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Expression of NPAT, a novel
substrate of cyclin E-CDK2,
promotes S-phase entry
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To understand the mechanisms by which CDKs regulate
cell cycle progression, it is necessary to identify and
characterize the physiological substrates of these Kki-
nases. We have developed a screening method to identify
novel CDK substrates. One of the cDNAs identified in
the screen is identical to the recently isolated NPAT
gene. Here we show that NPAT associates with cyclin
E-CDK?2 in vivo and can be phosphorylated by this CDK.
The protein level of NPAT peaks at the G,/S boundary.
Overexpression of NPAT accelerates S-phase entry, and
this effect is enhanced by coexpression of cyclin E-
CDK2. These results suggest that NPAT is a substrate of
cyclin E-CDK2 and plays a role in S-phase entry.
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Progression through the eukaryotic cell cycle requires
the activation of cyclin-dependent kinases (CDKSs). The
activities of these kinases are tightly regulated by both
positive and negative factors in normal cells, and pertur-
bation of CDK activities can result in tumorigenesis
(Hunter and Pines 1994; Sherr 1996). Although the regu-
lation of CDK activation has been studied intensively in
recent years, the mechanisms by which these CDKs
regulate cell cycle progression are not fully understood
partly because few substrates of these kinases have been
identified.

Previous studies have shown that some protein ki-
nases, including CDKs, form stable complexes with their
respective substrates in vivo (Kato et al. 1993; Dynlacht
et al. 1994, 1997; Krek et al. 1994; Karin and Hunter
1995; Zhu et al. 1995; Adams et al. 1996; Kallunki et al.
1996). This physical interaction has been suggested as a
mechanism by which the specificity and efficiency of the
kinase reactions are achieved. Thus, a possible approach
for identifying substrates of a protein kinase is to search
for proteins that interact physically with the kinase. We
have developed a method to screen expression libraries
for potential CDK substrates and identified a novel sub-
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strate of cyclin E-CDK2, a kinase complex that regulates
the G,/S-phase transition and is required for the initia-
tion of DNA replication in higher eukaryotes (Fang and
Newport 1991; Ohtsubo and Roberts 1993; Tsai et al.
1993; Resnitzky et al. 1994).

Results and Discussion

To identify cDNAs that encode new cyclin E-CDK2-
interacting proteins and thus potential substrates, we
screened a phage expression library by a binding assay
(Fig. 1). Unlike previously reported yeast two-hybrid
screens in which only CDK2 was used as the probe for
interacting proteins (Hannon et al. 1993; Harper et al.
1993), we used a preparation of purified cyclin E-CDK2
complex as the probe for two reasons: (1) Active cyclin
E-CDK2 complex was used, so the protein complexes
could easily be labeled with [y->?P]ATP by the active
cyclin E-CDKZ2; and (2) more importantly, it has been
shown that cyclins are involved in determining the sub-
strate specificity of CDKs (Peeper et al. 1993; Dynlacht
etal. 1994, 1997; Krek et al. 1994; Zhu etal. 1995). Thus,
the presence of cyclin E may be required in a screen to
identify important substrates of cyclin E-CDK2 com-
plex. The kinase-inactive CDK2 (CDK2dn) was also used
in the screen to maximize the binding to the substrates
in case the kinase activity of the wild-type CDK2 weak-
ened its binding to the substrates. From 1.2 x 10° clones
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Figure 1. Binding screen for cyclin E-CDK2-interacting pro-
teins. (Top) Outline of the binding screen (for details, see Ma-
terials and Methods). (Bottom) Autoradiographs showing a posi-
tive clone identified in primary (left) and tertiary (right) screens,
respectively. In the primary screen, the Agtl11 phage library was
plated at a density of 1.8 x 10* PFU/15-cm plate. In the tertiary
screen, 50-100 PFU was plated on a 10-cm plate. The arrow
indicates the positive clone in the primary screen.
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screened, we isolated 34 positive clones. Of these, 27
encode proteins that have been demonstrated previously
to be associated with cyclin E-CDK2 in vivo (8 clones for
p27, 1 clone for p107, 18 clones for p130) (Lees et al.
1992; Hannon et al. 1993; Li et al. 1993; Polyak et al.
1994; Toyoshma and Hunter 1994). Isolation of p27,
p107, and p130 from the screen demonstrates that the
method can identify authentic cyclin E-CDK2-associ-
ated proteins. The other six cDNAs (one cDNA was iso-
lated twice) encode fragments of proteins that have not
been shown previously to interact with cyclin E-CDK2
in vivo. The deduced peptide sequence from one clone
contained residues similar to the RRLFG motif shown
previously to be involved in the interaction with cyclin
A/E-CDK2 complexes (Zhu et al. 1995; Adams et al.
1996; Russo et al. 1996). Recombinant protein made
from this cDNA clone bound cyclin E-CDK2, but not
cyclin D1/CDK®, and could be phosphorylated by cyclin
E-CDK2, but not cyclin D1/CDK4, in vitro (data not
shown). Therefore, this clone was chosen for further
studies. While our work was in progress, the gene was
also isolated independently, under the names NPAT,
E14, and CAN3, through positional cloning by virtue of
the fact that the gene is located next to ATM on chro-
mosome 11g22-g23 and may share a bidirectional pro-
moter with ATM (Byrd et al. 1996; Imai et al. 1996; Chen
et al. 1997).

