)
was most homologous to ECT2 in this region
(28% identity, 46% similarity) in an overlap to

Fig. 1. (Continued )

ECT2 Expression and Function 823



300aminoacids.AC.elegansgene identifiedbya
genomeproject, F37D6.1 (accessionno. Z75540),
also contained structural similarity with the N-
terminal regionofECT2.Theseresults indicated
that the combination ofXRCC1,Clb6- andRad4/
Cut5-homology domains are well conserved in
species and may exhibit cell cycle control func-
tions in these organisms.

ECT2 Is Expressed at High Levels
in Various Tumor Cells

To investigate the possible involvement of
ECT2 in human tumorigenesis, ECT2 expres-
sion in human tumor cell lines was examined by
Northern blot hybridization (Fig. 2A). RNAs
from normal cells, a human embryonic fibro-
blast cell line M426 and a breast epithelial cell
line B5/589, were included in each blot as con-
trols. The human ECT2 cDNA probe detected a
single message of 4.4 kb in normal as well as
tumor cell lines. Interestingly, the majority of
tumor cell lines showed higher ECT2 mRNA
expression than the normal cells. In particular,
liver, lung, bladder, and ovarian tumor cells
showed high levels of ECT2 expression. A lung
cancer cell line, A549, showed the highest ECT2
expression among all the cell lines tested.
Whereas, higher expression was found in many
tumor cells when compared to normal cells, no
significant change in the size of ECT2 tran-
scripts was observed. The cells showing higher
ECT2 mRNA expression levels were subjected
to Western analysis to test the protein expres-
sion levels. As shown in Figure 2B, several
tumor cell lines expressed ECT2 protein at
higher levels than normal fibroblasts (M426) or
epithelial cells (B5/589). The lung carcinoma
cell line, A549, which showed the highest ECT2
mRNA expression, also showed the highest
protein expression. Several cell lines including
HA188 (lung carcinoma), KATO III (gastric
carcinoma), SKLMS (leiomyosarcoma), A431
(epidermoid carcinoma), and C33A (cervical
carcinoma) also showed high levels of ECT2
protein expression. To test whether overexpres-
sion of ECT2 in these cells is attributed to gene
amplification, genomicDNAwas extracted from
A549, HA146, HA188, HA1182, SW1271, and
KATO III cells as well as B5/589 for a control.
The DNAs were digested withEcoRI orHindIII
and subjected to Southern analysis using ECT2
cDNAas probe. However, no alteration of inten-
sity or size of the bands was detected (data not
shown), indicating that the ECT2 overexpres-

sion isnot due to the amplification ofECT2 locus
in these cells.

ECT2 Is Expressed at High Levels in Rapidly
Proliferating Cells During Fetal Development

We previously reported that ect2 is expressed
in limited numbers of adult mouse organs
including kidney, liver, spleen, and testis and
isnot detected inbrain,heart, lung, and skeletal
muscle [Miki et al., 1993]. In order to determine
the tissue distributions of the ect2 transcripts
during embryonic mouse development, serial
sections of 14-day mouse embryo were exam-
ined by in situ hybridization. As shown in
Figure 3A, strong signal of ect2 mRNA was
detected in brain, specifically in ventricular
zone, olfactory lobe, and diencephalon.Ect2was
also expressed in hematopoietic organs such as
fetal liver and thymus, and proliferating epithe-
lial cells including nasal cavity and gut. More-
over, we found ect2 expression in primordia of
tooth, costal cartilage, heart, lung, and pan-
creas. No specific hybridization was seen using
sense strand probes (Fig. 3B). These results
indicate that ect2 mRNA expression occurs at
sites of active cell proliferation in thedeveloping
organism.

ECT2 Expression Is Induced From
S to M Phases by Serum

High level expression of ECT2 in tumor cell
lines and rapidly proliferating cells in embryo-
nic tissues suggested that ECT2 expression is
accompanied by rapid proliferation. Together
with the presence of cell cycle regulator homol-
ogy domains, ECT2 expression may be regu-
lated in a cell cycle specific manner. To test this
possibility, confluent monolayers of M426 lung
embryonic fibroblasts were cultured for 24 h
in serum-free medium and then switched to
culture medium containing 10% fetal bovine
serum. As shown in Figure 4A, whereas anti-
ECT2 stained serum-starved cells very faintly,
the strong signal was detected in the nuclei
of serum-induced cells. This staining was
efficiently blocked when the antibodies were
preincubated with recombinant ECT2 (data not
shown), indicating that the stainingwas specific
to ECT2.

