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tob is a member of an emerging family of genes with antiproliferative function. Tob is rapidly phosphorylated
at Ser 152, Ser 154, and Ser 164 by Erk1 and Erk2 upon growth-factor stimulation. Oncogenic Ras-induced
transformation and growth-factor-induced cell proliferation are efficiently suppressed by mutant Tob that
carries alanines but not glutamates, mimicking phosphoserines, at these sites. Wild-type Tob inhibits cell
growth when the three serine residues are not phosphorylated but is less inhibitory when the serines are
phosphorylated. Because growth of Rb-deficient cells was not affected by Tob, Tob appears to function
upstream of Rb. Intriguingly, cyclin D1 expression is elevated in serum-starved tob−/− cells. Reintroduction of
wild-type Tob and mutant Tob with serine-to-alanine but not to glutamate mutations on the Erk
phosphorylation sites in these cells restores the suppression of cyclin D1 expression. Finally, the S-phase
population was significantly increased in serum-starved tob−/− cells as compared with that in wild-type cells.
Thus, Tob inhibits cell growth by suppressing cyclin D1 expression, which is canceled by Erk1- and
Erk2-mediated Tob phosphorylation. We propose that Tob is critically involved in the control of early G1

progression.
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Cell cycle progression is controlled by systematic acti-
vation and/or inactivation of proliferative and antiprolif-
erative genes. Abnormalities of these genes contribute to
the development of cancer. One of the best examples is
that genes encoding receptor protein tyrosine kinases
(RTKs) are often activated by amplification, rearrange-
ment, or point mutation. RTKs become activated and
phosphorylate themselves as well as their cytoplasmic
substrates in response to growth factor (Ullrich and
Schlessinger 1990). RTK activation initiates a signal
transduction cascade involving Ras and mitogen-acti-
vated protein kinases (MAPK or Erk, for extracellular
signal-regulated protein kinases), which transmit
growth-regulating signals to the nucleus (Marshall 1994).
Ras is a central component of mitogenic signaling and is
essential for cells to progress from the quiescent state
(G0) through the G1/S transition (Stacey and Kung 1984).
MAPK is activated downstream of Ras, and sustained
activation of Erk1 and Erk2 (Erk1/2) MAPKs allows fi-
broblasts to pass through the G1 restriction point and

enter the S phase (Brondello et al. 1995). Erk1/2 phos-
phorylate and activate a variety of transcription factors
such as Elk1 (Davis 1995), c-Ets1, and c-Ets2 (Coffer et al.
1994), and kinases such as p90rsk1 (Dalby et al. 1998),
MNK1, and MNK2 (Fukunaga and Hunter 1997;
Waskiewicz et al. 1997). However, information on the
Ras-dependent molecular events that directly link mito-
genic signals to transition from the G0 to the G1 phase is
limited. Also, none of the known substrates of Erk1/2 are
clearly linked to regulation of G0/G1 transition.

Tob is a member of an emerging family of antiprolif-
erative proteins comprising, in humans, Tob, Tob2,
ANA (BTG3 in mouse), BTG1, and BTG2 (PC3 in rat and
TIS21 in mouse; Bradbury et al. 1991; Fletcher et al.
1991; Rouault et al. 1992, 1996; Matsuda et al. 1996;
Guehenneux et al. 1997; Yoshida et al. 1998; Ikematsu et
al. 1999). The tob cDNA was identified by screening an
expression library by means of protein–protein interac-
tion with an ErbB2 probe (Matsuda et al. 1996). The bio-
logical significance of the interaction between Tob and
ErbB2 remains to be elucidated. Importantly, mice lack-
ing the tob gene frequently develop tumors (Y. Yoshida,
unpubl.) and show an osteopetrotic phenotype that is
caused by the facilitated growth and differentiation of
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osteoblasts (Yoshida et al. 2000). The data strongly sug-
gest the importance of tob in cell growth regulation. The
btg1 gene was first identified near the breakpoint of a
chromosomal translocation found in a B-cell chronic
lymphocytic leukemia. btg1 expression is correlated
with suppression of cell proliferation (Rouault et al.
1992). tis21 is an immediate early gene induced by tumor
promoter treatment of Swiss3T3 cells, and pc3 is in-
duced along with differentiation of nerve growth factor-
treated rat PC12 cells (Bradbury et al. 1991; Fletcher et
al. 1991; Iacopetti et al. 1999). Expression of btg2 is in-
duced via a p53-dependent mechanism in response to
DNA damage and is thus likely to be relevant to cell
cycle control and cellular responses to DNA damage
(Rouault et al. 1996). In addition, two tob-related
cDNAs, ANA and tob2, were cloned by a PCR-mediated
cloning procedure (Yoshida et al. 1998; Ikematsu et al.
1999).

The Tob family proteins share a couple of structural
and functional characteristics. First, the N-terminal 120
residues of the proteins are homologous, and two short
stretches of ∼20 amino acids in the homologous domain
define the family signature (Guehenneux et al. 1997).
Second, overexpression of these gene products sup-
presses cell cycle progression (Rouault et al. 1992; Mat-
suda et al. 1996; Montagnoli et al. 1996; Rouault et al.
1996; Guehenneux et al. 1997; Lim et al. 1998; Yoshida
et al. 1998; Ikematsu et al. 1999; Guardavaccaro et al.
2000). Intriguingly, ectopic expression of PC3 down-
regulates cyclin D1 transcription, resulting in suppres-
sion of G1 progression (Guardavaccaro et al. 2000), but
whose underlying mechanism and physiological rel-
evance remain to be addressed. Third, the proteins of this
family are associated with transcription factors such as
Caf1, Hoxb9, and Smad (Bogdan et al. 1998; Rouault et
al. 1998; Ikematsu et al. 1999; Guardavaccaro et al. 2000;
Prevot et al. 2000; Yoshida et al. 2000). So far, all of the
reported data implicate Tob family proteins in the regu-
lation of cell growth. However, the underlying mecha-
nisms of the growth regulation as well as the biological
significance of this gene family have yet to be elucidated.

We report here that growth-factor stimulation of the
RTK/Ras/MAPK pathway results in phosphorylation of
Tob. Further, we provide evidence suggesting that Tob,
unless phosphorylated by Erk1/2, suppresses cyclin D1
expression, thus inhibiting cell proliferation. We propose
that Tob functions as a molecular switch that regulates
cell cycle progression through early G1.

Results

Tob inhibits transition from G0/G1 to S phase

We showed previously that exogenously expressed Tob
showed antiproliferative activity (Matsuda et al. 1996).
To examine the effect of Tob expression on cell cycle
progression, we microinjected a Tob expression plasmid
or a control plasmid together with a green fluorescent
protein (GFP) expression plasmid into serum-starved
NIH3T3 cells. After cells were incubated with serum
and BrdU, cells that entered S phase were identified by

their reactivity to anti-BrdU antibody. Representative
data for cells injected with the Tob expression plasmid
are shown in Figure 1A (left). Whereas 161 of 220 (73%)
GFP-expressing cells microinjected with control plasmid
incorporated BrdU, only 56 of 420 (13.3%) GFP-express-
ing cells microinjected with Tob expression plasmid dis-
played BrdU incorporation (P < 0.05; Fig. 1A, right). We
also found that only 17.7% of the cells microinjected
with cDNA encoding the N-terminal half of Tob (D1 in
Fig. 3A, see below) incorporated BrdU (Fig. 1A, right).
The C-terminal half of Tob (Tob�N; amino acids 166–
345) had no effect (Fig. 1A, right). The data indicated that
Tob overexpression inhibited cell cycle progression from
G0/G1 to S phase and that the N-terminal half of Tob,
which included a domain conserved in all Tob family
members (Matsuda et al. 1996; Guehenneux et al. 1997),
was sufficient for its antiproliferative activity.