The NPAT (for nuclear protein mapped to the AT lo-
cus) protein consists of 1427 amino acids (Imai et al.
1996) and has an apparent molecular mass of 210 kD
when analyzed by SDS-PAGE (Fig. 2A; data not shown).
To determine whether NPAT is associated with cyclin
E-CDK?2 in vivo, cell lysates were subjected to immuno-
precipitation and Western blotting analysis using spe-
cific anti-cyclin E, anti-CDK2, and anti-NPAT antibod-
ies. Although the proteins immunoprecipitated by a con-
trol antibody included neither cyclin E-CDK2 nor NPAT
(Fig. 2), the protein complex immunoprecipitated by
anti-cyclin E monoclonal antibody from human osteo-
sarcoma U20S cell lysates contained NPAT protein (Fig.
2A). Consistently, the amount of NPAT precipitated by
anti-cyclin E antibody was increased in cells transfected
with NPAT, cyclin E, and CDK2 expression plasmids
(Fig 2B). In reciprocal experiments, analysis of the endog-
enous protein complex immunoprecipitated by anti-
NPAT monoclonal antibody demonstrated the presence
of cyclin E (Fig. 2C) and CDK2 (Fig. 2D) in the complex.
The amount of cyclin E-CDK2 immunoprecipitated by
the anti-NPAT antibody is comparable to that precipi-
tated by an antibody against p21 (Fig. 2C,D), a known
cyclin E-CDK?2 interacting protein (Harper et al. 1993).
These results confirmed physical association of NPAT
with cyclin E-CDK2 in vivo. The identity of the 230-kD
protein that is recognized by anti-NPAT antibody (Fig.
2A) is not clear at present, but it could be the product of
a differentially spliced NPAT mRNA or the product of a
related gene. Consistent with this notion, two mMRNA
species that hybridize to the NPAT sequence have been
detected in all human adult tissues examined and in sev-
eral human cell lines (Byrd et al. 1996; Imai et al. 1996;
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Figure 2. In vivo association of NPAT with cyclin E-CDK2.
(A) Lysates (1 mg of total protein) from U20S cells were immu-
noprecipitated with an anti-NPAT monoclonal antibody (DH3),
anti-cyclin E antibody (HE67) or a control monoclonal antibody
(anti-SV40-Tg antibody, PAB419), respectively. The immuno-
precipitates were analyzed by Western blotting with a mouse
anti-NPAT polyclonal antibody. The first lane was loaded with
total protein (25 pg) from U20S cells transfected with pPCMV-
NPAT, and the second lane was loaded with 50 pg of total
protein from U20S cells. (B) Same as described in A except that
the lysates (0.25 mg of total protein) were prepared from U20S
cells transfected with NPAT (10 ug), cyclin E (2.5 pg), and CDK2
(2.5 pg) expression plasmids. (C, D) Lysates (1 mg of total pro-
tein) from U20S cells were immunoprecipitated with indicated
antibodies. The immunoprecipitates were analyzed by Western
blotting with anti-cyclin E monoclonal antibody (HE12), (C) or
anti-CDK?2 antibody (D).