To determine in which stages of the cell
cycle ECT2 is induced, we synchronized T98G
human glioblastoma cells and followed the
ECT2 expression in the cell cycle. As shown in
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Fig. 2. Expression of ECT2 in human tumor cell lines. A: ECT2
mRNA expression in human tumor cell lines. RNAwas extracted
from the indicated cell lines, separated on a formaldehyde gel,
and blotted onto amembrane. Each panel represents a single blot
and the RNAs from two normal cell lines,M426 (lung fibroblasts)
and B5/589 (epithelial cells), were included in each blot for
references. Theblotswere hybridizedwith a1.6-KbSalI fragment

containing the 30-half of the human ECT2 cDNA 1M as probe.
Equal loading of the RNA samples was confirmed by staining the
rRNA species. B: ECT2 protein expression in human tumor cell
lines. Lysates were prepared from the indicated cells, separated
by SDS–PAGE, and blotted onto a nitrocellulosemembrane. The
blots were probed with anti-ECT2 antibody and visualized by a
chemiluminescent system.
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Figure 4B, ECT2 expression is induced as early
as 6 h after serum addition, and reached to a
peak 27–30 h after induction. Flow cytometric
analyses indicated that the majority of the cells
were in S phase 24 h after induction, whereas
the percentage of cells in G2/M phases were the
highest 27–30 h after serum induction under
these conditions. These results suggest that
ECT2expression is induced at Sphase by serum
and reached to the maximum at late S phase
and G2/M phases. Examination of ECT2mRNA
revealed a similar expression pattern (Fig. 4C),

suggesting that ECT2 expression is regulated
at the transcriptional level.

ECT2 Expression Is Regulated
by Various Growth Factors

To further investigate the regulation ofECT2
expression during cell proliferation, we exam-
ined whether ECT2 is also induced by growth
factors.Wefirstmonitoredmouse ect2 in serum-
starved Balb/MK cells following the addition of
keratinocyte growth factor (KGF), an epithelial
cell-specific mitogen [Rubin et al., 1989]. In

Fig. 3. Expression of ect2mRNA inmouse embryos. A sagittal section of a 14-daymouse fetus was used to
hybridize with anti-sense strand (A) or sense strand (B) of the ect2 probe. B: br, brain; ol, olfactory lobe; hy,
hypothalamus; nc, nasal cavities; tp, tooth primordium; th, thymus; he, heart; li, liver; lu, lung; cc, costal
cartilage; pa, pancreas; gu, gut.

Fig. 4. Induction of ECT2 by serum. A: Immunocytochemical
detection of ECT2 before and after serum induction. M426 cells
were stained for endogenous ECT2 by anti-ECT2 antibodies
before and after serum-induction (upper panels). Nuclei of the
cells were also stained with DAPI (lower panels). Similar
experiments for NIH 3T3mouse embryonic fibroblasts exhibited
similar results. B: ECT2 protein expression in response to serum
stimulation. T98G cells starved in 0.1% FBS for 72 h were
stimulated to re-enter the cell cycle by the addition of fresh
medium containing 10% FBS. Samples were harvested at the

indicated time points, and analyzed byWestern immunoblotting
using the indicated antibodies. The blot was reprobed with anti-
a-tubulin antibody to confirm equal loading of cellular compo-
nents. A cell cycle profile is also shown, which contains
percentages of cells in G0/G1, S, and G2/M phases at each time
point obtained by flow cytometry. C: ECT2 mRNA expression in
response to serum stimulation. Total RNA was extracted at the
same time points as shown in (A) and analyzed by Northern
blotting using ECT2-N4 cDNAas probe. 28S ribosomal RNAwas
also detected for a loading control.
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Fig. 4.