Tob expression during the cell cycle

To elucidate the mechanism by which Tob inhibited cell
proliferation, expression of Tob throughout the cell cycle
was analyzed. Growth of NIH3T3 cells was arrested by
serum starvation, and the quiescent cells were stimu-
lated with serum to initiate synchronous growth. After
incubating the cells for varying periods in the presence of
serum, whole-cell extracts were subjected to immuno-
biochemical analysis (Fig. 1B). Synchronous cell cycle
progression was monitored by cyclin D1 expression, Rb
phosphorylation, and Erk1 and Erk2 activation. As re-
ported previously (Baldin et al. 1993; Lavoie et al. 1996),
cyclin D1 was detected 3 h after serum stimulation (mid-
G1) and continued to increase until S phase (Fig. 1B,
panel c). Rb inactivation, as evidenced by its phosphory-
lation, became apparent 15–18 h after stimulation (S
phase). At this time point, cyclin D1 expression was
maximal. Hypophosphorylated Rb appeared again 24 h
after stimulation (G2/M; Fig. 1B, panel b). Activation of
Erk1/2, which was detected by anti-phospho-Erk1/2 an-
tibodies, was evident in early G1 phase and G2/M phase
(Fig. 1B, panel d). The Tob protein was detected in G0-
arrested cells, and the level of its expression remained
constant until 1 h after stimulation (Fig. 1B, panel a). In
G1 through S phase, expression of Tob declined signifi-
cantly and remained barely detectable. Subsequently, at
G2 phase, Tob expression resumed. In addition to the
alteration of Tob expression level during the cell cycle,
we detected a slow-migrating form of Tob that appeared
10 min after serum stimulation and lasted for at least 1
h. Interestingly, appearance of the slow-migrating form
of Tob correlated with activation of Erk1/2. These re-
sults showed that Tob is rapidly modified upon mito-
genic stimulation, possibly by phosphorylation (see be-
low), and subsequently becomes deteriorated at mid-G1

phase.

Induction of Tob phosphorylation upon mitogenic
stimulation

To confirm that the slow-migrating form of Tob was
generated upon stimulation of cell proliferation, mouse
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embryonic fibroblasts (MEFs) were serum-starved for 48
h and then exposed to epidermal growth factor (EGF),
platelet-derived growth factor (PDGF), serum, transform-
ing growth factor � (TGF�), or tumor necrosis factor �
(TNF�; Fig. 2A). Mitogenic stimulation of cells with
PDGF, EGF, or serum resulted in the appearance of the
slow-migrating form of Tob. In contrast, treatment of
cells with TNF� and TGF� did not induce the slow-
migrating form. Identical results were obtained when
serum-starved NIH3T3 cells were treated with PDGF
(Fig. 2A).

To characterize the nature of the slow-migrating form
of Tob, its sensitivity to calf intestine alkaline phospha-

tase (CIAP) was analyzed. The results showed that the
slow-migrating form of Tob was sensitive to CIAP treat-
ment (Fig. 2B, left). In asynchronously growing Tob-
transfected cells, both slow-migrating and fast-migrating
forms of Tob were detected (Fig. 2B, right). Again, only
the slow-migrating form of Tob was sensitive to CIAP.
From these data, we concluded that the slow-migrating
form of Tob was generated by phosphorylation, and the
phosphorylation event was induced by mitogenic stimu-
lation. In addition, because Tob immunoprecipitated
from NIH3T3 cells showed no reactivity with anti-phos-
pho-tyrosine antibody (data not shown), Tob seemed to
be phosphorylated at serine/threonine residues.

Figure 1. Effect of Tob overexpression on cell cycle progression. (A) Serum-starved NIH3T3 cells microinjected with pME-Tob and
GFP expression plasmids were refed with serum and examined for GFP expression (left), immunostained for BrdU (middle), or stained
with DAPI to visualize nuclei (right). Arrowheads indicate GFP-expressing cells. The graph shows the percentage of GFP-expressing
cells showing BrdU incorporation in response to expression of either vector containing no insert (vector), pME-Tob (Tob), pME-TobD1
(D1) (see Fig. 3A), or pME-Tob�N (�N). At least 70 cells were scored for each experiment. Values are shown as the mean ± SD of four
experiments. (B) Time course of Tob, Rb, and cyclin D1 expression and Erk1/2 activation. Serum-starved NIH3T3 cells were stimu-
lated with serum for the indicated period. Equal amounts of cell lysates were immunoblotted for Tob (a), Rb (b), cyclin D1 (c), and
phospho-Erk1/2 (d). Arrows indicate slow-migrating and fast-migrating forms of Tob. Stages of the cell cycle are estimated from
parallel FACS analyses (data not shown) and are shown at the top.
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Determination of Tob phosphorylation sites

To identify the phosphorylation sites, we performed two
types of experiments: deletion analysis and phosphopep-
tide mapping. First, because the slow migration of Tob
was caused by its phosphorylation (Fig. 2), mutant Tob
lacking phosphorylation sites was expected to be a single
band on SDS-polyacrylamide gels. Therefore, to help
identify the phosphorylation sites, we expressed various
Tob deletion mutants (Fig. 3A) in NIH3T3 cells and ex-
amined their mobility in SDS-polyacrylamide gels. As
shown in Figure 3B, Tob deletion mutant D3 lacking
amino acids 148–165 migrated as a single band. In con-
trast, Tob deletion mutants D1, D2, and D4 as well as
wild-type Tob appeared as doublets. The data suggested
that slow-migration-related phosphorylation of Tob oc-
curred in the region deleted in the D3 mutant. Among
eight serine residues present in this region (Fig. 3A), only
three (Ser 152, Ser 154, and Ser 164) match the consensus
phosphorylation site for proline-directed kinases such as
Cdks and MAPKs (Hall and Vulliet 1991; Adam and
Hathaway 1993). Because MAPK seemed likely to be in-
volved in Tob phosphorylation (see below), we converted
the three serine residues to alanines by site-directed mu-
tagenesis. The mutated Tob protein (Tob3SA) appeared
as a single band on SDS-polyacrylamide gels and had
relative mobility similar to that of fast-migrating, wild-
type Tob (Fig. 3B). Furthermore, unlike wild-type Tob,
mitogenic stimulation of serum-starved, Tob3SA-ex-
pressing NIH3T3 cells did not produce the slow-migrat-
ing form of Tob (Fig. 3C). Note that the expression level
of endogenous Tob, in comparison to that of exogenous
Tob, was too low to be detected in this assay. Mitogenic
stimulation was monitored by immunoblotting with
anti-phospho-Erk1/2 and anti-Erk1/2 antibodies (Fig.
3C). These data suggested that growth factor stimulation
induced phosphorylation of Tob at Ser 152, Ser 154, and/
or Ser 164.

