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ABSTRACT p107 is a retinoblastoma protein-related
phosphoprotein that, when overproduced, displays a growth
inhibitory function. It interacts with and modulates the ac-
tivity of the transcription factor, E2F-4. In addition, p107
physically associates with cyclin E-CDK2 and cyclin A-CDK2
complexes in late GI and at GI/S, respectively, an indication
that cyclin-dependent kinase complexes may regulate, con-
tribute to, and/or benefit from p107 function during the cell
cycle. Our results show that p107 phosphorylation begins in
mid GI and proceeds through late GI and S and that cyclin
D-associated kinase(s) contributes to this process. In addi-
tion, E2F-4 binds selectively to hypophosphorylated p107, and
GI cyclin-dependent p107 phosphorylation leads to the dis-
sociation of plO7-E2F-4 complexes as well as inactivation of
p107 GI blocking function.

The retinoblastoma protein (pRB)-related phosphoprotein,
p107, is targeted by certain viral oncoproteins, including
adenovirus EIA, simian virus 40 large T antigen (T), and
human papillomavirus E7 (for review, see ref. 1). p107 shares
extensive structural homology in its E1A/T binding domain
(the pocket) with other pocket proteins, pRB and p130 (2-5).
The pocket domain of all three proteins interacts with a
specific set of cellular proteins, and, where studied, these
interactions contribute to the regulation of cell growth (1, 2, 6).
E2F is a family of transcription factors, the activity of which

contributes to the process of GI exit in mammalian cells (7).
Among the five known E2F members, pRB binds to and
inhibits the transactivation function of E2F-1, E2F-2, E2F-3
(8), and possibly E2F-4 (9). p107 selectively binds to and
suppresses the transcription activation functions of E2F-4 in
vivo (9, 10). plO7-E2F complex formation is cell cycle-
dependent, as are its interactions with the cyclin E-CDK2 and
cyclin A-CDK2 complexes. p107-E2F-cyclin E-CDK2 com-
plexes appear in late GI; plO7-E2F-cyclin A-CDK2 com-
plexes arise at G1/S, disappearing thereafter (1). The p107
pocket spacer element specifically interacts with cyclins A and
E kinases (1), and this interaction appeared to be important for
the expression of a p107 growth suppression activity in cells
that overproduce the protein (11, 12). Despite this informa-
tion, it is unclear how p1O7-E2F complexes normally operate
in mammalian cells.
pRB is phosphorylated, at least in part, by cyclin-dependent

kinases (CDKs) (for review, see ref. 13). During mid GI, cyclin
D-associated kinases initiate the process, leading to the dis-
sociation of pRB-E2F complexes and to the inactivation of the
pRB GI exit blocking function (13). In keeping with this view,

cyclin D plays an essential role in GI exit only when cells
synthesize intact pRB (14, 15).

Phosphorylated p107 contains both phosphoserine and
phosphothreonine residues (16). Its pocket and C-terminal
segment, like the analogous segments of pRB, can bind cyclin
D in vitro (17). Given that pRB phosphorylation is initiated by
cyclin D/kinase (13) and that pRB phosphorylation has pro-
found effects on its function, one wonders whether cyclin
D/kinase acts similarly on p107. In this report, we show that
p107 is phosphorylated in a cell cycle-dependent manner. The
data further suggest that cyclin D/kinase contributes to these
phosphorylation events, which in turn lead to dissociation of
p107-E2F4 complexes and the inactivation of the p107 growth
suppression function. While this manuscript was in prepara-
tion, similar results were reported by another laboratory (18).

MATERIALS AND METHODS
Cell Cultures and Antibodies. U-2 OS, Saos-2, and C33A

cells were grown in DMEM with 10% Fetal Clone I (Hy-
Clone). The mixture of p107 monoclonal antibodies, SD4,
SD9, and SD15 (19), was routinely used in anti-p107 immu-
noprecipitation experiments. Monoclonal antibodies specific
for E2F-4 (GG22) (9), cyclin E (HEIII) (20), and EIA (M73)
(21) have been described. 12CA5 is a monoclonal antibody
specific for an influenza hemagglutinin (HA) epitope (Babco,
Richmond, CA). Rabbit polyclonal antiserum to human cyclin
D2 was kindly provided by J. Griffin (Dana-Farber Cancer
Institute, Boston).