Chen et al. 1997; data not shown). The intensity of the
band that migrates faster than the CDK2 band (Fig. 2D)
varied greatly from experiment to experiment. The iden-
tity of the band is not clear and is currently being inves-
tigated.

To examine the protein level of NPAT throughout the
cell cycle, U20S cells were synchronized in M phase by
nocodazole treatment. The amount of NPAT in the cells
at different times after release from the nocodazole block
was analyzed by anti-NPAT antibody. Although NPAT
appears to be expressed in all phases of the cell cycle, the
protein level of NPAT peaks at the G,/S boundary and
decreases when cells enter S phase (Fig. 3), suggesting
that NPAT may play a role at the G,/S boundary. Con-
sistently, NPAT protein is diminished in serum-starved
or contact-inhibited normal human fibroblatst WI138
cells (data not shown).

To gain further insight into the function of NPAT, we
determined the effect of NPAT overexpression on cell
cycle distribution. When transfected into U20S cells,
NPAT caused a large increase in the fraction of cells in
S-phase and a concomitant decrease in the G, popula-
tion. (Fig. 4A,B). To rule out the possibility that the in-
crease of S-phase population was due to an S phase block
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Figure 3. The level of NPAT protein peaks at the G,/S bound-
ary. (A) DNA synthesis in U20S cells after removal of noco-
dazole was monitored by [*H]thymidine incorporation. (B) Ly-
sates (50 pg of total protein) prepared from cells at the indicated
times (hr) after release from nocodazole block were analyzed by
Western blotting with a rabbit anti-NPAT polyclonal antibody
(top). As a control, the lysates were also subjected to Western
blotting analysis with anti-CDK2 antibody (bottom).

caused by overexpression of NPAT, we used nocodazole
to block cell cycle at M phase and compared cell cycle
distribution of NPAT-transfected cells with that of vec-
tor-transfected cells. As shown in Figure 4C, NPAT-
transfected cells, like vector-transfected cells, proceeded
to the M phase, demonstrating that the increase in
S-phase population was not the result of an S-phase
block. The effect of NPAT overexpression on cell cycle
distribution is reminiscent of that resulting from over-
expression of cyclin E or cyclin D1 in mammalian cells
(Ohtsubo and Roberts 1993; Resnitzky et al. 1994). To
determine whether overexpression of NPAT, like over-
expression of cyclin E or cyclin D1, promotes entry into
S phase, we examined the changes in the distribution of
cells in the cell cycle at different times after transfection
with NPAT or control vector (Table 1). Nocodazole was
added at 22 hr after transfection to arrest cells at M phase
so that the relative rates at which transfected cells pass-
ing through G, phase into S phase could be measured and
compared. At early times (e.g., 22 hr) after transfection,
distribution of cells in the cell cycle was virtually iden-
tical for both NPAT- and vector-transfected cells. At
later times (25, 28, 31, 34 hr), however, the percentage of
cells in S phase is much higher in NPAT-transfected
cells than in control vector-transfected cells. This in-
crease in S-phase population was accompanied by a de-
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crease in the G, population of NPAT-transfected cells,
whereas there was no significant change in G,/M popu-
lation. These results show that overexpression of NPAT
accelerates S-phase entry in U20S cells. Taken together,
these observations (Figs. 3 and 4; Table 1) suggest that
NPAT may function in some step that is rate-limiting in
the G,/S-phase transition. Although our results suggest
that overexpression of NPAT results in shortening of G,
phase, it is not clear, though possible, whether S phase is
lengthened to compensate for the shortened G, when the
cells are pushed into S phase. We note that the effect of
overexpression of NPAT on cell cycle distribution varied
considerably among different cell lines (data not shown),
suggesting that in addition to the expression of NPAT,
other unidentified events are also involved in the accel-
erated S-phase entry in these cells.