ECT2 Expression and Function 827



serum-starved Balb/MK cells, the expression of
ect2 was barely detectable (Fig. 5A, left panel).
However, stimulation of Balb/MK by KGF re-
sulted in a gradual increase that reached a peak
after 48 h (9.7-fold increase when normalized
with GAPDH signals). Ect2 transcript was
induced by KGF at a concentration of 1 ng/ml
and increased in a dose-dependent manner
(Fig. 5A, right panel). A large induction of
�100 kDa Ect2 protein was observed in re-
sponse to KGF in a time- and dose-dependent
fashion (Fig. 5B). To determine in which phase
of the cell cycle Ect2 was induced, we measured
DNA synthesis following KGF treatment. The
onset of Ect2 induction by KGF coincided with
initiation of DNA synthesis determined by 3H-
thymidine incorporation (Fig. 5C). Similar to
the induction kinetics by serum induction, ect2
induction was reached themaximum level after
the peak of DNA synthesis.

To further test this correlation, we examined
the effect of transforming growth factor-b (TGF-
b) on Ect2 expression. Consistent with its anti-
proliferative activity on Balb/MK cells, TGF-b
did not promote Ect2 expression during 48 h of
treatment (Fig. 5D). Moreover, concomitant ex-
posure to KGF and TGF-b caused a delay in the
onset of Ect2 induction relative to the pattern
seen with KGF alone (compare Fig. 5D, lower
panel with Fig. 5A, left panel). A similar delay
was observed in the onset of DNA synthesis
(data not shown).

Another mitogen for Balb/MK, epidermal
growth factor (EGF), also exhibited a similar
effect on ect2 induction (Fig. 6A, lane 4). In
contrast, hepatocyte growth factor (HGF)/scat-
ter factor (SF) or insulin-like growth factor I
(IGF-I) did not induce ect2 expression signifi-
cantly even at higher concentrations than KGF
(lanes 5 and 6). However, when these growth
factorswere added together, they could potently
induce ect2 expression (lane 7). These results
were consistent with the observation that HGF/
SF and IGF-I are weak mitogens for Balb/MK
cells when tested separately, but have a potent
synergistic effect when used in combination
(Fig. 6B). Thus, therewas a correlation between
the stimulation of DNA synthesis and induction
of Ect2.

We also found that platelet-derived growth
factor (PDGF), the major mitogen in serum,
induced ECT2 expression in a time-dependent
manner (data not shown). Stimulation of fibro-
blasts with interleukin 1a, a cytokine with

potent proinflammatory activity, weakly ele-
vated ECT2 mRNA levels, but transforming
growth factor a (TGF-a), a mitogen with acti-
vities in fibroblasts and epithelial cells, caused
no significant variation in the levels of ECT2
mRNA (data not shown).

ECT2-N Expression Generates Cells
With High DNA Contents

We have previously shown that ECT2-N
can function as a dominant negative form of
ECT2 and inhibits cytokinesis to generate
multinucleate cells. To examine the inhibitory
effect of ECT2-N on cytokinesis in detail, we
utilized a flow cytometric analysis. U2OS cells
were transiently transfected with the ECT2-N4
expression vector (see Fig. 8A) together with an
expression vector for the membrane marker
protein CD56, and then DNA contents of CD56-
positive cells were analyzed by flow cytometry
(Fig. 7A). Vector alone or an expression vector
for p21WAF1 was used as controls. The vector
alone transfectants were detected as peaks of
cells with 2N and 4N DNA content, which re-
present G1 and G2 cells, respectively, whereas
the majority of p21WAF1 transfectants were in
the 2Npeak, indicating that these cells arrested
in G1. In contrast to the vector alone transfec-
tants, ECT2-N4-expressing cells exhibited a
higher population of 4N cells than that of 2N
cells. Moreover, 48 h after transfection, ECT2-
N4 transfectants also contained cells with DNA
contents higher than 4N, suggesting that these
cells contain multiple nuclei. Concomitant to a
decrease of the peaks of 2N and 4N cells of
ECT2-N4 transfectants 96 h after transfection,
an increase of the 8N and 16N peaks was
observed (Fig. 7A). These results suggest that
the accumulation of cells with 4N DNA content
was a transient event, and these 4N cells sub-
sequently became 8N and 16N cells. When
ECT2-N4 expressing cells were treated with
nocodazole, a microtubule de-stabilizing agent
which arrests the cells at M phase, the genera-
tion of cells with 8N DNA content by ECT2-N
expression was efficiently inhibited (Fig. 7B),
suggesting that 8N cells were produced from
4N cells through M phase progression without
cytokinesis. Similar effects of the expression
of ECT2-N4 were also observed in other cell
lines including HCT116, A549, and MCF7
(Fig. 8A), suggesting that the formation of cells
with higher DNA contents is not a cell line-
dependent event. ECT2-N4 was efficiently
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expressed in U2OS, HCT116, and A549
(Fig. 8B). In MCF7, ECT2-N4 expression was
lower than in other cell lines, and only a slight
increase of the 4N peak was observed. Expres-
sion of ECT2-F in U2OS cells also exhibited the
higher 4N peak than the 2N peak 48 h after
transfection (Fig. 7A), but cells with DNA

