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The p16™%** tumor suppressor inhibits cyclin-dependent kinases (CDK4 and CDK6). Here we report the
isolation of a novel gene, SEI-1, whose product (p345¥"!) appears to antagonize the function of p16™%*2,
Addition of p345F™! to cyclin D1-CDK4 renders the complex resistant to inhibition by p16™%4*, Expression of

SEI-1 is rapidly induced on addition of serum to quiescent fibroblasts, and ectopic expression of p3

4SEI-1

enables fibroblasts to proliferate even in low serum concentrations. p345F"! seems to act as a growth factor
sensor and may facilitate the formation and activation of cyclin D-CDK complexes in the face of inhibitory

levels of INK4 proteins.
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In mammalian cells, the cyclin-dependent kinases
CDK4 and CDKG6 in conjunction with D-type cyclins,
regulate entry into the cell cycle and passage through the
restriction point in late G, (Sherr 1993). As critical inte-
grators of mitogenic-signaling pathways, their activities
are regulated at multiple levels, including the synthesis
and stability of individual components, the assembly of
functional complexes, and post-translational modifica-
tion (Sherr and Roberts 1999). CDK4/CDXKG6 are further
regulated by CDK inhibitors (CKIs), which induce cell
cycle arrest in response to different signals (Sherr and
Roberts 1999). There are at present two different classes
of CKI, the KIP/CIP family (p21<®!, p27%®! and
p57%P) and the INK4 family (ple™NK4a pl15INKab
pl8™NK4e and p19™K4d) In contrast to the KIP/CIP fam-
ily, which inhibits a broad range of CDKs and has been
also shown to activate cyclin D-dependent kinases
(Zhang et al. 1994; LaBaer et al. 1997; Cheng et al. 1999;
Parry et al. 1999), the INK4 family protein specifically
binds to and inactivates CDK4/CDKG6 (Serrano et al.
1993; Koh et al. 1995; Lukas et al. 1995).

Recent observations strongly suggest that cyclin D ki-
nases contribute to cyclin E-CDK2 activation and
S-phase entry through both pRB phosphorylation and se-
questration of the KIP/CIP family CKIs (Geng et al.
1999; Sherr and Roberts 1999). This evidence suggests
that the activity of cyclin D-CDK4/6 kinase is crucial
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and is tightly regulated by a number of different factors.
To help understand the regulation of cyclin D-dependent
kinases, we have identified and characterized a novel
CDK4 regulator that prevents p16™%** from inhibiting
the formation of cyclin D1-CDK4 complexes.

Results and Discussion

Because the only known binding partners for INK4 pro-
teins are CDK4 and CDK6, we performed yeast two-hy-
brid screening using full-length human p16™%** as bait
(Durfee et al. 1993). From a total of (1.5 x 10° yeast colo-
nies screened with HeLa cell cDNA library, three were
recovered that fulfilled the criteria for a positive inter-
action. One cDNA encoded CDK4, confirming the reli-
ability of the screening procedure, whereas the other two
contained the same novel sequence, which we called
SEI-1 because it was selected with INK4A as bait.

The SEI-1 ¢cDNA encodes a 34-kD protein (p345E-!)
whose predicted amino acid sequence (GenBank acces-
sion no. AF117959) shows no obvious similarities to any
other proteins in the database. The presence of a typical
nuclear localization signal (KRKR) near the amino ter-
minus suggested that p345F"! may be a nuclear protein,
this was confirmed by immunodetection of epitope-
tagged protein in COS-7 cells (data not shown).

