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Accumulating evidence has shown that many molecules, including
some cyclin-dependent kinases (Cdks) and cyclins, as well as the
death-effector domain (DED)-containing FADD, function for both
apoptosis and cell cycle. Here we identified that DEDD, which also
possesses the DED domain, acts as a novel inhibitor of the mitotic
Cdk1/cyclin B1 complex. DEDD associates with mitotic Cdk1/cyclin
B1 complexes via direct binding to cyclin B1 and reduces their
function. In agreement, kinase activity of nuclear Cdk1/cyclin B1 in
DEDD-null (DEDD�/�) embryonic fibroblasts is increased compared
with that in DEDD�/� cells, which results in accelerated mitotic
progression, thus exhibiting a shortened G2/M stage. Interestingly,
DEDD�/� cells also demonstrated decreased G1 duration, which
perhaps enhanced the overall reduction in rRNA amounts and cell
volume, primarily caused by the rapid termination of rRNA syn-
thesis before cell division. Likewise, DEDD�/� mice show decreased
body and organ weights relative to DEDD�/� mice. Thus, DEDD is
an impeder of cell mitosis, and its absence critically influences cell
and body size via modulation of rRNA synthesis.
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Cell size control is tightly associated with cell cycle regulation.
The consensus is that cells predominantly increase their

volume during the G1 cell cycle phase (1–3). However, evidence
has demonstrated that a proper cell growth also undergoes
before cell division (4, 5), where rRNA and protein synthesis
achieve maximal activity. The duration of this period is defined
by the activation of cyclin-dependent kinase 1 (Cdk1)/cyclin B1
complexes, which is proceeded through dephosphorylation of
the inhibitory residues of Cdk1 and Tyr-15, and also Thr-14 in
higher eukaryotes, by the Cdc25 phosphatase family (4–10),
followed by translocation of Cdk1/cyclin B1 into the nucleus.
Thus, defects in Cdc25 genes delay mitotic entry, resulting in
increased cell size (11–13). In contrast, an inadequate duration
before division, due to aberrant phosphorylation of Tyr-15,
causes cells to enter mitosis before sufficient growth, resulting in
decreased size of the daughter cells (14–17). Interestingly, the
loss of Wee1-related kinases, responsible for phosphorylation of
Thr-14/Tyr-15, causes premature cell division in yeast, Xenopus,
or Drosophila cells, but not in higher mammalian cells (4, 5, 9, 10,
15–18). This suggests the presence of alternative mechanism(s),
which may also influence cell size, particularly in mammalian
cells. However, the responsible mechanisms have remained
unclear.

Linkage of cell cycle and apoptosis has been recognized for
many molecules, including some Cdks and cyclins (19, 20).
Recently, it was also demonstrated that the death-effector
domain (DED)-containing molecule FADD regulates mitosis
(21). The DED domain of �80 amino acid residues is well
conserved in various death-inducing proteins (22–24). The DED
of FADD recruits two DED-containing caspases, caspase-8 and
caspase-10, to form the death-inducing signal complex, thereby
initiating apoptosis (23–30). Although the DEDs have no enzy-

matic function, they link participants in a signaling chain through
homotypic interactions (31). A DED domain is also present in
the N terminus of the DEDD molecule (32). DEDD is localized
to the nucleus, with a strong accumulation at the nucleoli,
consistent with the presence of multiple nuclear localizing
sequences (32). In vitro binding analysis showed DEDD can also
associate with FADD or caspase-8/10 via DEDs. Overexpression
studies have suggested a weak proapoptotic effect for DEDD;
however, the physiological role of DEDD has remained unelu-
cidated until now (32, 33).

In this study we found that DEDD in fact inhibits the activity
of Cdk1/cyclin B1 complexes subsequent to their translocation
into the nucleus. This finding proposes a novel impeditive
mechanism of Cdk1/cyclin B1 activity within the nucleus, inde-
pendent of its activation through phosphorylation and dephos-
phorylation of the inhibitory residues in the cytoplasm. We also
suggest that this DEDD-mediated decrease of the Cdk1/cyclin
B1 activity extends the progression of mitosis and thus appears
to play a role in cell size regulation before cell division.