To directly confirm the phosphorylation sites, wild-
type Tob and a series of mutants that carried Ser152Ala,

Ser154Ala, Ser164Ala, Ser152,154Ala, Ser152,164Ala,
Ser154,164Ala, or Ser152,154,164Ala (3SA) substitution
were expressed in NIH3T3 cells. After serum starvation,
cells were metabolically labeled with [32P]orthophos-
phate and stimulated with PDGF. Wild-type Tob and all
the mutants incorporated 32P in response to PDGF (data
not shown). Chymotryptic phosphopeptide mapping of
wild-type Tob revealed four major (p1, p2, p4, and p9) and
three minor (p3, p5, and p7) phosphopeptides that were
dependent on PDGF stimulation (Fig. 3D, panels a and
b). Appearance of phosphopeptides p6 and p8 was inde-
pendent of PDGF stimulation. Relative to wild-type Tob
(Fig. 3D, panel b), phosphopeptide p2 did not appear in
the map of the Ser152Ala mutant, and phosphopeptide
p3 did not appear in the map of the Ser164Ala mutant
(Fig. 3D, panels c and e). These results indicate that phos-
phopeptide p2 contains phospho-Ser 152 and phospho-
peptide p3 contains phospho-Ser 164. In the map of the
Ser154Ala mutant, three phosphopeptides (p2, p4, and
probably p5) disappeared or became less detectable (Fig.
3D, panel d). Based on charge differences of the peptides
and relative positions in the chromatographic dimen-
sion, we concluded that p2 and p4 were phosphoisomers
of the same peptide; p2 was phosphorylated on both Ser
152 and Ser 154, and p4 was phosphorylated on only Ser
154. Interestingly, a peptide phosphorylated only on Ser
152 was undetectable in the maps of the Ser154Ala and
Ser154,164Ala mutants (Fig. 3D, panels d and h). When
compared with the map of the Ser154Ala mutant, no
phosphopeptides were eliminated from the map of the
Ser152,154Ala mutant (Fig. 3D, panels d and f). The data
suggested that Ser 154 phosphorylation was a prerequi-
site for Ser 152 phosphorylation. The signal for the pep-
tide containing phosphorylated Ser 164 was weaker than
signals for Ser 152 and Ser 154, suggesting that Ser 164
phosphorylation was minor. Alternatively, it appeared
possible that Ser 164 phosphorylation was more suscep-
tible to phosphatases.

To further confirm that Ser 152 and Ser 154 are phos-
phorylated in vivo, rabbit polyclonal antibodies for the

Figure 2. Tob phosphorylation in response to
mitogenic stimulation. (A) Effect of growth-fac-
tor treatment on Tob mobility in SDS-polyacryl-
amide gels. Serum-starved MEFs (tob+/+ MEF and
tob−/− MEF) and NIH3T3 (NIH) cells were incu-
bated with the indicated stimulants for 15 min.
Cell lysates were immunoblotted for Tob. (B) Ef-
fect of phosphatase treatment on Tob mobility in
SDS-polyacrylamide gels. Lysates prepared from
unstimulated (−) or PDGF-stimulated (+)
NIH3T3 cells or pME-Tob-transfected asynchro-
nously growing (steady-state) NIH3T3 cells were
incubated with CIAP in the absence (−) or pres-
ence (+) of phosphatase inhibitors. Samples were
immunoblotted for Tob. Arrows indicate hyper-
phosphorylated and hypophosphorylated Tob.
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amino acid sequence containing phosphorylated Ser 152
and Ser 154 were raised. Cell lysates of PDGF-stimulated
Tob-transfectants were analyzed by immunoblotting
with these antibodies. The results revealed a single
immunoreactive protein having the same mobility as
phosphorylated Tob, indicating specific reactivity of
the antibodies with phosphorylated Tob (Fig. 3C). The
antibodies did not recognize Tob3SA (Fig. 3C) from
PDGF-treated cells by immunoblot analysis. Finally, ap-
pearance of three peptides (p1, p7, and p9) in the map of
Tob3SA (Fig. 3D, panel i) suggested that Tob was phos-
phorylated at least at three serine/threonine residues
other than Ser 152, 154, and 164 upon mitogenic stimu-
lation. These three additional phosphorylation sites are
to be determined.

Inhibition of Tob phosphorylation by MEK
inhibitor PD98059

PDGF stimulation activates various signaling pathways
such as the Ras/MAPK and PI3-kinase/Akt pathways
(Burgering et al. 1994). To search for a kinase relevant to
Tob phosphorylation, we examined the level of Tob
phosphorylation in the cells treated with various inhibi-
tors for signal transduction (Fig. 4A). PD98059, which
blocks activation of MEK1/2 by inhibiting Raf or
MEKK1, inhibited phosphorylation of both endogenous
and exogenous Tob. Pretreatment of the cells with tyr-
phostin AG1296, which is a specific inhibitor of PDGF
receptor (PDGFR), also inhibited phosphorylation of
Tob. In contrast, SB203580, which is a p38MAPK-spe-

Figure 3. Determination of phosphorylation sites. (A) Schematic representation of Tob mutants. The hatched box indicates the
homologous region among Tob family members. The black box indicates the serine-rich region, and the amino acid sequence of this
region is shown above. The bars represent the portion of Tob that is expressed by wild-type (WT) or mutant constructs (D1–D4 and
3SA). (B) Western blot analysis of Tob mutants shown in A, which were expressed in NIH3T3 cells. (C) Detection of phosphorylated
Tob with phosphorylation site-specific antibodies. NIH3T3 cells transfected with plasmids encoding either wild-type Tob (WT) or the
Tob3SA mutant (3SA) were serum-starved and treated with PDGF (P) or serum (S). Cell lysates were immunoblotted for Tob,
phospho-Tob, phospho-Erk1/2, and Erk1/2. (D) Two-dimensional chymotryptic phosphopeptide maps of in vivo phosphorylated Tob.
NIH3T3 cells were transfected with Tob expression plasmid encoding wild-type Tob (a,b), or Ser152Ala (c), Ser154Ala (d), Ser164Ala
(e), Ser152,154Ala (f), Ser152,164Ala (g), Ser154,164Ala (h), or 3SA (i) mutants, were labeled with 32P-orthophosphate and stimulated
with PDGF. Panel a is a phosphopeptide map of wild-type Tob from unstimulated cells. Panels b–i are phosphopeptide maps of
wild-type Tob and Tob mutants from PDGF-stimulated cells. Panel j is a schematic illustration showing the position of the various
phosphopeptides detected in panels a–i. Phosphopeptide positions not numbered in panel j indicate partially digested fragments
because they disappeared by additional digestion with chymotrypsin (data not shown). Squares indicate origins.
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cific inhibitor that does not inhibit Erk1/2, did not affect
Tob phosphorylation. Moreover, the PI3-kinase inhibitor
wortmannin, the p70 S6 kinase inhibitor rapamycin, and
the protein kinase C inhibitor H7 did not affect Tob
phosphorylation. These results suggested that RTK-in-
duced MEK activation was involved in Tob phosphory-
lation.