SEI-1 cDNA was found to hybridize to a single 1.35-kb
mRNA transcript that is widely expressed in various hu-
man tissues, including spleen, prostate, testis, ovary,
small intestine, colon, and leukocyte, with the exception
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of thymus (data not shown). To examine the expression
pattern of p345E! in the cell cycle, human primary fi-
broblasts, TIG-3 cultures, were rendered quiescent by
serum withdrawal and stimulated to re-enter the cell
cycle. At various times after serum addition, samples
were analyzed for the expression of p345E'! and other
cell cycle regulators. Flow cytometry (data not shown)
confirmed that the majority of the cells began to enter S
phase at (116 hr after serum addition, coinciding with the
first appearance of cyclin A protein (Fig. 1A). p34SE-!
expression was very weak in quiescent TIG-3 cells, but
the RNA (data not shown) and protein were rapidly in-
duced, reaching peak levels 2 hr after serum addition
(Fig. 1A). A similar SEI-1 RNA expression pattern was
also observed in rat fibroblasts, 3Y1 (data not shown).
Immunoblotting was also used to monitor the expres-
sion of cyclin D1, CDK4, and pl16™¥2 proteins. As re-
ported previously (Li et al. 1994), the levels of cyclin D1
and CDK4 remain essentially constant in serum-stimu-
lated TIG-3 cells, whereas pl16™¥*? expression was in-
creased by serum stimulation (Tam et al. 1994; Hara et
al. 1996; Fig. 1A). Different patterns have been reported
in other cell systems in which cyclin D expression can
be growth-factor dependent (Matsuhime et al. 1994).
Interaction of pl6™™** with p345E"! in a yeast two-
hybrid screen suggested that p345E! might have some
influence over the CDK inhibitory activity of p16™&42,
Highly purified cyclin D1-CDK4 complex, produced in a
baculovirus-based expression system, phosphorylates
the retinoblastoma gene product, pRb, on specific resi-
dues (Kato et al. 1993). As shown in Figure 1B, the ac-

Time (hrs)
ps3
0.1 2 4 8 12 16 20 24 30 € CDKB
A pagsen Input - CDK4
. e m® Gyoina
PP —————
3 = p1GNKda
B T S ¥ e 3
- g g - -G
439~
His-p34sera — € CDK4
B bound 2.1
50 [100/200] 50 J100 [200] 50 f100 |200| ng of His-p1g/h«ee 11~
1]1]1 ng of His-p34sEr-t 73~
[ T T T T TsTvT1lngot Hislar
o ev-o < GST-Rp

12 3 45 6 7 8 910

Figure 1. Cell cycle-dependent expression of SEI-1 and its in-
fluence over p16™¥4? activity. (A) Early passage (35 PDL) TIG-3
cells were rendered quiescent in medium containing 0.2% se-
rum for 4 days, then stimulated to proliferate by addition of
20% FCS. Total cell lysates were prepared at various time
points and 150 pg of protein were subjected to Western blotting
with antibodies indicated at right. (B) HPLC-purified cyclin D1~
CDK4 complexes, prepared from baculovirus-infected Sf9 cells,
were preincubated with His—p16™%42 with or without His—
p34SEr! or His-Id1 as indicated, and then assayed for kinase
activity toward GST-Rb. (C) 2°S-Labeled in vitro-translated
pl6™NK4a CDK4, CDK6, and p53 proteins (top) were mixed with
10 ng of His—p345E! protein (bottom). The samples were ana-
lyzed directly by SDS-PAGE (top) or after immunoprecipitation
with an antibody against p345E! (bottom).
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tivity of such a complex, assayed by its ability to phos-
phorylate the carboxy-terminal domain of pRb expressed
as a GST fusion protein, can be completely abolished by
addition of sufficient amounts (100 or 200 ng) of bacte-
rially produced histidine-tagged p16™%* protein (His—
pl16™%43) (Fig. 1B, lanes 3,4). However, addition of 1 ug of
bacterially produced histidine-tagged p345*™' (His—
p345E-1) rendered the complex resistant to inhibition by
pl6™E4a (Fig 1B, lanes 5,6,7), whereas histidine-tagged
Id1 protein (His-Id1) (Hara et al. 1997), used here as a
nonspecific control, had no effect on the inhibitory prop-
erties of p16™¥ 4 (Fig. 1B, lanes 8,9,10). These effects
were more significant when the cyclin D1-CDK4 com-
plex was preincubated with His—p345E"! prior to the ad-
dition of His—pl16™%4* (data not shown). These results
are reminiscent of an observation that viral cyclins en-
coded by Kaposi’s sarcoma virus form active kinase com-
plexes with CDK6 that are resistant to inhibition by
pl6™%42 (Swanton et al. 1997).