content of higher than 4N were not observed
96 h after transfection.

Cytoplasmic Localization of ECT2-N Stimulates
Multinucleate Cell Formation

Using the flow cytometric analysis, we exam-
ined the effects of various ECT2-N derivatives

Fig. 5. Induction of ect2 mRNA and protein in Balb/MK cells.
A (left panel): Expression of ect2mRNA after addition of KGF to
Balb/MK cells. Serum-starved Balb/MK cells were treated with
KGF (20 ng/ml) and then harvested at the indicated time points.
RNAs were analyzed by Northern blot hybridization with a
mouse ect2 cDNA as probe. GAPDH mRNA was monitored to
assure similar loading of samples. Shown is a representative
result of two independent experiments. Right panel: Dose-
response effect of KGF on ect2 mRNA expression. Quiescent
Balb/MK cells were treated with various concentrations of KGF
(0–10 ng/ml) for 30 h and ect2 transcript was analyzed by
Northern blot hybridization. B (left panel): Time course of Ect2

protein induction by KGF (10 ng/ml) in Balb/MK cells. Right
panel: Dose-dependent inductionof Ect2 protein byKGF inBalb/
MK cells. Molecular size is indicated at the right. C: Kinetics of
3H-thymidine incorporation in Balb/MK cells after treatment
with KGF (3 ng/ml). Mean values� SD of triplicate measure-
ments are shown. Shown is a representative result of two
independent experiments. D: Effect of TGF-b on ect2 mRNA
expression. Serum-starved Balb/MK cells were treatedwith TGF-
b (1 ng/ml) alone or KGF (10 ng/ml) plus TGF-b (1 ng/ml) for the
indicated time periods. RNAs were visualized by Northern blot
analysis with ect2 or GADPH cDNA probes. Shown is a
representative result of two independent experiments.
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on cytokinesis. ECT2 contains two putative
nuclear localization signals (NLSs) in a small
central region, designated the S domain
(Fig. 9A). We expressed ECT2-N derivatives as
green fluorescent protein (GFP)-fusion pro-
teins, and examined their subcellular localiza-
tion (Fig. 9B). ECT2-F and ECT2-N1, which
contain the intact S domain and thus both the
NLSs, were predominantly localized in the
nucleus. However, ECT2-N3, which contains
only one of the NLSs, exhibited cytoplasmic
localization, although the majority of the pro-
tein was still localized in the nucleus. In con-
trast to these proteins, ECT2-N4, which lacks
both the NLSs, was localized in the cytoplasm
as well as the nucleus. GFP alone was also
localized to both the cellular compartments.

To test whether the subcellular localization
affects the dominant negative effect of the
ECT2-N proteins, DNA content of the trans-
fectants was analyzed by flow cytometry as
described above. To avoid the effects of cellular
damage caused by transfection reagents, we
estimate DNA content 72–90 h after transfec-
tion. While ECT2-N1 and ECT2-N2 as well as
ECT2-F did not exhibit significant accumula-
tion of cells with higher DNA content, ECT2-N3
andECT2-N4 caused an increase of 4N cells and
appearance of 8N and 16N cells (Fig. 9A). The
effect of ECT2-N4 on the generation of multi-
nucleate cells was significantly higher than
ECT2-N3, supporting the correlation between
cytoplasmic localization and cytokinesis inhibi-
tion. The expression level of these GFP-ECT2
fusion proteinswas comparable (Fig. 9C). These
results suggest that cytoplasmic localization of
ECT2-N strongly enhances the ability of ECT2-
N to inhibit cytokinesis.