Results
Normal Apoptosis Responses but Shortened Mitotic Progression in
DEDD�/� Cells. To investigate physiological roles of DEDD, we
created DEDD�/� mice [supporting information (SI) Fig. 5A] and
first compared the induction of apoptosis in primary and 3T3 mouse
embryonic fibroblast (MEF) cells generated from mutant and
control wild-type mice. Complete lack of DEDD expression was
confirmed by Northern blot analysis of RNA from those cells (SI
Fig. 5B). In contrast to previous overexpression studies, apoptosis
induction was unaffected in DEDD�/� cells: activation of caspase-3
and caspase-8 in response to CD95 ligation, TNF�, or staurospor-
ine was comparable in mutant and wild-type cells (SI Fig. 6 A and
B). Also, both types of cells harbored similar proportions of
TUNEL-positive apoptotic or propidium iodide-stained dead cells
after induction of apoptosis (SI Fig. 6 C and D).

Interestingly, however, the proliferative status of DEDD�/�

MEF cells was notably increased compared with DEDD�/� cells
(Fig. 1A, WT and KO). The doubling time was 45.8 � 6.5 h in
WT cells and 37.5 � 2.5 h in knockout (KO) cells (n � 9 each).
The acceleration in proliferation was solely mediated by DEDD
deficiency, because reexpression of mouse DEDD in mutant
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cells tempered the phenotype (Fig. 1 A, KO�DEDD 1 and 2).
BrdU incorporation analyses revealed a specific decrease in the
proportion of cells at the G2/M fraction in DEDD�/� MEF cells.
Reexpression of DEDD in DEDD�/� cells specifically increased
the G2/M fraction (Fig. 1B Upper and first three lanes of Lower),
indicating that the change in G2/M fraction in DEDD�/� cells
was solely mediated by DEDD deficiency. Similarly, in 293T
cells, overexpression of DEDD enlarged the proportion of G2/M
(Fig. 1B, last two lanes of Lower). We measured the actual length
of each cell cycle stage based on both the doubling time and the
proportion of each cell cycle stage obtained through the BrdU
incorporation analysis. As displayed in Table 1, the comparative
difference (% ratio) between DEDD�/� and DEDD�/� cells or
between DEDD�/� and DEDD-transfected DEDD�/� cells was
most striking for G2/M, although the actual length of G1 was also
shortened. In addition, the length of early and late mitosis stages
(before and after the metaphase) in DEDD�/� and DEDD�/�

cells was investigated by counting mitotic index in asynchronous
cells, which was estimated based on the morphology after the
DNA staining with 7-amino-actinomycin D, and then multiply-
ing the percentage of cells in early or late mitosis by the cell cycle
length. As also shown in Table 1, in DEDD�/� cells the early
mitosis stage (before the metaphase) was most profoundly
shortened. When the mitotic index was analyzed after synchro-
nizing MEF cells in G1 via starvation, the decrease after the peak
in the percentage of cells in mitosis was accelerated in DEDD�/�

cells compared with control DEDD�/� cells (SI Fig. 7), indicat-
ing that the M phase rather than the G2 phase is shortened in the
absence of DEDD. This result is consistent with the data above

(presented in Table 1) observed using asynchronous cells. Again,
DEDD�/� cells complemented with DEDD expression revealed
a similar profile of the mitotic index with that of wild-type cells
(SI Fig. 7).

DEDD Associates with Mitotic Cdk1/Cyclin B1 Complexes. Progression
of mitosis is promoted by the many protein phosphorylation
events mediated by the Cdk1/cyclin B1 complex that translocates
into the nucleus, after being activated through dephosphoryla-
tion at Thr-14 and Tyr-15 inhibitory residues of Cdk1 (6–8). As
depicted in Fig. 2A, DEDD protein is present in the whole
nucleus during the early mitosis. Therefore, we next assayed
possible interactions between DEDD and Cdk1/cyclin B1. Sig-
nificantly, an anti-Cdk1 antibody coprecipitated Flag-tagged
DEDD and cyclin B1 together with Cdk1, from lysates of
Flag-DEDD transfected 293T cells that were enriched at the G2
and M phases (8 h after release from the double-thymidine
block) (Fig. 2B, second lane). This result indicates that DEDD
associates with the Cdk1/cyclin B1 complex. Equivalent levels of
DEDD were also coprecipitated with Cdk1/cyclin B1 in cells
arrested at metaphase by a nocodazole treatment (Fig. 2B, third
and fourth lanes). In addition, association of endogenous DEDD
with Cdk1/cyclin B1 was also confirmed by generating a new
polyclonal antibody against DEDD. As demonstrated in Fig. 2C,
association of endogenous DEDD with Cdk1/cyclin B1 was
observed at G2/M (second lane) or metaphase (fourth lane) after
the immunoprecipitation of the complex using an anti-cyclin B1
antibody. At the postmitotic G1 phase, association of Cdk1 with
either the endogenous DEDD or cyclin B1 was diminished (third