Tob phosphorylation by MAPK

The above findings led us to hypothesize that Ras, MEK,
and MAPK, which are downstream of PDGFR, were re-
sponsible for Tob phosphorylation. To examine this pos-
sibility, we cotransfected dominant-negative mutants of
Ras, MEK, or MAPK with the Tob expression plasmid
and stimulated resting cells with PDGF. We found that
PDGF-induced phosphorylation of Tob was inhibited by
expression of each dominant-negative mutant (Fig. 4B–
D). In contrast, transfection of cells with plasmids en-
coding wild-type MEK, Ras, and a dominant-negative
mutant of Jun N-terminal kinase had little effect on
PDGF-induced Tob phosphorylation. Furthermore, con-
stitutively activated MEK and Ras induced Tob phos-
phorylation in a manner independent of PDGF stimula-
tion (Fig. 4B,C). Thus, we concluded that the Ras/MEK/
MAPK pathway participated in mitogen-induced Tob
phosphorylation.

To identify kinases that phosphorylated Tob upon
PDGF stimulation, we performed an in-gel kinase assay

of cell extracts from unstimulated or PDGF-stimulated
NIH3T3 cells using GST-fusion proteins possessing the
N-terminal 168 amino acids of Tob (GST-TobN) or
Tob3SA (GST-TobN3SA) as substrates. Two kinases
with molecular masses of ∼42 kD (p42) and 44 kD (p44)
phosphorylated GST-TobN in a PDGF-stimulation-de-
pendent manner (Fig. 5A). Neither kinase phosphory-
lated GST-TobN3SA before and after PDGF stimulation
(Fig. 5A, right). Thus, p42 and p44 were candidate ki-
nases that phosphorylated Tob specifically at Ser 152,
Ser 154, and/or Ser 164 in response to PDGF stimulation.
Based on the molecular masses of these kinases, we spec-
ulated that p44 was Erk1 and p42 was Erk2.

To confirm this hypothesis, whole-cell lysates from
PDGF-stimulated NIH3T3 cells were fractionated by gel
filtration chromatography. Proteins in each fraction
were probed with anti-phospho-Erk1/2 antibodies and
subjected to in-gel kinase assay for TobN or TobN3SA
protein phosphorylation activity. The gel filtration pro-
file of Erk1 activity corresponded well with p44-medi-
ated Tob phosphorylation, and the profile of Erk2 activ-
ity corresponded to p42-mediated Tob phosphorylation
(Fig. 5B). All phosphorylation signals detected in the gel
containing GST-Tob3SA were due to autophosphory-
lated, unidentified kinases, because these signals were
observed in control experiments with no substrate in the
gel (data not shown). An autophosphorylated 42-kD pro-
tein at a peak fraction (fraction 28) from the gel filtration
chromatography had a retention time that was shorter
than that of Erk2 (fraction 30; Fig. 5B, bottom panel).

Figure 4. The Ras/MEK/MAPK pathway
is involved in Tob phosphorylation. (A)
Untransfected (left) or Tob-transfected
(right) NIH3T3 cells were serum-starved,
pretreated with the indicated inhibitors
for 3 h, and stimulated with PDGF for 10
min. (B–D) NIH3T3 cells were cotrans-
fected with the indicated expression plas-
mid encoding Ras (B), MEK (C), and JNK or
MAPK (D) together with pME-Tob. Cells
were serum-starved and lysed before or af-
ter PDGF stimulation. Cell lysates were
analyzed by immunoblotting. (PD)
PD98059, (SB) SB203580, (AG) tyrphostin
AG1296, (W) wortmannin, (Rap) rapamy-
cin, (DN) dominant-negative form, (AC)
constitutively active form, (WT) wild-
type, (JNKDN) dominant-negative form of
JNK. Arrows indicate hyperphosphory-
lated and hypophosphorylated Tob.
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These findings strongly suggested that Erk1/2 catalyzed
phosphorylation of Tob upon growth factor stimulation.

Erk1/2 immunoprecipitated from PDGF-stimulated
NIH3T3 cells consistently phosphorylated GST-TobN
but not GST-Tob3SA (Fig. 5C). In addition, chymotryptic
phosphopeptide mapping of the GST-TobN fusion pro-
tein with or without Ser152Ala, Ser154Ala, Ser164Ala,
Ser152,154Ala, Ser152,164Ala, Ser154,164Ala, or
Ser152,154,164Ala substitution that were incubated
with [�-32P]ATP and Erk2 revealed that serine residues
152, 154, and 164 of GST-TobN were phosphorylated
(data not shown). The result also suggested that Tob was
phosphorylated at these residues by Erk1/2 in vivo. Note
that the three peptides that did not contain Ser 152, Ser
154, and Ser 164 (Fig. 3D, p1, p7, and p9) were undetect-
able in these assays using GST-TobN. This suggested
that the other phosphorylation sites were not present in
the TobN sequence and were thus located in the C-ter-
minal region of Tob. Alternatively, the activity of ki-
nases that phosphorylate these sites was undetectable.

Reduction of Tob antiproliferative activity
by phosphorylation

To examine the biological relevance of mitogen-induced
Tob phosphorylation, we constructed Tob mutants in

which serines at the Erk1/2 phosphorylation sites (Ser
152, Ser 154, and Ser 164) were substituted with glu-
tamic acids. Glutamate can mimic phosphoserine (Mor-
rison et al. 1993; Maciejewski et al. 1995); this is sup-
ported by the observation that migration of the mutant
(Ser152,154,164Glu mutant: Tob3SE) and phosphory-
lated wild-type Tob in SDS-polyacrylamide gels was
similar (Fig. 6A, inset). The Tob3SE protein thus ap-
peared to mimic Tob phosphorylated at these same sites.
Tob3SE as well as wild-type Tob and Tob3SA were ex-
pressed in serum-starved NIH3T3 cells, and BrdU incor-
poration was examined after serum refeeding. Cells mi-
croinjected with Tob3SE showed higher BrdU incorpora-
tion than those microinjected with Tob or Tob3SA (Fig.
6A). The expression levels of each mutant were similar
among the transfected NIH3T3 cells (Fig. 6A, inset), sug-
gesting that the stability as well as the efficiency of
translation of each mutant were similar. Therefore,
phosphorylation of Tob at Ser 152, Ser 154, and Ser 164
was likely to diminish its antiproliferative activity.