Cell Cycle/Repair Domains in ECT2-N Are all
Required for Efficient Cytokinesis Inhibition

We further tested which cell cycle/repair
domains in ECT2-N are responsible for cytokin-
esis inhibition. For this purpose, a deletion or
mutationwas introduced in each of the domains
in ECT2-N4, which exhibited a strong in-
hibitory effect on cytokinesis. Interestingly,
changes of the conserved amino acid residues
(THL to AAA) in either of the BRCT repeats of
ECT2-N4 efficiently abolished the appearance
of multinucleated cells (Fig. 9A), suggesting
that each of these repeats is essential for the
inhibition of cytokinesis. Additionally, ECT2-

Fig. 5. (Continued )

Fig. 6. Induction of Ect2 protein by growth factors. A: Im-
munoblot analysis of Ect2 in Balb/MKcells in serum freemedium
in the absence of growth factors (lane 1), or in the presence of
0.3 ng/ml KGF (lane 2), 10 ng/ml KGF (lane 3), 10 ng/ml EGF
(lane 4), 20 ng/ml HGF/SF (lane 5), 200 ng/ml IGF-I (lane 6), or
20 ng/ml HGF/SF plus 200 ng/ml IGF-I (lane 7). B: Stimulation of
DNA synthesis in growth factor-treated Balb/MK cells. Cultures
were treated with various mitogens as in (A). DNA synthesis was
measured by 3H-thymidine incorporation. Shown are the mean
values� SD of triplicate measurements from a representative
experiment. Two independent experiments were performed.
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N5, an ECT2-N4 derivative lacking the C-
terminal half of BRCT repeat 2, did not signi-
ficantly inhibit cytokinesis. Moreover, a small
internal deletion in the CLB6 domain or an N-
terminal deletion extending to the XRCC1
domain also abolished the ability of ECT2-N
to inhibit cytokinesis. In contrast, a small N-
terminal deletion (ECT2-N4DN),whichdoesnot
extend to the XRCC1 domain, did not affect the
activity. The expression level of these exogen-
ous proteins was comparable as detected by im-
munoblotting using anti-ECT2 antibody (data
not shown). These results strongly suggest
that all of the XRCC1, CLB6, BRCT-1, and

BRCT-2 domains play a crucial role in regulat-
ing cytokinesis.

DISCUSSION

Human ECT2 contains cell cycle regulator/
checkpoint control protein-related domains
in the N-terminal half. Drosophila Pbl and
C. elegans T19E10.1b proteins exhibited struc-
tural similarities to ECT2 in the entire stretch
of their open-reading frames, suggesting that
these are fly and worm orthologs, respectively.
These ECT2 orthologs, as well as human Rad4-
like (accession no. Z46795) and C. elegans

Fig. 7. Analysis of DNA content of U2OS cells expressing
ECT2.A: U2OS cells were transiently transfected with the empty
vector or the ECT2-N4 or p21WAF1 expression vector, together
with the CD56 expression vector. Transfectants were FACS-
sorted for CD56 marker expression and their DNA contents
analyzed following propidium iodide staining 48 h (upper
panels) or 96 h (lower panels) after transfection. B: U2OS cells

were transfectedwith the ECT2-N4andCD56 expression vectors
and cultured as above except that nocodazole was added at a
final concentration of 0.4 mg/ml, 18 h after transfection (þNCZ).
Transfectantswere FACS-sorted for CD56marker expression and
their DNA contents analyzed following propidium iodide
staining 72 h after transfection.
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F37D6.1 (accession no. Z75540) genes, contain
the BRCT repeats, which are also found within
many DNA damage repair and cell cycle check-
point control proteins [Bork et al., 1997]. BRCT
domains are 85–95 amino acid domains that
comprise several distinct clusters of conserved
hydrophobic amino acids that together form the
core of the BRCT fold [Huyton et al., 2000].