Fig. 1. Accelerated mitotic progression in DEDD�/� MEF cells. (A) Proliferation of 3T3 MEF cells. Cell numbers are plotted each day after the initial plating of
105 cells in a 10-cm-diameter plate. WT, DEDD�/�; KO, DEDD�/�; KO�DEDD 1 and 2, two clones of DEDD�/� cells transfected with DEDD. Data are averages of
triplicates. Error bars indicate SEM. (B) BrdU incorporation analysis. (Upper) BrdU/7-amino-actinomycin D FACS profiles of WT, KO, and KO�DEDD cells. (Lower)
First three lanes, various types of 3T3-MEF cells; last two lanes, 293T cells with or without DEDD overexpression.

Table 1. Actual length of each cell cycle phase

Cell type WT, h KO, h
KO �

DEDD, h
KO/WT

� 100, %
KO � DEDD/KO

� 100, %

Doubling time 45.8 � 6.5 37.5 � 2.5 50.8 � 7.2 81.0 135
G1 29.2 � 4.6 25.1 � 3.2 28.4 � 4.1 85.9 111
S 9.1 � 1.9 8.6 � 1.1 10.8 � 1.0 94.5 126
G2/M 7.5 � 0.5 3.8 � 0.3 12.1 � 2.0 50.7 312
Mitosis

Whole 5.9 � 0.4 2.9 � 0.3 ND 49.2 ND
Early 3.8 � 0.8 1.6 � 0.2 ND 42.1 ND
Late 2.1 � 0.5 1.3 � 0.4 ND 61.9 ND

G2 1.6 � 0.4 0.9 � 0.3 ND 56.3 ND

Data are averages from nine different experiments � SEM.
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lane), clearly indicating that the Cdk1/cyclin B1/DEDD complex
is specifically present before cell division. Previous reports
suggested that the nuclear localization of DEDD depends on
caspase activation following induction of apoptosis (32, 33).
Therefore, we tested whether the interaction between DEDD
and the nuclear Cdk1/cyclin B1 is diminished in the presence of
the pan-caspase inhibitor, z-VAD. The z-VAD, however, did not
influence the association of DEDD with Cdk1/cyclin B1 within
the nucleus (Fig. 2D), indicating that DEDD is constitutively
located in the nucleus under nonapoptotic circumstances. Fur-
thermore, in vitro analysis using recombinant proteins revealed
that DEDD bound to cyclin B1, but not to Cdk1 (Fig. 2E). Thus,
DEDD associates with the Cdk1/cyclin B1 complex via a direct
binding to cyclin B1. To test whether the DED domain of DEDD
is needed to couple DEDD with cyclin B1, we created DEDD
variants, containing either only the DED domain (N-DEDD) or
the COOH-region without the DED domain (C-DEDD), and
compared the binding to cyclin B1 of these DEDD truncated
mutants with that of full-length DEDD (F-DEDD). In vitro
binding assays revealed that C-DEDD, but not N-DEDD, binds
to cyclin B1 like F-DEDD, clearly indicating that the DED

domain is not involved in the association of DEDD with
Cdk1/cyclin B1 (Fig. 2F). In addition, because it was demon-
strated that DEDD interacts with FADD through homophilic
association via the DED domains (32), and that FADD also
appears to play a role in mitosis (21), we tested whether FADD
also participates in the Cdk1/cyclin B1/DEDD complex during
mitosis. However, no detectable FADD was coprecipitated with
Cdk1/cyclin B1/DEDD in cells arrested at metaphase by no-
codazole treatment (Fig. 2G).