Because NPAT and cyclin E-CDK2 associate in vivo
and expression of each accelerates S-phase entry, we ex-
amined the effect of coexpression of NPAT and cyclin
E-CDK2 on the cell cycle distribution. Coexpression of
NPAT and cyclin E-CDK2 together has a cooperative
effect on the increase in S-phase population (Fig. 4D),
whereas coexpression of NPAT with cyclin A-CDK2 or
with cyclin D1-CDKA4 does not have this effect (data not
shown), indicating that NPAT and cyclin E-CDK2 are
not only associated physically but related functionally as
well.

The observation that NPAT interacts physically and
functionally with cyclin E-CDK2 in vivo and that re-
combinant NPAT can be phosphorylated by purified cy-
clin E-CDK2 in vitro (data not shown) prompted us to
examine whether NPAT complexed with cyclin E-
CDK2 in cells can be phosphorylated by this kinase in
vitro. Cell lysates were immunoprecipitated with anti-
cyclin E antibody, and the immunocomplexes were in-
cubated with [y-3>?P]JATP. As shown in Figure 5A, both
endogenous and transfected NPAT in anti-cyclin E im-
munoprecipitations were phosphorylated. The fact that
phosphorylation of NPAT is inhibited by purified p21
protein and that the phosphorylation of transfected
NPAT is diminished when a Kkinase-inactive CDK2 is
cotransfected (Fig. 5A) indicates that phosphorylation
of NPAT in the anti-cyclin E immunoprecipitations
depends on active cyclin E-CDK2 in the complex. To
determine whether NPAT can be phosphorylated by cy-
clin E-CDK2 in vivo, we examined phosphorylation of
NPAT in cells transfected with NPAT alone or together
with cyclin E-CDK2 expression constructs. NPAT was
phosphorylated at basal level in U20S cells when trans-
fected alone (Fig. 5B). When coexpressed with active cy-
clin E-CDK2, phosphorylation of NPAT was greatly in-
creased. In contrast, coexpression of a kinase-inactive
CDK2 with cyclin E did not increase the phosphoryla-
tion of NPAT. Increased phosphorylation of NPAT by
cyclin E-CDK?2 is not merely a consequence of acceler-
ated S-phase entry, as overexpression of cyclin D1/
CDK4, which also promotes S-phase entry (data not
shown), did not result in increased phosphorylation of
NPAT (Fig. 5B). These results suggest that NPAT is a
substrate of cyclin E-CDK2 in human cells and that the
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been proposed as substrates of cyclin

E-CDK2 (Hinds et al. 1992; Li et al.
1993; Zhu et al. 1995; Herrera et al.
1996; Sheaff et al. 1997). Using the
method we developed, we have iden-
tified NPAT as a novel substrate of
cyclin E-CDK2. Here we show that

1

NPAT appears to play a role at the
G, /S boundary where cyclin E-CDK2
executes its function. Unlike the
other potential substrate described,
overexpression of NPAT promotes S-
phase entry and this effect is en-
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. hanced by the expression of cyclin E-
CDK2. Therefore, it appears likely
that NPAT is one of the critical tar-

gets of cyclin E-CDK2 in promoting
S-phase entry. This notion is consis-
tent with the observation that inacti-
vation of the mouse NPAT/NPAT
gene by proviral insertion resulted in
embryonic arrest at the eight-cell
stage (Fruscio et al. 1997).