There is no invariant amino acid residue
throughout the whole BRCT superfamily and
this lack of sequence identitymakes recognition
of distant family members difficult. However,
the comparison of the domains among those
which are most homologous to ECT2 suggests
several conserved regions (Fig. 1C). The N-
terminal tandemBRCT repeats of Cut5 interact

Fig. 8. Analysis of DNA content of HCT116, A549, and MCF7
expressing ECT2-N.A: HCT116 (humancolon carcinoma), A549
(human lung carcinoma), and MCF7 (human mammary carci-
noma) cells were transfected with ECT2-N4 or vector alone

together with CD56, and analyzed as in the legend to Figure 1A,
96 h after transfection. B: Expression levels of endogenous ECT2
and exogenously expressed ECT2-N4 as detected by immuno-
blotting by anti-ECT2 antibody.

Fig. 9. Determination of the domains responsible for multi-
nucleate cell formation by ECT2-N. A: Structure of ECT2
derivatives and their ability to generate multinucleate cells.
Regions carried by ECT2 expression vectors are shownbelow the
schematic structure of ECT2. Location and amino acid sequence
of tandem NLSs are also shown. Numbers denote amino acid
numbers. X indicates location of mutations (THL to AAA). The
positionsof thesemutationsare also shownby ‘‘***’’ in Figure1B.
Multinucleate cell generation was estimated by flow cytometry
as in the legend to Figure 7.�,<5%;þ, 20� 50%;þþ,>50%of
8N and 16N cells in the CD56 positive cell population. B:

Subcellular localization of GFP-ECT2 fusion proteins. The
cDNAs were cloned in pEGFPC1 vectors and used to transfect
U2OS cells. Forty-eight hours after transfection, Hoechst 33342
dye was added to culture medium at a final concentration of
10 mM and cells were directly observed under the fluorescence
microscope and photographed. The GFP fusion proteins and
nucleus were visualized by green fluorescence and Hoechst
33342 (blue), respectively (magnification, 400�). Merged
images are shown at the bottom. C: Expression levels of GFP-
ECT2 fusion proteins. The fusion proteins were detected by anti-
GFP antibody.
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Fig. 9.
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with another checkpoint control protein Crb2,
which is closely related to the budding yeast
checkpoint control protein Rad9 [Saka et al.,
1997]. Since ECT2 BRCT domains are most
homologous to the N-terminal two BRCT re-
peats of Cut5 among the knownBRCTdomains,
ECT2 BRCT domains may also associate with
certain molecules such as checkpoint control
proteins to transmit the signals to downstream
molecules.

The BRCT repeats in ECT2 were also closely
related to those of the human repair protein
XRCC1 [Thompson et al., 1990] and human
topoisomerase II-binding protein TopBP1
[Yamane et al., 1997]. ECT2 also contains the
XRCC1-related domain besides the BRCT re-
peats (Fig. 1). Recently, it has been shown that
the Xenopus ortholog of human TopBP1 is in-
volved in initiation of DNA replication through
chromatin binding [Hashimoto and Takisawa,
2003]. A domain homologous to the yeast S
phase cyclin CLB6 was identified in ECT2
between the XRCC1 domain and the BRCT
repeats. The new type pair of yeast B-cyclins
CLB5 and CLB6 are involved in DNA replica-
tion [Schwob and Nasmyth, 1993]. An interest-
ing finding is that these cyclins are required for
premeiotic DNA replication and activation of
the meiotic S/M checkpoint [Stuart andWitten-
berg, 1998]. As ECT2 is localized in the nucleus
of interpahse cells [Tatsumoto et al., 1999],
ECT2 may function in DNA replication, repair,
and/or checkpoint control through the XRCC1,
CLB6, and BRCT domains.