It should be noted, however, that wild-type Tob, like
Tob3SA, inhibited G1 progression (Figs. 1,6). It appeared
that microinjection of the cDNAs resulted in expression
of large amounts of the protein products. Therefore,
most of the wild-type Tob proteins expressed from mi-
croinjected plasmids were not phosphorylated upon se-

Figure 5. Identification of Tob kinase. (A) In-gel kinase assay. Lysates prepared from unstimulated (−) or PDGF-stimulated (+) NIH3T3
cells were tested for phosphorylating activity in gels containing no substrate (−), GST–TobN (Tob), or GST–TobN3SA (3SA). Arrows
indicate the positions in which Tob-phosphorylating activities were detected. (B) Lysates of PDGF-stimulated NIH3T3 cells were
fractionated by gel-filtration chromatography. Each fraction was analyzed for the phosphorylating activity of GST–TobN (top) or
GST–TobN3SA (middle) and was also assayed for Erk1/2 activity by immunoblotting with anti-phospho-Erk1/2 antibodies (bottom).
Arrowheads indicate Tob-phosphorylating activities. Positions of molecular size markers are indicated on the left. (C) In vitro kinase
assays of Erk1 (left) or Erk2 (right) immunoprecipitated from lysates of unstimulated (−) or PDGF-stimulated (+) NIH3T3 cells. Assays
were performed with GST–TobN (Tob) and GST–TobN3SA (3SA) fusion proteins as substrates. (Lower panels) Exogenously added
substrates monitored by Coomassie brilliant blue (CBB) staining.
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Figure 6. Effects of wild-type and mutant Tob on Ras/MAPK-dependent proliferation and transformation. (A) Serum-starved NIH3T3
cells microinjected with pME-Tob, pME-Tob3SE, pME-Tob3SA, or pME-�-galactosidase were refed with serum and then immuno-
stained for Tob, �-galactosidase, or BrdU. The graph shows the percentage of BrdU incorporation in NIH3T3 cells that expressed
�-galactosidase (LacZ), Tob (Tob), Tob3SA (3SA), and Tob3SE (3SE). At least 70 cells were scored for each experiment. Values are shown
as the mean ± SD of five experiments. (Inset) Immunoblot of the lysates from NIH3T3 cells transfected with plasmid encoding
wild-type or mutant Tob proteins. (B) NIH3T3 cells infected with the retrovirus carrrying active Ras (R) or active MEK (M) together
with retrovirus for Tob wild-type (T), 3SA (A), 3SE (E), or cyclin D1 (cycD). The cells were seeded in soft agar to examine anchorage-
independent growth (upper). NIH3T3 cells infected with the indicated retrovirus and cultured in DMEM containing 1% serum in the
presence of drug were examined for anchorage-dependent growth, and the number of drug-resistant colonies was counted (lower).
Values are shown as the mean ± SD of four experiments. *P < 0.02 as compared with wild-type Tob. (C) Soft agar colony formation was
performed as in B for the cells coinfected with the retrovirus carrying v-src, v-fos, or large T cDNA and the virus for wild-type Tob
(gray) or Tob3SA (striped) or the control virus (black). *P < 0.02 as compared with wild-type Tob. (D) Aliquots of NIH3T3 cells infected
with the indicated retrovirus were lysed, and the lysates were analyzed by immunoblotting with antibodies for the indicated proteins.

Phosphorylation of Tob by Erk1 and Erk2

GENES & DEVELOPMENT 1363



rum stimulation because of the limitation of endogenous
Erk1/2. In support of this, a large fraction of transfected
Tob remained unphosphorylated upon mitogenic stimu-
lation, whereas most endogenous Tob under the same
condition was well phosphorylated (Figs. 2,3). A signifi-
cant amount of exogenously introduced unphosphory-
lated Tob should have been able to suppress G1 progres-
sion. Moreover, the mutant Tob3SE was still able to sup-
press progression from the G0 phase through the G1/S
transition to a certain extent. We assume that the inhibi-
tory activity of Tob is negatively regulated by phos-
phorylation as well as degradation (see Discussion). The
Tob protein overproduced by microinjection may remain
present at the unusually high level in the mid-G1 phase,
where the level of endogenous Tob becomes low, and,
therefore, could be inhibitory to cell growth. Indeed, mi-
croinjection of a lesser amount of DNA (1/10 of that used
in Fig. 6A) revealed Tob3SE had little inhibitory activity.
Wild-type Tob has less inhibitory activity (66% BrdU
incorporation as compared with control), whereas
Tob3SA was still strongly inhibitory (21.5% BrdU incor-
poration as compared with control) in the same experi-
mental condition (data not shown).

Inhibition of Ras/MAPK signaling
by hypophosphorylated Tob

To further address the role of Tob phosphorylation in the
regulation of cell growth, we tested the effects of Tob
expression on cell transformation by oncogenic Ras and
oncogenic MEK. In this experiment, we tried to express
low levels of Tob so that all exogenous Tob was phos-
phorylated in the presence of active Ras or MEK. To do
this, we used a retrovirus-mediated expression system.
As shown in Figure 6D, only the hyperphosphorylated
form of Tob was detected in NIH3T3 cells infected with
retrovirus expressing wild-type Tob together with retro-
virus expressing active Ras or active MEK. Similar levels
of expression of Tob3SA and Tob3SE mutants were also
achieved with the retrovirus system. Interestingly, wild-
type Tob and Tob3SE had little or only a slight effect on
active Ras- or active MEK-mediated cell transformation,
which was assayed by the anchorage-independent
growth of the cells (Fig. 6B, top). In contrast, Tob3SA
largely inhibited the transformation. Similarly, by exam-
ining the effects of Tob on anchorage-dependent growth
of the active Ras- or MEK-expressing cells, we showed
that Tob3SA, but not wild-type or Tob3SE, significantly
inhibited proliferation of these cells (Fig. 6B, bottom).
The data indicated that phosphorylation of Tob dimin-
ished its otherwise antiproliferative activity, and that
reduction of the antiproliferative activity was critical for
active Ras- or MEK-mediated cell proliferation and trans-
formation.

In similar experiments, we showed that Tob3SA sup-
pressed v-src-dependent, but not v-fos- and large T-de-
pendent cell transformation and cell proliferation (Fig.
6C; data not shown). Wild-type Tob was not inhibitory
to the v-src-mediated cell transformation. There is a re-
port that transformation of NIH3T3 cells by v-src is de-

pendent on Ras activation (Stacey et al. 1991). This well
explains why nonphosphorylatable Tob3SA but not
wild-type Tob, which becomes phosphorylated through
the Ras/MAPK pathway, could suppress the v-src-in-
duced cell transformation. Inability of Tob to inhibit
large T-dependent cell transformation suggested that the
inhibitory activity of Tob was mediated through Rb, be-
cause large T-mediated cell transformation was directly
coupled to Rb inactivation (DeCaprio et al. 1988).

Tob suppresses cyclin D1 expression

To address the molecular mechanism by which the
Tob3SA mutant mimicking a hypophosphorylated form
of Tob suppressed active Ras/MEK-mediated cell growth
and transformation, we examined the expression levels
of effector molecules downstream of Ras/MEK in the
presence or absence of the wild-type and mutant Tob
proteins. As reported previously (Liu et al. 1995; Ries et
al. 2000), levels of cyclin D1 and MDM2 expression were
elevated in active Ras- or MEK-transformed NIH3T3
cells (Fig. 6D). Importantly, retrovirus-mediated expres-
sion of the Tob3SA mutant significantly suppressed ac-
tive Ras/MEK-induced cyclin D1 and MDM2 expression,
whereas wild-type Tob and Tob3SE mutant showed little
effect on their expression (Fig. 6D).