To validate the interaction between p3 and
pl6™F4 Hisp16™542 was tested for its ability to bind
in vitro to [**S]methionine-labeled p345F"! synthesized
in reticulocyte lysates. Although binding of p345SE! was
observed, these interactions appeared much weaker than
that between CDK4 and INK4 proteins (data not shown).
However, the results in Figure 1B strongly suggest that
p345E! has some influence over the pl16™&4 activity.
Therefore, we next examined the possibility that p34SE-!
might bind directly to CDK4. 3*S-Labeled CDK4 was co-
precipitated with 10 ng of His-p345E-!, whereas 3°S-la-
beled p16™¥4* was not coprecipitated under similar
binding conditions (Fig. 1C, cf. lane 2 and lane 1). CDK6
protein was not coprecipitated with His—p345F"! protein
despite its high homology with CDK4 (Fig. 1C, lane 3).
We did not observe any interaction between p345¥! and
cyclin D1 (data not shown). These data indicate that
CDK4 may be a genuine binding target of p34SE-L,

To identify the region important for SEI-1/CDK4 bind-
ing, histidine-tagged CDK4 (His—CDK4) was mixed with
35S-labeled in vitro-translated proteins from a series of
p34SE-! truncation mutants (Fig. 2A), and the complexes
were recovered by immunoprecipitation of His-CDK4.
All truncated SEI-1 proteins were of the expected mo-
lecular size as determined by SDS-PAGE (Fig. 2B, top).
SEI-1 proteins that were progressively truncated from
the amino terminus retained the ability to bind CDK4 up
until removal of amino acids 44-99, which abrogated
this binding (Fig. 2B, bottom, lanes 3-8). Similarly, car-
boxy-terminal mutants also possessed CDK4-binding ac-
tivity, but deletion of amino acids 102-161 prevented
this binding (Fig. 2B, bottom, lanes 9-12). This result
indicates that the region between 44 and 161, which con-
tains a proline-rich sequence, is required for CDK4 bind-
ing. Similar analyses were performed with His-p34SF!
and *°S-labeled proteins from a series of CDK4 trunca-
tion mutants (Fig. 2C). Although none of the truncation
mutants of CDK4 were able to bind to p16™%4? (Fig. 2D,
middle, lanes 2-5), neither amino-terminal nor carboxy-
terminal deletions abrogated the binding to p345E"! (Fig.
2D, bottom, lanes 2-4). The most carboxy-terminal part

4SEI- 1
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Figure 2. Interaction of p345¥! with CDK4. (A) Schematic representation of

p345E! and its interaction activity. (B) A series of truncation mutants of °S-
labeled p34SE! proteins (top) were incubated with His—-CDK4 protein. Bound 3°S-
labeled p34SE-! proteins were detected by autoradiography (bottom). (C) Schematic
representation of CDK4 and its interaction activity. (D) A series of truncation
mutants of 3°S-labeled CDK4 proteins (top) were incubated with either His-
pl6™K4a (middle) or His—p34SEr! protein (bottom). Bound 2°S-labeled CDK4 pro-
teins were detected by autoradiography (middle, bottom). (E) Cos7 cells were trans-
fected with expression vectors for Flag-tagged p345E"! and/or CDK4 as indicated
(top) and collected 48 hr later. Specific interactions were analyzed by immuno-
blotting with antibodies indicated at left after immunorecipitation with antibodies
indicated at bottom (lanes 1-5). (F) p34SE"! immunoprecipitates prepared from
C33A cells in the absence (lane 2) or presence (lane 3) of competing SEI-1 peptide
were subjected to Western blotting with anti-CDK4 antibody. 1/100 volume of
total cell lysate from C33A cells was directly immunoblotted as a postivie control
(lane 1).

of CDK4, amino acids 245-303, did not bind to p34SEi!
(Fig. 2D, bottom, lane 5). This indicates the region lying
between 79-245 of CDK4 is required for p345E! binding.