ECT2 expression was markedly high in
mouse embryonic tissues containing rapidly
proliferating cells. Moreover, ECT2 is also ex-
pressed at high levels in various tumor cell
lines, which are also growing rapidly. Most of
the ovarian and bladder carcinomas examined,
exhibited elevated ECT2 expression. The ex-
pression level of ECT2 was highest in a lung
carcinoma cell line A549 and colon carcinoma
SW480. These results may indicate that ele-
vated ECT2 expression stimulates cell prolif-
eration. In contrast to the overexpression of
ECT2 in various tumor cell lines, there was no
evidence for structural alterations of the gene,
although more studies will be needed to solve
the question. Stimulation of resting cells to re-
enter the cell cycle by serum and growth factors
is followed by a rapid, and sometimes transient,
activation of a group of primary response genes,
whose expression is believed to initiate and to be

critical for the establishment of the cellular
responses to these stimuli. Our results demon-
strated that serum and several growth factors
promoted a significant elevation of ECT2 ex-
pression.Unlike immediate early genes that are
induced by serum at G1 phase, ECT2 induction
occurred in S phase and gradually increases
towards its maximum in G2/M. Increase of both
ECT2mRNAandprotein inS,G2, andMphases
of the cell cycle suggests a possible function of
ECT2 in these phases of the cell cycle. As the
present results support that ECT2 is a critical
regulator of cytokinesis, increased expression of
ECT2 inMphase is consistentwith its biological
function. However, induction of ECT2 is in
coincidence with the onset of S phase, suggest-
ing that ECT2 may have an additional function
in S phase. As discussed above, the BRCTmotif
provided impetus for the present study because
of the association of this domain with proteins
that participate in checkpoint control of the cell
cycle.

We examined the effect of ECT2-N on cell
division inU2OScells usingflowcytometry.The
majority of cells expressing ECT2-N were de-
tected as cells with 4N or higher DNA contents,
which is consistentwith theprevious result that
ECT2-N can function as a dominant negative
mutant and induces multinucleate cell forma-
tion [Tatsumoto et al., 1999]. Using this assay,
we found a correlation between cytoplasmic
localization of ECT2-N and inhibition of cyto-
kinesis. ECT2 disperses to the entire cells after
nuclear membrane breakdown and then accu-
mulates in themidbody [Tatsumoto et al., 1999].
To display the dominantnegative effect towards
cytokinesis, ECT2-N must compete with endo-
genous ECT2 for binding to the sites where
it regulates cytokinesis. When ECT2-N is pre-
sent in the cytoplasm before nuclear membrane
breakdown, it may pre-emptively occupy the
ECT2 binding sites, which will later become a
component of the regulatory site for cytokinesis.
Therefore, it is likely that ECT2-N derivatives
lacking NLSs can localize in the cytoplasm
before the endogenous ECT2 reaches to this
compartment, and therefore, can strongly dis-
play its dominant-negative effect to inhibit
cytokinesis.

Mutational analysis revealed that each of
XRCC1, CLB6, BRCT-1, and BRCT-2 domains
is required for the inhibitory effect ofECT2-Non
cytokinesis. Thus, these domains might play a
critical role to regulate cytokinesis by ECT2.
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The BRCT motif can function as a protein–
protein interaction site as discussed above.
Besides the BRCT domains, the XRCC1 homol-
ogy domain may also have such a function. The
CLB6 domain is homologous to a region of
budding yeast cyclin B6 between the cyclin box
and destruction box. This region may also func-
tion as a binding site to other proteins. Collec-
tively, the cell cycle/repair domains of ECT2
may function as the binding sites of upstream
signaling molecules and/or scaffold proteins,
which can determine the localization of ECT2
to the site where it regulates cytokinesis. As
N-terminal truncation of ECT2 activates its
transforming activity [Miki et al., 1993], ECT2-
N appears to interact with the catalytic domain
to negatively regulate the exchange activity.
Therefore, association ofECT2at itsN-terminal
domain with upstream molecules may activate
the exchange activity of ECT2 by dissolving the
negative regulation. Some of the upstream
molecules may localize at the site for cytokin-
esis. Thus, such a regulatory mechanism may
allowECT2 to activateRhoGTPases at a spatio-
temporal manner, which is required for the
precise control of cytokinesis. Further studies of
ECT2 and identification of its binding proteins
will clarify the molecular mechanisms of cyto-
kinesis as well as yet undiscovered functions
of ECT2.
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