Metabolic Labeling, Immunoprecipitation, Alkaline Phos-
phatase Treatment, and Western Blot Analysis. Metabolic
labeling with [35S]methionine or with [32P]orthophosphate was
as described (22). Labeled cells were lysed in EBC buffer (50
mM Tris HCl, pH 8.0/120 mM NaCl/0.5% Nonidet P-40/50
mM NaF/0.2 mM sodium orthovanadate) containing protease
inhibitors (2 ,tg/ml aprotinin/2 ,ug/ml leupeptin/100 jig/ml
phenylmethylsulfonyl fluoride) and immunoprecipitation was
performed as described (23). Phosphatase treatment experi-
ments using alkaline phosphatase (Boehringer Mannheim)
were as described (22). Western Blot analyses, using an
affinity-purified, rabbit polyclonal antiserum to p107 or with
12CA5 (hybridoma supernatant, diluted 1:50 in TBST con-
taining 1% BSA), were performed as described (22, 23).

Cell Synchronization. Exponentially growing U-2 OS cells
were exposed to lovastatin (provided by A. W. Alberts, Merck
Sharp and Dohme) at a final concentration of 40 ,tM for 38 hr
or to aphidicolin (5 ,tg/ml, Sigma) for 16 hr. U-2 OS cells that
were blocked in GI by lovastatin were released by culturing in
DMEM containing 4 mM mevalonic acid (100-fold excess of

Abbreviations: pRB, retinoblastoma protein; CDK, cyclin-dependent
kinase; HA, hemagglutinin.
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lovastatin) and 10% fetal calf serum. At each time point after
release, cells were labeled for 1 hr with either [35S]methionine
or [32P]orthophosphate and lysed as described. Cells were
collected by trypsinization at each time point and were sub-
jected to flow cytometric analysis (23).

Transfection and Plasmids. In experiments addressing the
role of G1 cyclins in p107 phosphorylation, C33A cells were
transfected by the calcium phosphate procedure (23) with a
DNA. mixture containing 2 ,tg of pCMV-HA-p1O7 (2), 5 ,g
of pcDNA1-HA-E2F4 (9), and 2 ,ug of one or more of the
indicated expression plasmids: pSG5-cyclin Dl, pSG5-cyclin
D2, pSG5-cyclin D3 (17), pRC/CMV-cyclin E, pRC/CMV-
cyclin A, pCR/CMV-cyclin Bi, pCR/CMV-cyclin B2 (24),
pRC/CMV-CDK2 and pRC/CMV-CDK4 (25). The total
amount of DNA was brought to 25 ,ug per 100 mm plate by
supplementing the mixture with pBSSK-II plasmid DNA
(Stratagene). Cells were collected 42 hr after transfection and
the cell lysates were immunoprecipitated. Western blot anal-
yses were performed as described.
To analyze the effect of G, cyclins on the p107 suppression

of E2F-4 transactivation activity, U-2 OS cells were transfected
with 2 ,tg of an E2F reporter plasmid, 3xWT-E2F-Luc (26),
alone (mock), or cotransfected with the reporter plasmid and
one or more of the indicated plasmids: 0.5 ,ug of pCMV-E2F4
(9), 0.2 ,g of pcDNA1-DP-1 (26), 1 ,ug of pCMV-p107 (2), 1
,ug of pRC/CMV-CDK2 or pRC/CMV-CDK4 (25), and,
where indicated, increasing amounts (0.5 ,tg, 1 ,gg, and 2.5 ,ug,
respectively) of pSG5-cyclin Dl, pSG5-cyclin D2 (17), pRC/
CMV-cyclin E, or pRC/CMV-cyclin A (24). Each of the
DNA mixtures contained the same amount of pCMV- and
pSG5-based vectors by supplementing the final mixture with an
appropriate amount of pCMV and pSG5 backbone plasmids.
pCMV-,3-GAL (1 ,ug) was used as an internal control in all
transfection experiments. The total amount of DNA in the
transfection mixture was brought up to 25 ,ug per 100-mm plate
by supplementing with pBSSK-II plasmid DNA (Stratagene).
Cells were harvested 42-48 hr after transfection. The lucif-
erase activity was measured, which was then normalized to
both an internal control [,3-galactosidase (,3-GAL) activity]
and to the luciferase activity in the mock transfected control,
and was presented as fold activation as described (23). The
synthesis of transfected cyclins and CDKs was confirmed by
immunoprecipitation of [35S]methionine labeled cell proteins.
p107 Growth Suppression Assays. Saos-2 cells (Rb-/Rb-)

were cotransfected with a DNA mixture containing 8 ,gg of
pCMV-p107, 2 jig of pCMV-CD 19, which encodes the CD19
surface marker, and, where indicated, 8 ,ug of an expression
plasmid encoding cyclin Dl, cyclin E, cyclin A, CDK4, CDK2,
or E2F-4 and DP-1. Each transfection mixture contained an
equivalent amount of pCMV and of pSG5-based vector plas-
mid by appropriately supplementing with pCMV and pSG5
vector DNA, respectively. Cell cycle distribution of CD19+
cells were determined by FACS analysis as described (23).