To confirm the interaction between p345F"! and
CDK4 in vivo, Cos 7 cells were transfected with a CDK4
expression vector in the presence or absence of a second
expression vector containing Flag-tagged p345F!. Cell

p345E! protects CDK4 from INK4

lysates were immunoprecipitated with
anti-p345F! antibody, and the immune
complexes were subjected to Western blot-
ting with an anti-CDK4 antibody. We
could detect CDK4 among the coprecipi-
tated proteins (Fig. 2E, lane 2), but no
CDK4 was detected when the immunopre-
cipitation was competed with excess SEI-1
peptide antigen (Fig. 2E, lane 3). Similar re-
sults were obtained when anti-Flag anti-
body-conjugated agarose beads were used
for immunoprecipitation. CDK4 protein
was only detected in the cells transfected
with both CDK4 and Flag-tagged p34S¥!
expression vectors (Fig. 2E, lanes 4,5).
These results suggest that p345*! binds to
CDK4 in Cos7 cells. We have further
shown an interaction between endogenous
p34SE! and CDK4 proteins in the cervical
carcinoma cell line, C33A. CDK4 was de-
tectable in the p345FT'-immunoprecipi-
tated complexes (Fig. 2F, lane 2); whereas
no CDK4 was evident when the immuno-
precipitation was competed with excess
SEI-1 peptide antigen (Fig. 2F, lane 3).
There are two possibilities to explain why
we obtained p345E! by two-hybrid screen-
ing using p16™%4* as a bait. Cdc28 might
be working as a bridging molecule between
p34SEFL and pl16™K4? in yeast. Alterna-
tively, although the binding between
p34SE-! and pl6™4? s very weak, these
proteins may bind each other more effi-
ciently when they are highly overex-
pressed in yeast.

Because pl6™¥ 4 js believed to inhibit
the CDK4 kinase activity by binding in
competition with D-type cyclin, we next
asked what influence p345"! might have
on the competitive binding of cyclin D1
and pl16™¥4 to CDK4. A Myc-epitope tag
was added to the cyclin D1 sequence to aid
discrimination of the in vitro-translated
proteins, and the complexes were recov-
ered by immunoprecipitation of CDK4.
Addition of 1 ug of p34S*! had a small
stimulatory effect on cyclin D1-CDK4
binding, whereas increasing amounts of
ple™K42 effectively blocked the cyclin
D1-CDK4 interaction (Fig. 3A, cf. lanes 1,2
and 4,7) as described previously (Parry et
al. 1995; Guan et al. 1996). When added
together, p34SE! prevented the disruption

of the cyclin D1-CDK4 interaction by p16™%4? (Fig. 3A,
lanes 5,8), and Id1 was unable to counteract pl6™m &2
(Fig. 3A, lanes 6,9). A similar analysis was performed
with CDKG6 instead of CDK4. Interestingly, p34S¥! did
not prevent the disruption of the cyclin D1-CDK®6 inter-
action by p16™% 42 (Fig. 3B). This correlates well with the
observation that p345E! did not bind to Cdké6 in vitro
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Figure 3. Protection of cyclin DI-CDK4 complex from
pl6™NK4a by p34SEFL Both in vitro-translated 3°S-labeled Myec-
tagged cyclin D1 and CDK4 (A) or unlabeled CDK6 (B) were
mixed with His—p16™&42 p34SEF! or [d] as indicated. The mix-
tures were immunoprecipitated with antisera to CDK4 (A) or
CDKG6 (B) and analyzed by SDS-PAGE. Labeled D1 proteins were
detected by autoradiography. (B) (C) In vitro-translated 3°S-la-
beled Myc-tagged-cyclin D1 and Cdk4 were mixed with the
proteins as indicated, immunoprecipitated with anti-p16 anti-
body, and analyzed by SDS-PAGE. Labeled proteins were de-
tected by autoradiography (top). These immunoprecipitated
samples were also subjected to Western blotting with anti-His-
tag antibody (bottom).