Association of DEDD Decreases the Kinase Activity of Cdk1/Cyclin B1
Complexes and Thereby Controls rRNA Synthesis. We then asked
how the association of DEDD influences the function of Cdk1/
cyclin B1. We first assessed the kinase activity of DEDD-bound
Cdk1/cyclin B1 on histone H1. DEDD-bound Cdk1/cyclin B1
was precipitated from the nuclei of 293T cells overexpressing
Flag-tagged DEDD, using an anti-Flag antibody (Fig. 3A, second
lane). Cdk1/cyclin B1, immunopurified from the nuclei of non-
transfected 293T cells with antibodies against either Flag (Fig.
3A, first lane), or cyclin B1 (Fig. 3A, third lane), were used, as
negative and positive controls, respectively. DEDD-bound Cdk1/

Fig. 2. DEDD associates with the Cdk1/cyclin B1 complex. (A) 293T cells expressing Flag-DEDD were synchronized and cytostained for DEDD (green) and
7-amino-actinomycin D (red) at indicated cell cycle phases. Subphase during mitosis was judged by the morphology of cells and DNA (chromosome). Non-TF,
nontransfected 293 T cells; Int, interphase; Pro, prophase; Pro-meta, prometaphase. (B) In vivo binding assay. Flag-DEDD protein was coimmunoprecipitated (IP)
with endogenous Cdk1/cyclin B1 from Flag-DEDD transfected 293T cells synchronized at G2/M (second lane) or at metaphase (third lane). As a control,
nontransfected 293 cells at the G2/M phase (first lane) were analyzed. Cells at metaphase were also used for immunoprecipitation using an anti-cyclin B1 antibody
(fourth lane) or a control rabbit IgG (fifth lane). Precipitates were analyzed by Western blotting using antibodies against Flag (FL), cyclin B1 (CyB1), or Cdk1. (C)
Association of endogenous DEDD with Cdk1/cyclin B1 complexes. Precipitates by an anti-Cdk1 antibody from cell lysates of wild-type (nontransfected) 293T cells
synchronized at G2/M (second lane), postmitotic G1 (third lane), or metaphase (fourth lane) were tested by Western blotting using antibodies against DEDD (Top),
cyclin B1 (Middle), or Cdk1 (Bottom). As a control, asynchronous 293T cells were analyzed (first lane). Precipitates with a control rabbit IgG from cells at metaphase
were also Western-blotted (fifth lane). The anti-human and anti-mouse DEDD polyclonal antiserum was newly generated by immunizing rabbits with a
KLH-conjugated DEDD peptide (CPDLVDKYLEETSIRYVT). (D) Pan-caspase inhibitor z-VAD does not inhibit Cdk1/cyclin B1/DEDD complex formation. 293T cells
with (second and third lanes) or without (first lane) Flag-DEDD transfection were arrested at metaphase. A proportion of transfected cells were also incubated
with 50 �M of z-VAD-fmk (Biovision) for the last hour (third lane). Cdk1/cyclin B1/DEDD complexes were immunoprecipitated by using an anti-Flag antibody.
Precipitates were analyzed by Western blotting for Cdk1 (Upper) or Flag-DEDD (Lower). (E) In vitro binding assay using purified Flag-tagged DEDD, HA-tagged
Cdk1, and GST-cyclin B1 fusion protein. A prey protein was pulled down by either type of bait protein. As controls, prey proteins were also incubated in the
absence of the respective bait protein, followed by precipitation (Bait: �). Precipitates were analyzed by Western blotting (WB) using antibodies against Flag
(FL; for DEDD), HA (for Cdk1), or GST (for cyclin B1). (F Top) Schematic showing of the structure of F-DEDD, N-DEDD, and C-DEDD. Light blue region, nuclear
localizing sequences; black region, DED domain; orange region, proline-rich region. Numbers indicate amino acids starting from the first methionine. (F Middle
and Bottom) Binding assay of the F, N, and C-DEDD to GST-cyclin B1. Flag-tagged DEDD variant proteins (baits) were purified from 293 T cells overexpressing
the respective proteins and incubated with GST-cyclin B1 (prey), followed by a pull-down. Precipitates were analyzed by Western blotting, either for binding
using an anti-GST antibody (Middle) or for bait proteins using an anti-Flag (FL) antibody (Bottom). As a control, the prey protein, GST-cyclin B1, was also loaded
on the gel and Western-blotted with the anti-GST antibody (WB: GST, fifth lane). The N-DEDD protein appeared to yield dimers due to homotypic interactions
(31) (indicated by an arrowhead in Bottom). (G) FADD does not associate with the Cdk1/cyclin B1/DEDD complex. The Cdk1/cyclin B1/DEDD complex was
immunoprecipitated from nocodazole-treated 293T cells with (second lane) or without (first lane) Flag-DEDD transfection by using an anti-Flag antibody.
Precipitates were analyzed by Western blotting for FADD (first panel), Cdk1 (second panel), or Flag-DEDD (third panel).
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cyclin B1 apparently harbored much less kinase activity. More
directly, the kinase activity of Cdk1/cyclin B1 isolated from
DEDD�/� cells (DEDD-free Cdk1/cyclin B1) was decreased by