This work is the first characteriza-
tion of the function of NPAT bio-
chemically. Additional studies, em-
ploying different experimental ap-
proaches, are needed to elucidate the
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Figure 4. Effects of overexpression of NPAT on U20S cell cycle distribution. (A) cells
were transfected with control pCMV vector alone or with indicated amounts of pPCMV-
NPAT, and were analyzed by FACS. The results represent the means from triplicate
samples. (B) Cells were transfected with 20 ug of vector or 20 pg of pPCMV-NPAT and
analyzed as in A. The absolute percentage differences between NPAT-transfected cells
and vector-transfected cells (% NPAT-transfected cells-% vector-transfected cells) were
calculated. The mean results from duplicate samples in four independent experiments
(1-4) are depicted. (C) Cells were transfected with 20 g of vector or pPCMV-NPAT in the
presence (vector + NOC; NPAT + NOC) or absence of nocodazole and were analyzed as
in A. Shown are the mean results from duplicate samples; similar results have also been
obtained in four other independent experiments. (D) Cells were transfected with the
indicated expression plasmids (10 pug of NPAT; 2.5 pg of cyclin E; and 2.5 pg of CDK2)
and analyzed as in A. The mean results from duplicate samples are presented. ([]) G,

phase; () S phase; () G,/M phase.

cooperative effect of coexpression of NPAT and cyclin
E-CDK2 on the cell cycle distribution (Fig. 4D) may re-
sult from the phosphorylation of NPAT by the cyclin
E-CDK2 complex. Because cotransfection of NPAT with
cyclin A/CDK?2 did not show the cooperative effect on
the cell cycle progression and the recombinant GST fu-
sion protein encoded by the original isolated NPAT
cDNA did not bind cyclin A/CDK2 in vitro (data not
shown), we did not investigate further whether NPAT is
associated with cyclin A/CDK2 in vivo or whether it is
also a substrate of this kinase complex.

Identification of cyclin E-CDK2 substrates is crucial
for elucidating the mechanism by which this kinase
regulates the G,/S-phase transition and initiation of
DNA replication. Several cell cycle-related proteins have

HPAT anecoez Mechanism by which overexpression

Gyl EXODNR of NPAT promotes S-phase entry.
One of the interesting questions that
needs to be addressed is whether the
function of NPAT protein is required
for the G,/S phase transition. These
important issues are currently under
investigation. The method described
in this report should also be appli-
cable to the identification of sub-
strates for other protein Kkinases.
Thus, it provides a new approach for
the study of not only cyclin-depen-
dent kinases but also other protein Ki-
nases.

Materials and methods

Preparation of 32P-labeled human cyclin E-CDK2/cyclin E-CDK2dn
Expression and purification of human cyclin E-CDK2 and cyclin E-
CDK2dn from recombinant baculoviruses in insect cells were carried out
as described previously (Dynlacht et al. 1994). To label the protein com-
plexes, purified cyclin E-CDK2 and cyclin E-CDK2dn were mixed and
incubated in the presence of [y-*2P]JATP at 30°C for 30-60 min. The
unincorporated free [y-32P]JATP was removed from the labeled proteins
using a Centricon 10 (Amicon). The specificities of labeled protein com-
plexes were 5 x 10°-1 x 107 cpm/pg of protein.

Binding screen of phage expression library

A Ngtll cDNA library prepared from human T-cell leukemia Molt-4 cells
(Clontech) was screened. Phage plating, incubation, and protein transfer
were performed essentially as suggested by the manufacturer based on
the method described by Young and Davis (1983). After protein transfer,
the filters were blocked in 5% milk in PBS with 0.5 mm PMSF, 0.2 mm
benzamindine-HCI at 4°C overnight. The blocked filters were incubated
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Table 1. Owverexpression of NPAT in U20S cells accelerates S-phase entry
22 hr 25 hr 28 hr 31 hr 34 hr 36 hr 46 hr
vector NPAT vector NPAT vector NPAT vector NPAT vector NPAT vector NPAT vector NPAT
G, (%) 62.9 60.8 57.4 48.3 43.6 315 35.7 17.5 29.6 11.6 34.8 12.6 27.7 9.9
S (%) 31.0 31.1 32.8 41.9 44.2 56.8 47.0 64.9 354 54.9 30.2 44.3 16.7 235
G,M (%) 6.1 8.1 9.8 9.8 12.2 11.7 17.3 17.6 35.0 335 35.0 43.1 55.6 66.6