We then examined whether increment of cyclin D1
expression antagonized the inhibitory effect of Tob. As
shown in Figure 7A, Tob was unable to impair G1 pro-
gression in the presence of exogenously coexpressed cy-
clin D1. Expression of cyclin E, which can functionally
replace cyclin D1 (Geng et al. 1999), also rescued the
cells from Tob-mediated G1 arrest. In contrast, cyclin B1,
the M-phase cyclin, was unable to antagonize the anti-
proliferative activity of Tob. We also showed that sup-
pression of Ras-induced transformation by the Tob3SA
mutant was largely canceled by coexpression of exog-
enous cyclin D1 (Fig. 6B). Provided that Tob suppressed
cell growth by blocking cyclin D1 expression, its anti-
proliferative activity would be lost in cells lacking Rb
protein. Indeed, S-phase entry of rb−/− cells was little
affected by Tob expression (Fig. 7A, right). As previously
reported (Peeper et al. 1997; Guardavaccaro et al. 2000),
S-phase entry of rb−/− cells was affected by p27 but not by
PC3. Furthermore, S-phase entry of the rb−/− cells micro-
injected with Rb expression plasmid together with Tob
plasmid was equivalent to 24% of those microinjected
with Rb and LacZ plasmids (data not shown). Thus, re-
introduction of Rb into the rb−/− cells restored Tob-me-
diated G1 arrest. Our data suggested that Tob was a mo-
lecular switch for the expression of targets of the Ras/
MAPK pathway such as cyclin D1: phosphorylation of
Tob at Ser 152, 154, and 164 was required for efficient
induction of the cyclin D1 gene.

Increased cyclin D1 expression in tob−/− MEFs

Because Tob expression inhibited cyclin D1 expression
unless it was phosphorylated, we hypothesized that cy-
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clin D1 might be expressed in quiescent cells that lack
the expression of Tob. To examine this possibility, we
analyzed expression levels of cyclin D1 in embryonic
fibroblasts from wild-type mice (wt MEFs) and tob−/−

mice (tob−/− MEFs) by immunoblotting. In the serum-
starved condition, cyclin D1 expression was hardly de-
tectable in wild-type MEFs, whereas the level of cyclin
D1 was significantly elevated in tob−/− MEFs (Fig. 7B).
Expression of wild-type Tob and hypophosphorylated
Tob3SA, but not Tob3SE mimicking phosphorylated
Tob, by retrovirus-mediated gene transfer restored the
suppression of cyclin D1 expression in the serum-starved
condition (Fig. 7C). These data suggested that Tob was
involved in suppression of cyclin D1 expression in the
quiescent cells and mitogen-induced Tob phosphoryla-
tion canceled the suppression. Under growing condi-
tions, expression of cyclin D1 in tob−/− MEFs was
equivalent to that in wild-type MEFs (Fig. 7B).

Furthermore, we found that established cell lines from
tob−/− MEFs (tob−/− 3T3 cells at the 20th passage) entered
into S phase even in the serum-starved condition much
more frequently than did the established cell lines from
wild-type MEFs (Fig. 7D). Reintroduction of Tob in the
tob−/− 3T3 cells resulted in only a partial recovery of
growth arrest. This might be because of the complemen-
tary function of other Tob family members that might
have been inactivated in the tob−/− 3T3 cells. It was also
possible that other growth regulatory genes (p53, Rb,
etc.) were inactivated in the tob−/− 3T3 cells. The
complementation was also suggested by our finding that
the frequency of S-phase entry of tob−/− MEFs was simi-
lar to that of wild-type MEFs at their early passages. Be-
cause expression of tob2 is low in osteoblasts, and be-
cause osteoblast proliferation and differentiation were
abrogated in tob−/− mice (Yoshida et al. 2000), we ana-
lyzed cell cycle distribution in tob−/− osteoblasts. In the

Figure 7. Relation between cyclin D1 expression and Tob-induced growth arrest, and defects in tob−/− cells. (A) Serum-starved
NIH3T3 cells (left) and rb−/− MEFs (right) were injected with the indicated expression vectors. After serum addition, BrdU incorpo-
ration was examined as shown in Figure 6A. (D1) cyclin D1, (E) cyclin E, (B1) cyclin B1. (B) Cell lysates prepared from serum-starved
or asynchronously growing wild-type (+/+) or tob−/− (−/−) primary MEFs were immunoblotted for cyclin D1. Anti-�-tubulin immu-
noblotting was performed for loading control. (C) Cell lysates prepared from serum-starved wild-type (+/+) or tob−/− (−/−) MEFs were
immunoblotted for cyclin D1, Tob, and �-tubulin. tob−/− MEFs were infected with Tob wild-type, 3SA, or 3SE retrovirus. An asterisk
shows endogenous Tob proteins. Note that the apparent molecular weight of mouse Tob is higher than that of human Tob. (D)
Established MEF cell lines (at passage 20) from wild-type (+/+) or tob−/− (−/−) primary MEFs were serum-starved for 72 h (0.1%). The
graph shows the percentage of cells in S phase as determined by FACS. *P < 0.02 as compared with wild-type MEFs (n = 4). (E) S-phase
population in primary osteoblast culture prepared from wild-type (+/+) and tob−/− (−/−) mice (left) was analyzed in the serum-starved
condition. The S-phase population in tob−/− osteoblasts infected with control retrovirus (−) or the retrovirus carrying wild-type Tob was
analyzed after 72 h of serum starvation (right). The average of two experiments is shown.
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serum-starved condition, the population of tob−/− pri-
mary osteoblasts in S phase was significantly higher than
that of wild-type osteoblasts (Fig. 7E). Reexpression of
Tob in tob−/− primary osteoblasts resulted in the de-
crease of S-phase cells to a level similar to that of wild-
type osteoblasts. These data suggested that Tob drove
cells in quiescence in the absence of growth stimulation
by suppressing cyclin D1 expression.

Discussion

We show here that the Tob protein is a novel substrate of
Erk1/2 MAPKs and that it plays an important role in
controlling mitogenic-stimulation-dependent cell growth.
Tob appears to function upstream of Rb, because Tob is
unable to inhibit growth of rb−/− cells or large T-depen-
dent cell transformation. Our data clearly show that
Erk1/2 phosphorylates Ser 152, Ser 154, and Ser 164,
which are critical for regulation of its antiproliferative
activity (discussed below). In addition, phosphopeptide
mapping of 32P-labeled Tob revealed a few more sites
that are phosphorylated upon PDGF stimulation (Fig.
3D). Phosphorylation of the additional sites may also
contribute to the regulation. Kinases responsible for
phosphorylation of these additional sites have not been
identified. p90rsk1, which is activated by Erk1/2 (Dalby
et al. 1998), is one of the candidates, because it is able to
phosphorylate Tob in vitro (Suzuki et al. 2001). Similar
to the Rb protein, which is phosphorylated at multiple
sites by several Cdks and thereby binds to distinct pro-
teins (Knudsen and Wang 1996), Tob, being phosphory-
lated at multiple sites, may interact with various pro-
teins to show several distinct roles.