(Fig. 1C, lane 3). These results suggest that an interaction
between p345E! and CDK4 might be important for ren-
dering the cyclin D1-CDK4 complex resistant to inhibi-
tion by pl16™k4a,

To examine the mechanism of p34 action in fur-
ther detail, we checked first whether or not p34SF!
could inhibit the interaction between pl6™X** and
CDK4. Results indicated that p345E"! did not have any
effect on the interaction between pl6™¥4* and CDK4

SEI-1
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(data not shown). This suggests a major difference be-
tween p345F! and another CDK4-binding protein,
Cdc37, which can compete with p16™%4 for binding to
CDK4 (Dai et al. 1996; Stepanova et al. 1996; Lamphere
et al. 1997) Next, we examined the possibility that
p34SE-! might enable CDK4 to bind cyclin D1 even in
the presence of p16™ 2 35S Labeled in vitro-translated
CDK4 and cyclin D1 proteins were mixed with His—
pl6™%42 in the presence or absence of His—p345E!, Im-
munoprecipitated complexes with an anti-p16™%** an-
tibody were analyzed by autoradiography or by immuno-
blotting with anti-His-tag antibody. Cyclin D1 was
coprecipitated with pl16™¥4 following the addition of
increasing amounts of p34°t"! (Fig. 3C, lanes 4,5, top).
Cyclin D1, CDK4, p16™¥42 and p345E! were detected
in the same p16™%42 immunoprecipitates (Fig. 3C, lanes
4,5). The most likely explanation for this result is that
the binding of p345f™! to CDK4 renders the cyclin D1-
CDK4 complex resistant to the action of pl6™%4? and
results in the formation of quartenary complexes of
p34SE-_p16™K42_cyclin D1-CDK4. This evidence cor-
relates with reports suggesting that INK4 proteins asso-
ciated with the cyclin D-CDK4 complexes (Hirai et al.
1995; Reynisdottir and Massague 1997). Although the
exact mechanism is still not fully understood, these data
indicate that p345E! may be a positive regulator of the
cyclin D1-CDK4 complex by counteracting the INK4
proteins. Recent crystallographic studies of the CDK6~
INK4 structure indicate that the conformational changes
induced by INK4 proteins inhibit both productive bind-
ing of ATP and cyclin-induced rearrangement of the ki-
nase from an inactive to an active conformation (Broth-
erton et al. 1998; Russo et al. 1998). Therefore, although
p34SE-! does not bind to CDK6, p345E! binding to
CDK4 might induce structural changes that restore the
ATP binding and cyclin D binding in the presence of
INK4.

To examine the biological significance of p345*"! in
cell growth, 3Y1 cells were transfected with SEI-1 cDNA
and stable clones were established. Two clones, F-2 and
F-11, were chosen for further analysis because they ex-
pressed different amounts of exogenous p345E"! (Fig. 4A).
No exogenous p345E! protein could be detected in the
control clone, N-2, transfected with empty vector. All
three of these clones grew well in normal medium con-
taining 10% serum (Fig. 4B, left). However, F-11 cells,
which express the highest levels of exogenous p34°F,
continued to grow well in 3% serum, whereas growth of
the N-2 control cells was severely impaired (Fig. 4B,
middle). The F-2 clone, expressing modest levels of
p345E-! had intermediate properties. The effects were
similar but even more pronounced in 1% serum (Fig. 4B,
right). Similar results were obtained in other cell clones
(data not shown). We repeated the same growth assay
using a pool of transfected cells rather than cell clones
(Fig. 4D,E). The cells transfected with wild-type p34SE-!
expression plasmid grew better than cells transfected
with the CDK4-binding-deficient mutant of p34SEl!
(amino acids 134-236; Fig. 2B, lane 8) or vector alone in
low serum conditions (Fig. 4E). Thus, exogenous SEI-1
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Figure 4. Effects of p345E"! on cell growth. (A) Clones of rat 3Y1 fibroblasts stably transfected with a p345E-! expression vector (F-2
and F-11) or empty vector (N-2) were monitored for p345E'! expression by immunoblotting with an antiserum (THI1) against the
carboxyl terminus of p34SF!, (B) The clones were placed in either 10% serum (left), 3% serum (middle), or 1% serum (right), and
relative cell numbers were compared at 12-hr intervals. (O) N-2; (@) F-2; (O) F-11. (C) N-2 and F-11 cells were maintained in medium
containing 1% serum for 4 days. Cell lysates were then immunoprecipitated with either CDK4 antiserum or NRS. The precipitates
were tested for their ability to phosphorylate GST-Rb protein (top) and were also subjected to Western blotting with anti-CDK4
antibody (bottom). (D) 3Y1 cells transfected with expression plasmids encoding wild-type (WT) or CDK4-binding-deficient mutant;
amino acids 134-236 (Mut) of p345E"! or empty vector (Vec), pcDNAS3 (Invitogen), were selected against G418 for 2 weeks and pooled.
This pooled population was monitored for p345El'! expression by immunoblotting with an antiserum (TH1). (NS) Nonspecific asso-
ciation to TH1 antiserum in 3Y1 cell lysate. (E) The pooled cells were placed in the medium containing 1% serum and relative cell
numbers were compared at 12-hr intervals. () Vec; (@) Mut; (O) Wt.