U20S cells were transfected with pCMV-neo (vector) or pPCMV-NPAT. Nocodazole (75 ng/ml) was added to the culture medium at 22
hr post-transfection. Cells were harvested at the indicated times post-transfection, and the distribution of transfected cells in the cell
cycle was analyzed by FACS. The data representing the mean results from two independent experiments deviated < 3% from each

other.

with the labeled protein probes at a concentration of 0.12-0.2 ug of pro-
tein/ml of binding solution [25 mwm Tris-HCI at pH 7.5, 100 mm KCI, 5
mm MgCl,, 1 mm DTT, 0.1% Tween 20, 5% glycerol, 1% milk, 10 mm
NaF, 0.1 mm NagVO,, 0.4 mm AEBSF (Calbiochem), 0.2 mm benzami-
dine-HCI, 1 ug/ml each of leupeptin and aprotinin] at room temperature
for 1-3 hr. Filters were then washed four times for 15 min each in a
washing solution (25 mm Tris-HCI at pH 7.5, 100 mm KCI, 5 mm MgCl,,
0.1 mm DTT, 0.1% Tween 20, 5% glycerol, 0.1 mm Na;VO,, 1 mm NaF,
0.2 mm PMSF, 0.2 mm benzamidine-HCI). Washed filters were air-dried
and exposed to X-ray films at 80°C for 4-20 hr.

Antibodies, Western blotting, and immunoprecipitation
Anti-CDK2 antibody (M2) was from Santa Cruz. Anti-cyclin E (HE12,
HEG7) antibodies, anti-p21 antibody (CP68), and anti-HA antibody

(12CA5) have been described previously (Zhu et al. 1995). Mouse anti-
NPAT polyclonal and monoclonal antibodies were prepared according
to Harlow and Lane (1988), using a GST fusion protein containing am-
ino acids 782-1081 of NPAT as the immunogen. Rabbit anti-NPAT
polyclonal antibodies were generated against His-tagged protein con-
sisting of amino acids 1082-1427 of NPAT. The monoclonal antibodies
used for immunoprecipitation were covalently coupled to protein A or
protein G-Sepharose beads as described (Harlow and Lane 1988). Immu-
noprecipitation and Western blot analysis were performed according to
Harlow and Lane (1988), except that the lysis and wash buffer was 50 mm
Tris-HCI (pH 8.0), 250 mm NaCl, 5 mm EDTA, 1 mm DTT, 0.2% NP-40,
5% glycerol, 0.4 mm AEBSF, 0.5 mm benzamidine-HCI, 5 pg/ml of leu-
peptin, 5 pg/ml of aprotinin, 5 pg/ml of pepstatin A, 10 mm NaF, 0.1 mm
NazVO,, and 50 mm B-glycerophosphate.
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Figure 5. Phosphorylation of NPAT by cyclin E-CDK2. (A) Lysates from
U20S cells (1 mg of total protein) or from U20S cells (0.25 mg of total
protein) transfected with plasmids expressing indicated proteins were pre-
cipitated with anti-cyclin E (HE 67) or a control antibody (pAb 419) as indi-
cated. The immunoprecipitates were incubated with [y-3?p]ATP in the ab-
sence () or presence (+) of purified CDK inhibitor p21 protein (20 ng) as
indicated. The phosphorylation of NPAT was determined by reimmunopre-
cipitation of the phosphorylated protein with anti-NPAT antibody (DH3).
The amounts of expression plasmids used in the transfection experiments
were 15 pg of NPAT, 4 pg of cyclin E, and 6 pg of CDK2 and CDK2dn, re-
spectively. (B) U20S cells were transfected with indicated expression plasmids,
and the cellular phosphoproteins were labeled with [*2P]orthophosphate. Lysates
were immunoprecipitated with anti-NPAT antibody (DH3) or a control anti-
body as indicated. The immunoprecipitates were denatured and reimmunopre-
cipitated with anti-HA antibody (12CAb5). Fifteen micrograms of HA-tagged
NPAT, 4 pg of cyclin E, 6 ug of CDK2/CDK2dn, 4 pg of cyclin D1, and 6 pg of
CDK4 expression plasmids were used in the transfection experiments.
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Expression plasmids