the presence of recombinant DEDD (GST-DEDD) protein in a
dose-dependent manner when tested using histone H1 (32 kDa)
as a substrate (Fig. 3B). Note that GST-DEDD itself (60 kDa;
indicated in Fig. 3B) was not phosphorylated. One of the
prominent mitotic events mediated by Cdk1/cyclin B1 is the
phosphorylation of TAFI95, which represses RNA polymerase I
(Pol.I) transcription, and thus silences the rRNA synthesis,
leading to termination of protein production before cell division
(34, 35). Because this event undergoes at nucleoli, where DEDD
protein is also strongly present (refs. 32 and 33, and also apparent
in Fig. 2 A), we monitored whether recombinant DEDD can
prevent the Cdk1/cyclin B1-mediated Pol.I transcription repres-
sion in vitro. Consistent with the decrease in kinase activity of
Cdk1 in the presence of DEDD (shown in Fig. 3 A and B),
recombinant GST-DEDD, but not GST, significantly increased
transcription of Pol.I in the presence of Cdk1/cyclin B1 (Fig. 3C).
Comparative analysis of DEDD�/� and DEDD�/� cells further
supported these data. Cdk1/cyclin B1 isolated from DEDD�/�

MEF cell nuclei phosphorylated histone H1 and the TAFI95
more efficiently than that obtained from DEDD�/� cell nuclei
(Fig. 3D). Consistent with the increased kinase activity on
TAFI95 in DEDD�/� cells, levels of both 28S and 18S ribosomal
RNA (rRNA) were decreased in DEDD�/� compared with
control DEDD�/� cells, reflecting an accelerated termination of
rRNA synthesis (Fig. 3E). In line with this, DEDD�/� cells
contained less protein per cell (0.8 � 0.1 mg/106 WT cells vs.
0.3 � 0.05 mg/106 KO cells; n � 8). Interestingly, evaluation of
Cdk1 in DEDD�/� and DEDD�/� cells revealed comparable
levels of Cdk1 phosphorylation at Thr-14 and Tyr-15 inhibitory
residues (Fig. 3G). Phosphorylation of Thr-161, a hallmark of
active Cdk1 (6, 7), was also equivalent in mutant and wild-type
cells (Fig. 3F). Likewise, overexpression of DEDD in 293T cells
did not change phosphorylation status at any of these three
amino acids (Fig. 3F Right). Thus, the decrease in Cdk1/cyclin B1
activity mediated by DEDD is not through modulation of
phosphorylation status of Cdk1.

Lack of DEDD Did Not Influence rRNA Synthesis Rates During the G1

Phase. Because the length of G1 was also decreased in DEDD�/�

cells, we asked whether DEDD might control rRNA synthesis
rates during the G1 phase, in a manner independent of the
Cdk1-TAFI95 pathway undergoing at the G2/M. To this end, we
analyzed the 45S pre-rRNA synthesis (34, 35) in mutant and
wild-type cells that were enriched in G1, by both Northern
blotting and quantitative RT-PCR. As shown in Fig. 3G, the
amount of pre-rRNA was not significantly different in DEDD�/�

and DEDD�/� cells enriched in G1. This result suggests that the
rates of rRNA synthesis appeared to be comparable in
DEDD�/� and DEDD�/� cells. In addition, we investigated the
interaction of DEDD with the Cdk2/cyclin complexes that
control G1 progression (36, 37). However, an anti-Flag antibody
did not coprecipitate Cdk2 from lysates of asynchronous Flag-
DEDD transfected 293T cells (containing a �50% proportion of
G1 cells), excluding the possibility of an association of DEDD
with the Cdk2/cyclin complexes (SI Fig. 8A). Furthermore,
phosphorylation of Thr-160 of Cdk2 was at similar levels in
DEDD�/� and DEDD�/� cells, indicating the activity of Cdk2
was not altered by the lack of DEDD (SI Fig. 8B). In addition,
the expression levels of Cdk inhibitors, p21CIP1 and p27KIP1,
which are mainly involved in the regulation of G1/S transition via
inhibiting Cdk2 activity (38), were similar in DEDD�/� and
DEDD�/� cells when tested by RT-PCR (SI Fig. 8C).

Lack of DEDD Reduced Size in Both Cells and Mice. Consistent with
the less rRNA and protein (39, 40), DEDD�/� cells were smaller
in size than DEDD�/� cells by FACS analysis (a 20–25%
reduction in the average size in both forward- and side-scatter
parameters; Fig. 4A). Forced expression of DEDD increased

Fig. 3. Association of DEDD reduces kinase activity of the Cdk1/cyclin B1
complex. (A) Kinase activity on the histone H1 substrate. Activities were normal-
ized by the amount of precipitated Cdk1 (Western blotting; Lower). The negative
control (first lane) revealed an invisible level of Cdk1 but a background level of
activity. (B) DEDD-free Cdk1/cyclin B1 was immunopurified from DEDD�/� MEF
cells by using an anti-cyclin B1 antibody. The kinase activity of the precipitate on
the histone H1 substrate was assayed in the presence of different amounts of
GST-DEDD (0, 100, and 200 ng) or GST (100 and 200 ng) protein. Fold increase
indexes compared with the signal that was obtained without GST-DEDD or GST
protein are displayed. The intensities of the signals were quantified by using
image analysis software (NIH Image 1.63). No phosphorylation of GST-DEDD (60
kDa, size indicated) was detected. (C) Addition of recombinant GST-DEDD stim-
ulates Pol.I transcription in vitro. Comparable amounts of GST-DEDD (second to
fifth lanes) or GST alone (sixth to eighth lanes) were added to a fractionated
murine nuclear extract (DEAE-280) from DEDD�/� MEF cells containing Cdk1/
cyclin B1 complexes, and Pol.I transcription was initiated in the presence of
nucleotides and linearized template DNA (34, 35). Radiolabeled runoff tran-
scripts were separated on polyacrylamide gels and quantified by using a Phos-
phorImager. Fold stimulation indexes compared with the signal that was ob-
tained without GST-DEDD or GST protein are displayed. Three independent
experiments were performed and revealed similar results. (D Left) Kinase activity
assay of Cdk1/cyclin B1 precipitated from DEDD�/� (�/�) or DEDD�/� (�/�) 3T3
MEF cell nuclei using histone H1 (Top) or TAFI95 as substrate (Middle). Western
blotting for the precipitated Cdk1 is shown in Bottom. (D Right) The relative
activities in�/�cells (bluebars) tothose in�/�cells (redbars)arepresented.Data
are averages � SEM of three independent assays. (E) The rRNA levels. (Left) Total
RNAfrom5�105 DEDD�/� (�/�)andDEDD�/� (�/�)3T3MEFcellswasseparated
on an agarose gel. (E Right) Absolute amounts of 28S and 18S rRNA per 106 cells.
Means � SEM are presented. (F) Phosphorylation status of Cdk1. Cdk1 was
immunoprecipitated either from DEDD�/� (�/�) or DEDD�/� (�/�) 3T3 MEF cells
(first two lanes), 293T or 293T cells with DEDD transfection (293�DEDD) (third
and fourth lanes), and the phosphorylation of the Thr-14/Tyr-15 (Top) and the
Thr-161 (Middle) residues were analyzed by Western blotting. Data were nor-
malized to the precipitated Cdk1 amounts (Bottom). (G) The pre-rRNA synthesis.
DEDD�/� (�/�) and DEDD�/� (�/�) 3T3 MEF cells were enriched at G1 by serum
starvation. Total RNA isolated from 5 � 105 G1-enriched cells, as well as from
asynchronous cells as a control, was analyzed for 45S pre-rRNA by Northern
blotting by using a mouse rDNA (from �168 to � 158) fragment as a probe
(Upper). The amount of 45S pre-rRNA was also analyzed by quantitative RT-PCR.
Data are described as relative amounts of 45S pre-rRNA normalized to 36B4
mRNA (Lower). Means � SEM of three independent analyses are presented.
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DEDD�/� cell volume in the FSC/SSC profile (Fig. 4B). Like-
wise, DEDD�/� mice revealed overall decrease in body size and
weight (Fig. 4 C and D). Notably, the size and weights were
decreased in all organs of DEDD�/� mice (Fig. 4E), although the
cell number was not reduced, at least in organs where cell
numbers were countable. Furthermore, the density of cells was
increased in organs, such as liver and kidney, in DEDD�/� mice
(Table 2). In consistent, the saturation density of cultured
DEDD�/� MEF cells was also higher than that of DEDD�/�

cells, at a confluent stage (Table 2). All of these results may
support the idea that the smaller size of DEDD�/� mice (in both
organs and bodies) appears to be due to the reduction in size in
DEDD�/� cells. Nevertheless, the size of single-cell in those
organs was variable in different mice of the same genotype when
assayed by histology or FACS, and thus its difference between
DEDD�/� and DEDD�/� mice was not significant (data not
shown). Therefore, it may not mutually be excluded that this
phenotype in DEDD�/� mice could derive from unknown
cellular or physiological defects (e.g., certain change of meta-
bolic status) because of loss of DEDD and are not necessarily cell
autonomous. It is noteworthy, however, that levels of blood
glucose, various hormones, and growth factors involved in body
growth regulation were in the normal ranges in DEDD�/� mice
(SI Table 3).

Discussion
Our current findings suggest that two distinct mechanisms for the
modulation of Cdk1/cyclin B1 activity exist before cell division.
The first checkpoint, the well established inactivation and reac-
tivation of Cdk1 by phosphorylation at Thr-14 and Tyr-15, occurs
in the cytoplasm and involves a variety of protein kinases and
phosphatases (4–10). The novel subsequent inhibition occurs in
the nucleus and is executed via the direct association of DEDD
with Cdk1/cyclin B1. Decrease in kinase activity of mitotic
Cdk1/cyclin B1 caused by binding of DEDD to cyclin B1 impedes
the progression of mitosis, in turn promoting cell growth before
cell division. The functional inhibition of Cdk1/cyclin B1 activity
by DEDD appears to be specific for mammalian cells, because
DEDD (or DEDD homologues) have not been found in data-
bases for lower eukaryotes. This is also consistent with the fact
that cell growth before cell division is not significantly affected
by the loss of Wee1-related kinases, responsible for phosphor-
ylation of Thr-14/Tyr-15, in higher mammalian cells (4, 5, 9, 10,
14–18).

It is interesting that, in DEDD�/� cells, the length was
decreased not only in mitosis but also in the G1 phase (where
Cdk1/cyclin B1 is not involved) during cell cycle. The lack of
DEDD did not change the activity of Cdk2, or the expression
levels of p21CIP1 or p27KIP1, and, thus, the precise mechanism of
how the lack of DEDD influenced the length of G1 is yet
unknown. Beside the fact that DEDD is a bona fide inhibitor of
Cdk1/cyclin B1 during the mitosis, the effects of DEDD muta-
tion on multiple cell cycle stages may raise the possibility of
certain additional effects of DEDD, which lead indirectly to cell
cycle effects. Although the rate of rRNA synthesis during the G1
was not changed (as presented in Fig. 3G), the shortened G1
phase may result in further reduction in the total amount of
rRNA in DEDD�/� cells, because rRNA is also actively pro-
duced during G1 (1–3). This, in addition to the effect during early
mitosis, may highlight the reduction of rRNA levels as one of the
most striking phenotypes for DEDD�/� cells. In the yeast, it is
indeed well known that the efficiency of ribosome synthesis is
intimately connected with the cell division machinery (41–43).
This possibility of alternative effect of DEDD deficiency might
solve the difficulty in reconciling the short amount of time that