was able to sustain cell proliferation even in low-serum
concentrations and this activity was dependent on its
binding to CDK4.

Because the working hypothesis is that SEI-1 substi-
tutes for serum factors in activating cyclin D-CDK4
complexes, we compared the CDK4-associated kinase
activity in F-11 and N-2 cells that had been maintained
in 1% serum for 4 days. Cell lysates were immunopre-
cipitated with either CDK4 antiserum or normal rabbit
serum (NRS) and the complexes were tested for their
ability to phosphorylate GST-Rb (Kitagawa et al. 1996).
Although equal amounts of CDK4 proteins were used for
the kinase assay, only F-11 cells contained significant
levels of CDK4 kinase activity, even in 1% serum (Fig.
4C, lanes 2,4). Although we were unable to detect
pl6INK4a ] gINKIc a5 readily detected and both CDK4
and cyclin D1 levels were relatively constant among
these cell lines (data not shown). Therefore, p345F!
might facilitate the formation and activation of cyclin
D1-CDK4 complexes in the face of inhibitory levels of
p18™K4c in 3Y1 cells.

Next, we examined whether overexpression of p3
can force assembly of cyclin D1-CDK4 complexes in
cells expressing cyclin D1 and CDK4 under serum star-
vation conditions. The expression levels of both cyclin
D1 and CDK4 protein are high in TIG-3 cells under se-

4SEIf 1

rum starvation conditions, but there was no detectable
cyclin D1I-CDK4 complex (Fig. 5A, lane 1; data not
shown). However, forced expression of p345F! protein
enables formation of cyclin DI-CDK4 complex in low-
serum condition (Fig. 5A, lane 2). Furthermore, treat-
ment of the TIG-3 cells with antisense oligomers against
the SEI-1 gene significantly reduced both SEI-1 RNA and
protein levels (Fig. 5B, lane 2, and C, lane 3), attenuated
the cyclin D1-CDK4 complex formation (Fig. 5D, lane 3)
and inhibited S-phase entry (Fig. 5E, lane 2). Taken to-
gether, these data suggest that SEI-1 is a potential me-
diator of the growth factor-dependent activation of cyc-
lin D-CDK4 that occurs as cells enter the proliferative
cycle. A recent report implicated that the MEK/ERK-
signaling pathway is involved in this process (Cheng et
al. 1998), but endogenous SEI-1 expression was found to
be unaffected in a cell line engineered for inducible ex-
pression of MEK (data not shown). Moreover, treatment
of fibroblasts with PD98059, a MEK1 inhibitor, had no
effect on induction of p345E"! expression by serum
stimulation (data not shown). Although this argues
against SEI-1 being the assembly factor, the biochemical
evidence clearly indicates that p34SE! enhances the cy-
clin D1-CDK4 interaction and renders the complex re-
sistant to inhibition by the INK4 family of CDK inhibi-
tors. Because the abundance of p345F"! may therefore
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Figure 5. Effects of p345"! on cyclin D1-CDK4 complex for-