The cyclin D, cyclin E, CDK2, and CDK2dn and the vector
(pPCMVneo) plasmids have been described previously (Hinds
et al. 1992; van den Heuvel and Harlow 1993). The NPAT
expression plasmid () CMV-NPAT) was made by cloning the
full-length NPAT cDNA sequence including both 5’ and 3’
noncoding sequence (Imai et al. 1996) into the pCMV-neo
vector at the BamHI site. The HA-tagged NPAT was made by
PCR. A 10-amino-acid epitope tag (YPYDVPDYAS) was in-
serted at the amino terminus of the protein. The sequence of
the PCR product was verified by DNA sequencing. The DNA
sequence encoding HA-tagged NPAT was cloned into the
pCMV-neo vector.

Transient transfection and FACS analysis

Transient transfection and FACS analysis were performed es-
sentially as described previously (van den Heuvel and Harlow
1993). Unless otherwise stated, cells were cultured in DMEM
supplemented with 10% FBS. Transfections were done on
100-mm dishes using indicated plasmid DNA, together with
pCMV-CD20 plasmid for the selection of transfected cells.
Cells were harvested at 40-48 hr after transfection or as in-
dicated. In the experiments described in Figure 4C, noco-
dazole (70 ng/ml) was added to half of the samples at 26 hr
after transfection and the cells were harvested for analysis 22
hr later.

Cell cycle synchronization
U20S cells were incubated with nocodazole (75 ng/ml) for 22
hr in DMEM supplemented with 10% FBS. Then, the cells
were washed twice with PBS and incubated in the fresh me-
dium without nocodazole.

[®H]thymidine incorporation

U20S cells released from nocodazole block were incubated at
a concentration of 5 x 10° cells/60-mm dish in DMEM with
10% FBS. At the indicated times 10uCi of [*H]thymidine was
added to 3 ml of culture medium. After 1 hr, cells were
washed with PBS and lysed with 0.3 N NaOH. DNA was
precipitated with TCA (10%), and incorporation of [*H]thy-
midine into DNA was determined by liquid scintillation
counting.

Phosphorylation assay of immunoprecipitates
Following immunoprecipitation with indicated antibodies,



the immunoprecipitates were incubated with or without p21 in 50 pl of
kinase buffer (50 mm HEPES at pH 7.0, 10 mm MgCl,, 4 mm MnCl,, 1 mm
DTT, 0.1 mm BSA, 2 uCi of [y-32P]JATP) at 30°C for 30 min. The reaction
was terminated with SDS-PAGE loading buffer. The mixtures were di-
luted 20-fold with 2% BSA in PBS and reimmunoprecipitated with anti-
NPAT monoclonal antibody (DH3). The immunoprecipitates were ana-
lyzed by autoradiography following SDS-PAGE. Recombinant human
p21 protein was purified as described (Zhu et al. 1995).

In vivo [3?P]phosphate labeling

U20S cells were transfected with indicated plasmids. Thirty-two hours
after transfection, the cells were washed twice with phosphate-free
DMEM and incubated in phosphate-free DMEM for 1 hr. Then the cells
were incubated in phosphate-free DMEM containing 0.5 mCi/ml of
[32P]orthophosphate (ICN) for 4 hr. The lysates were immunoprecipitated
and analyzed by autoradiography following SDS-PAGE.
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