Fig. 4. Lack of DEDD reduces size in cells and mice. (A Left and Center) Representative FSC/SSC profiles of DEDD�/� (WT) and DEDD�/� (KO) MEF cells. (A Right)
The FSC and SSC of DEDD�/� cells (blue bars) relative to those of DEDD�/� (red bars) cells. (B) The FSC and SSC of DEDD�/� cells transfected with DEDD (green
bars) relative to those of DEDD�/� (blue bars) cells. Data are averages from three different lines for each type of cell. Error bars indicate SEM. (C) Mouse photo
showing DEDD�/� (on the top) and DEDD�/� (on the bottom) mice. Both mice were 6 weeks of age and had been backcrossed to B6 for 10 generations. (D) Body
weights. Five mice per group were analyzed, and the averages are presented. All mice used were littermates obtained from intercross-breeding of DEDD�/� mice
that had been backcrossed to B6 mice for nine generations. Error bars indicate SEM. The differences between WT and KO mice were statistically significant in
both males (M) and females (F) (Mann–Whitney test; P � 0.01). (E) Weights of indicated organs. Lung(rt), right lobes of the lung; red bars, DEDD�/�; blue bars,
DEDD�/�. Data are averages from five male mice.

Table 2. Cell densities in KO and WT

Cells WT KO KO:WT � 100, %

Liver 245 � 38 271 � 51 111
Kidney 369 � 30 479 � 43 130
MEF 6.8 � 1.2 � 105 2.3 � 0.8 � 106 3338

Cell numbers per 1 � 104 � m2 were quantified in the liver and kidney by a
microscopic analysis of H&E-stained tissue sections. Data are presented as the
means of six independent areas in a tissue section from three different mice
for each genotype. Saturation density of MEF cells was analyzed by counting
the cell numbers, when cells were at a confluent stage in a 10-cm-diameter
culture dish. Data are the averages from three independent cultures for each
cell type.
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DEDD inhibits the Cdk1/cyclin B1 activity, and the profound
effects on rRNA synthesis and the cell size observed in
DEDD�/� cells. Further studies on the precise mechanism that
links DEDD with the control of G1 length are needed to clarify
this issue. Curiously, inconsistent with our findings, Peter and
colleagues (32, 33) reported that DEDD appeared to have a
direct effect as a Pol.I transcriptional repressor. If so, it may be
possible that there might be two (opposite) mechanisms for the
regulation of rRNA synthesis by DEDD; one is a direct inhibition
of Pol.I, and the other is an indirect enhancing effect via
inhibiting Cdk1/cyclin B1 activity before cell division. In phys-
iological situation in vivo, however, the latter might be dominant,
because lack of DEDD did significantly decrease the rRNA
amount in cells. Further studies are needed to solve this question.

Finally, it is intriguing that DEDD�/� and DEDD�/� cells
exhibited comparable responses to apoptosis induction, which is
not consistent with previous reports suggesting a proapoptotic
function for DEDD (31–33). One plausible explanation for this
discrepancy is a functional redundancy in apoptosis-related
functions by other molecule(s), presumably DEDD2, a structural
homologue of DEDD (44, 45). Thus, DEDD2 may be sufficient
to complement the function of DEDD in the regulation of
apoptosis. Comparative functional studies of DEDD and
DEDD2, are needed to address this possibility; thus, the phys-

iological involvement of DEDD in apoptosis regulation remains
an open question.

Materials and Methods
Generation of DEDD�/� Mice. The targeting vector was constructed
by replacing exons 1 and 2 and a part of the intron with a
neomycin-resistance gene. Gene targeting in ES cells was per-
formed as previously described (46). Details are described in SI
Materials and Methods.

Generation of 3T3-MEF Lines. The 3T3-MEF cell lines were gen-
erated as previously described (47). Details are described in SI
Materials and Methods.

Cell Synchronization. 293T cells were synchronized either by a
double thymidine block or by starvation as follows: cells were
cultured in a medium containing 0.2% FBS for 24 h followed by
another 24-h culture in the absence of FBS. Further details are
described in SI Materials and Methods.
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