Tob expression declines gradually after 3 h of serum
stimulation (early G1; Fig. 1B). The decline in Tob ex-
pression may be caused by degradation or decreased pro-
duction of Tob. Because Tob becomes stabilized by pro-
teasome inhibitor (data not shown), ubiquitin/protea-
some-dependent degradation appears to regulate the
level of Tob. Our unpublished data show that okadaic
acid treatment results in rapid degradation of Tob, sug-
gesting that phosphorylation of Tob plays a part in con-
trolling its stability. However, the significant time lag
between Erk1/2-mediated Tob phosphorylation and the
decrease in Tob expression (Fig. 1) suggests that growth-
signal-induced rapid phosphorylation of Tob is not di-
rectly relevant to its degradation. Consistently, wild-
type Tob and Tob3SA degraded with a similar half-life
upon PDGF stimulation (data not shown). A likely sce-
nario is that Tob might be first phosphorylated at mul-
tiple sites, including Ser 152, Ser 154, and Ser 164, upon
growth factor stimulation and would be further phos-
phorylated at the other sites to induce its degradation.
Our present data suggest that initial phosphorylation is
an acute response by which the antiproliferative activity
of Tob is regulated. Degradation of Tob may be necessary
for cells to progress through late G1.

Growth-factor stimulation induces activation of RTK
and subsequent activation of Ras. Multiple Ras effector

pathways contribute to G1 progression by, for example,
inactivating cyclin-dependent kinase inhibitor p27 (Ri-
vard et al. 1999) or inducing G1 cyclin expression (Peeper
et al. 1997). Apparently, the MEK/MAPK pathway,
which is activated by Ras, is involved in the induction of
a variety of immediate early genes such as fos and genes
relevant to G1 progression. Activation of the Erk1/2 cas-
cade is necessary and sufficient to fully induce cyclin D1
(Lavoie et al. 1996), which is required for Cdk4 activa-
tion. However, the precise molecular mechanism by
which cyclin D1 expression is regulated has been to be
elucidated. Recent evidence shows that ectopic expres-
sion of PC3 inhibits cyclin D1 transcription (Guardavac-
caro et al. 2000), although the molecular mechanism un-
derlying the inhibition is to be further examined. It re-
mains obscure whether PC3 is involved in regulation of
Ras/MAPK-mediated cyclin D1 expression in the con-
text of growth-factor-induced cell growth. Rather, it is
suggested that PC3 might play a role in DNA-damage-
induced cyclin D1 suppression (Rouault et al. 1996;
Guardavaccaro et al. 2000).

Our present findings suggest that Tob is an important
molecule that links Ras/MAPK activities to regulation
of cyclin D1 expression and eventually to cell cycle pro-
gression of growth-stimulated cells through G1. Three
experimental observations support the idea that Tob
downstream of Erk1/2 regulates cyclin D1 expression.
First, the level of cyclin D1 is suppressed by a Tob mu-
tant in which serines of the Erk1/2 target are mutated to
alanines but is not suppressed by phosphorylated wild-
type Tob or mutant Tob having phosphoserine-mimick-
ing glutamates at the Erk1/2 target sites (Fig. 6B). Sec-
ond, cyclin D1 expression is evident in tob−/− MEFs un-
like its suppression in wild-type MEFs in a quiescent
condition (Fig. 7B). However, the level of cyclin D1 in
serum-starved tob−/− MEFs appeared to be not sufficient
for their efficient progression into S phase, probably ow-
ing at least in part to functional redundancy of the Tob
family proteins. Third, coexpression of cyclin D1 coun-
teracted the Tob-mediated growth inhibition (Figs. 6B,
7A). Thus, inhibition of oncogenic Ras- or oncogenic
MEK-induced cell transformation by hypophosphory-
lated mutant Tob (Tob3SA, Fig. 6B) could be largely
caused by the suppression of cyclin D1. Consistently,
growth of rb−/− cells was not affected by Tob (Fig. 7A).
Furthermore, an S-phase population is significantly
higher in tob−/− cells than in wild-type cells in a serum-
starved condition (Fig. 7E). We conclude that Tob func-
tions to maintain cells in a quiescent state in the absence
of mitogenic stimulation. Consistent with this conclu-
sion, tob mRNA was highly expressed in anergic T cells
and quiescent T cells (Tzachanis et al. 2001). It remains
to be considered whether some stresses such as DNA
damage could induce Tob expression. Note that the level
of Tob expression resumes at G2 and M phase. It is pos-
sible that the newly synthesized Tob protein is related to
whether cells enter the next round of the cell cycle or
cease to proliferate. Interestingly, Saccharomyces cerevi-
siae with a mutation in the gene encoding Caf1 (CCR4-
associated factor 1), whose mammalian homolog inter-
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acts with Tob, is unable to proceed from M phase to G1

phase (Liu et al. 1997).
An important question to be addressed is how Tob

suppresses cyclin D1 expression downstream of Ras/
MAPK signaling. Tob would not function as a competi-
tive inhibitor of the substrates for Erk-mediated phos-
phorylation, because Tob overexpression did not inhibit
Erk phosphorylation of Elk1 or Ets1 (data not shown).
Accumulating data show that Tob family proteins are
associated with the transcription machinery. For ex-
ample, they interact with Caf1 (Draper et al. 1995; Bog-
dan et al. 1998; Rouault et al. 1998; Ikematsu et al. 1999).
Yeast Caf1 is an important component of transcriptional
regulatory complex CCR4–NOT, which is conserved
from yeast to humans (Albert et al. 2000). The CCR4–
NOT complex is likely to participate either negatively or
positively in the control of specific sets of genes includ-
ing those involved in the late mitotic phase of the cell
cycle (Liu et al. 1997, 1998; Bai et al. 1999). BTG1 and
BTG2 interact with homeodomain-containing transcrip-
tion factor Hoxb9 (Prevot et al. 2000), resulting in stimu-
lation of Hoxb9-mediated transcription. BTG1 and BTG2
also regulate estrogen receptor �-mediated transcription
(Prevot et al. 2001). In addition, Tob interacts with Smad
family proteins, which are capable of binding to DNA
(Yoshida et al. 2000). These observations strongly sug-
gest that Tob family proteins are novel regulators of gene
transcription. Tob could associate with a specific tran-
scription factor or cofactor to regulate cyclin D1 expres-
sion. Intriguingly, BTG1 and BTG2 interact with PRMT
(protein arginine N-methyltransferase), and the interac-
tion positively modulates the activity of PRMT (Lin et
al. 1996). Although the role of PRMT remains yet to be
established, there are reports showing that methylation
of histone H4 by PRMT1 facilitates activity of nuclear
androgen receptor (Strahl et al. 2001; Wang et al. 2001). A
possibility that Tob interacts with PRMT and regulates
transcription of the cyclin D1 gene or other genes re-
mains to be investigated.

Our data reveal that the N-terminal half of Tob is re-
quired for antiproliferative activity, and we provide evi-
dence that phosphorylation of Tob by Erk1/2 results in
loss of this activity. Ability of Tob to suppress cyclin D1
expression appears to be relevant to its antiproliferative
activity. The importance of Tob function in cell growth
regulation is strongly supported by our present observa-
tion that oncogenic Ras-induced cell transformation is
suppressed by the hypophosphorylated form of Tob as
well as our unpublished data showing that tob−/− mice
develop various types of tumors with high frequency (Y.
Yoshida, unpubl.). We propose here that Tob is a novel
effector molecule functioning downstream of the Ras/
MAPK pathway and regulating the G0/G1 transition.