mation in vivo. (A) Early passage TIG-3 cells were infected with
retrovirus that encodes SEI-1 (lane 2) or empty vector (lane 1)
and selected by puromycin. Selected cells were pooled and were
incubated with a medium containing 1% serum for 4 days, then
lysates were prepared and immunoprecipitated with anti-cyclin
D1 antibody and immunoblotted with either anti-CDK4
(middle) or anti-cyclin D1 (bottom) antibody. Expression level
of p34SE! was confirmed by Western blot with anti-SEI-1 anti-
serum (top). (B,C,D,E) Early passage TIG-3 cells were cultured in
a low serum (0.2% FCS) medium for 3 days, then treated with
either antisense oligomer against the SEI-1 gene or a control
oligomer for 24 hr. (B) Total RNAs were prepared from both
control (lane 1) and antisense oligomer (lane 2)-treated cells that
had been incubated with high-serum (20% FCS) medium for 2
hr and were subjected to Northern blotting with either SEI-1
(top) or B-actin (bottom) cDNA probes. (C) Cell lysate were
prepared from both control (lanes 1,2) and antisense oligomer
(lane 3)-treated cells incubated with high serum medium for 2
hr in the presence of [**SJmethionine. Cell lysates were then
immunoprecipitated with antisera to SEI-1 in the absence (lanes
2,3) or presence (lane 1) of competing SEI-1 peptide and analyzed
by SDS-PAGE. (D) Cell lysates were prepared from both control
(lane 2) and antisense oligomer (lane 3)-treated cells that were
incubated with high serum medium for 8 hr and were immu-
noprecipitated with anti-cyclin D1 antibody and immunoblot-
ted with either anti-CDK4 (top) or anti-cyclin D1 (bottom) an-
tibody. 1/100 volume of total cell lysate from TIG-3 cells was
directly immunoblotted as a positive control (lane 1). (E) Cells
were incubated with high-serum medium for 20 hr in the pres-
ence of [*H]thymidine, then fixed and developed. The percent-
ages of [*H|thymidine-incorporated cells were measured in both
control (lane 1) and antisense oligomer (lane 2) treated cells.

modulate the CDK4 kinase activity, overexpression of
SEI-1 could contribute to the deregulated growth of tu-
mor cells. In this context, it is interesting to note that
SEI-1 maps to a region of chromosome 19q13.1-q13.2
(data not shown) that is amplified in a number of human
cancers (Thompson et al. 1996). Although we have yet to
define the precise biological function of p345E""! the data

3032 GENES & DEVELOPMENT

presented here strongly suggest that SEI-1 encodes a new
type of cell cycle regulator that is induced by growth
factors and counteracts the INK4 family of CDK inhibi-
tors.

Materials and methods

Cell culture

C33A, COS-7, TIG-3 and 3Y1 cells were cultured in DMEM
supplemented with 10% FCS. Cell transfection was carried out
with the FuGENEG reagent (Boehringer Mannheim). Retroviral-
mediated gene transfer was performed as described previously
(Serrano et al. 1997).

Antisense oligomer treatment

Antisense oligomers were synthesized with phosphorothioate
and purified by HPLC. The oligomers were complementary to
16 nucleotides overlapping the translation initiation codon
(ATG) of human SEI-1 as follows: antisense 1 (5'-GCTCAG-
CATCTTGCTC-3'), antisense 2 (5'-CTTGCTCAGCATCTTG-
3'), and control oligomer (5'-ACGGCATAGAGCGATG-3').
TIG-3 cells were incubated with DMEM containing 0.4% DM-
RIE-C (GIBCO-BRL), and either a mixture of 125 nm of both
antisense 1 and antisense 2 oligonucleotides or 250 nm of con-
trol oligo for 5 hr. The medium was then replaced with DMEM.

Protein analysis

Immunoblotting and immunoprecipitation were performed as
described previously (Stott et al. 1998). The primary antibodies
used in these studies were against p16™¥4 (DCS50), p34SEr!
[TH1 (this paper]], cyclin A (Santa Cruz H432), cyclin D1 (Santa
Cruz R124), CDK4 (Santa Cruz H303, C-22), His (Qiagen
34610), pl8™K4 (Santa Cruz N-20), and Flag M2 (Sigma
A-1205).
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