Materials and methods

Cell culture assays and transgene expression

NIH3T3 cells were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% calf serum. Wild-type, tob−/−,

and rb−/− MEFs were grown in DMEM containing 10% fetal calf
serum. Preparation and culture of primary osteoblasts were pre-
viously described (Yoshida et al. 2000). To obtain quiescent
cells, cells were washed three times with serum-free DMEM
followed by culture for 24–48 h in DMEM containing 0.05%
serum. Cells were restimulated with 10% serum or growth fac-
tors (20 ng/mL PDGF-BB, 10 ng/mL EGF, 10 ng/mL TNF�, and
10 ng/mL TGF�) for 15 min. For transfection, NIH3T3 cells in
60-mm dishes were transfected with 5 µg of DNA using Super-
Fect (QIAGEN) or GenePORTER (Gene Therapy Systems).
Then, 16 h after transfection, the cells were serum-starved for
an additional 24 h. The cells were next exposed to serum or
PDGF for 10 min. NIH3T3 cells were infected with recombi-
nant retrovirus and cultured in the presence of drug (G418 and
puromycin). After drug selection, ∼103 cells were seeded in soft
agar. Microinjection was carried out as described (Ikematsu et
al. 1999). GST-fusion proteins were produced in Escherichia coli
DH5� and purified according to the protocols suggested by the
manufacturer.

Antibodies, growth factors, and inhibitors

The anti-Tob polyclonal antibodies (Matsuda et al. 1996) were
purified by GST–TobN-conjugated affinity column chromatog-
raphy. Anti-Tob monoclonal antibody (4B1) raised by immuniz-
ing mice with the GST–TobN protein was obtained from IBL.
The anti-Erk1 polyclonal antibodies (C-16), anti-Erk2 poly-
clonal antibodies (C-14), anti-Rb polyclonal antibodies (C-15),
and anti-cyclin D1 monoclonal antibody (72–13G) were pur-
chased from Santa Cruz Biotechnology. The anti-phospho-
Erk1/2 polyclonal antibodies were from New England Biolabs.
Anti-phospho-Tob antibodies were prepared by immunizing
rabbits with synthetic peptides CASSVSSS*PS*PPFGHS (for Ser
152 and Ser 154), or CFGHSAAVS*PTFMPRS (for Ser 164; S*
indicates phosphorylated serine residue) and were affinity-puri-
fied using a phosphopeptide-conjugated column. PD98059 and
SB203580 were from Calbiochem; PDGF-BB was from Diaclone
research; EGF, TNF�, TGF�, AG1296, wortmannin, and rapa-
mycin were from Sigma; and H7 was from Seikagaku Corpora-
tion. Cells were incubated with the kinase inhibitors for 3 h at
the following concentrations: 50 µM PD98059; 25 µM
SB203580; 25 µM AG1296; 10 µM H7; 1 µM wortmannin; and 1
µM rapamycin.

Construction of plasmids

The full-length tob cDNA was cloned into a pME18S vector
(Ikematsu et al. 1999), and the resulting plasmid was termed
pME-Tob. Tob point mutants were generated by site-directed
mutagenesis following Kunkel’s method (Kunkel and Soni
1988). Tob deletion mutants were generated by overlap exten-
sion PCR. Expression plasmids for the GST-fusion proteins
were constructed in the pGEX-5X-1 vector (Pharmacia Biotech).
Wild-type dominant-negative, and constitutive active MAPKK,
and dominant-negative MAPK in pME18S, and dominant-nega-
tive JNK in pcDNA3 were provided by E. Nishida (Kyoto Uni-
versity, Kyoto, Japan) and Y. Gotoh (Tokyo University, Tokyo,
Japan). The cDNAs of Ras (wild-type), RasS17N (dominant-
negative), RasG12V (constitutive active), cyclin B1, cyclin D1,
cyclin E, and Tob mutants were cloned into the pME18S vector.
To obtain recombinant retroviruses carrying cDNAs for active
MAPKK, active Ras, cyclin D1, and Tob and its mutants, each
cDNA was inserted between the LTR sequences of expression
plasmid. The resulting plasmids were transfected into platE
cells.
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Protein analysis

For immunoblotting, cells were lysed with RIPA buffer (50 mM
Tris-HCl, 1% Triton X-100, 0.1% SDS, 0.15 M NaCl, 10 mM
sodium pyrophosphate, 10 mM sodium fluoride, 0.1 mM so-
dium orthovanadate, 1 mM EDTA at pH 7.5) supplemented
with protease inhibitor cocktails (Sigma). Cell lysates were elec-
trophoresed in SDS-polyacrylamide gel and then transferred
onto Immobilon-P membranes (Millipore). Immunoblots were
probed with the appropriate antibodies as described (Ikematsu
et al. 1999). To assay for Erk kinase activity, cells were lysed in
RIPA buffer after serum starvation with or without PDGF
stimulation. Erk1/2 immunoprecipitates from NIH3T3 cells
were washed successively with lysis buffer, 50 mM HEPES-
NaOH (pH 7.4), and kinase buffer (50 mM HEPES-NaOH, 10
mM MgCl2, 3 mM MnCl2, 25 mM �-glycerophosphate, 10 mM
sodium fluoride, 1 mM sodium vanadate, 1 mM DTT at pH 7.4).
Kinase reactions were carried out at 30°C for 30 min after add-
ing [�-32P]ATP (NEN, 0.2 mCi/mL) and GST-fusion proteins
(final concentration at 0.2 mg/mL). For in-gel kinase assays,
lysates from unstimulated or PDGF-stimulated NIH3T3 cells
were separated by electrophoresis on SDS-polyacrylamide gel
with resolving gels containing GST–TobN or GST–TobN3SA
fusion proteins (final concentration at 1 mg/mL). The in-gel
kinase assays were carried out as previously described (Fuku-
naga and Hunter 1997). For phosphatase treatment, cell lysates
were diluted 1:3 with 50 mM Tris-HCl (pH 8.0) solution con-
taining 7 U of CIAP (Boehringer Mannheim) and incubated at
37°C for 90 min. The reaction was inhibited with NaF (50 mM),
sodium vanadate (1 mM), sodium diphosphate (10 mM), and
okadaic acid (50 nM).

Metabolic labeling and peptide mapping analysis

NIH3T3 cells transfected with wild-type or mutant Tob expres-
sion plasmids were serum-starved and metabolically labeled
with [32P]orthophosphate (NEN, 1 mCi/mL) in phosphate-free
DMEM including 0.1% dialyzed calf serum for 6 h. Then cells
were stimulated with PDGF for 10 min and lysed in RIPA
buffer. Tob was immunoprecipitated from the lysates with anti-
Tob monoclonal antibody, and the immunoprecipitates were
separated by SDS-polyacrylamide gel electrophoresis. The 32P-
labeled Tob proteins were excised from the SDS-polyacrylamide
gel and digested with chymotrypsin (0.2 mg/mL; Worthington
Biochemical) as described (Boyle et al. 1991). The chymotryptic
peptide samples were electrophoresed for 40 min at 1.0 kV in pH
1.9 buffer with the HTLE7000 apparatus (CBS Scientific); the
plates were air-dried and then placed in tanks for ascending
chromatography using phosphochromo buffer. After ascending
chromatography, the plates were air-dried and exposed to pre-
sensitized Kodak XAR film.
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