RESULTS
Phosphorylation of p107 Results in Its Slower Migration in

SDS/Polyacrylamide Gels. p107 isolated from asynchronous
cultures of U-2 OS cells segregated into faster and slower
migrating forms, when electrophoresed in SDS/polyacryl-
amide gels (Fig. 1 and Fig. 2A). The slower species was overtly
phosphorylated as first indicated by its direct 32P-labeling (Fig.
1, lane 5). Moreover, after alkaline phosphatase treatment, it
was converted to the faster migrttiilig, 35S-labeled form except
in the presence of phosphatase inhibitors. Hence, the observed
heterogeneity in p107 mobility is due to differential phosphor-
ylation (Fig. 1, compare lanes 2 and 3). 32p was present in the
faster migrating form but at a mnuch lower level than in the
slower form (Fig. 1, compare lanes 5 and 6).

Cell Cycle-Dependent Phosphorylation of p107. Given the
known, cell cycle dependent phosphorylation of pRB and the
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FIG. 1. Phosphorylation of p107 results in its slower migration
during SDS/PAGE. U-2 OS cells were labeled with [35S]methionine
(lanes 1-4) or [32P]orthophosphate (lanes 5-7). Aliquots of cell extract
were immunoprecipitated with p107 monoclonal antibodies or with a
control antibody, M73. The immunoprecipitated proteins bound on
protein A-Sepharose beads were treated with reaction buffer (Mock),
with alkaline phosphatase (AP), or with alkaline phosphatase in the
presence of phosphatase inhibitors (AP plus inhibitors). Proteins were
then released from the beads, electrophoresed in a SDS/7.5% gel, and
visualized by fluorography.

structural similarity between pRB and p107, we asked whether
p107 phosphorylation is also cell cycle-dependent. U-2 OS
cells were synchronized by incubation in lovastatin and aphidi-
colin. Lovastatin inhibits hydroxymethylglutaryl-CoA reduc-
tase and arrests cells in G1. The block can be reversed by
exposure to mevalonic acid (27). Aphidicolin inhibits DNA
polymerase a and causes a G1/S boundary block (28). When
U-2 OS cells were arrested with lovastatin, p107 was found to
be largely, if not exclusively, hypophosphorylated (Fig. 2A). In
contrast, p107 was overtly phosphorylated in aphidicolin-
treated cells (Fig. 2A). Hence, assuming that the drugs do not
alter the process significantly, efficient p107 hyperphosphory-
lation seems to occur during G1 or at the G1/S boundary.
We then asked when p107 phosphorylation occurs in syn-

chronized cells. U-2 OS cells were lovastatin-arrested and then
released by incubation in growth medium containing meval-
onic acid. As shown in Fig. 2B, synthesis of p107 (35S-labeling
for 1 hr) and the steady-state level of the protein (Western
blotting analysis) were low in early G1 (data not shown), in
keeping with similar observations of others (29). Furthermore,
the p107 detected was primarily hypophosphorylated at this
time in the cycle. pRB, in contrast, was readily detected and
was also hypophosphorylated under these conditions (Fig. 2B).
At 10 hr, when the vast majority of cells were still in G1, the
p107 level began to rise, and overt phosphorylation of both
p107 and pRB was noted (both the mobility shift of and
increased 32p uptake by p107 are shown in Fig. 2B). These
events correlated with the onset of cyclin D synthesis and
preceded the first appearance of cyclin E. By 12 hr, most of the
detectable p107 and pRB were hyperphosphorylated, and,
again, the vast majority of the culture was in G1. Thus,
phosphorylation of p107 and pRB both occurred during mid to
late G1, in keeping with the results developed in lovastatin/
aphidicolin treated cells (compare with Fig. 2A). Similar
results were obtained in serum starved and refed NIH 3T3 cells
(data not shown). Hence, cyclical, Gi-dependent p107 phos-
phoryiftion is not unique to a given cell line.

Effect of Cyclin D-Associated Kinases on p107 Phosphory-
lation and E2F Binding. p107 forms stable complexes with
E2F-4 in vivo (9, 10). Because p107 is differentially phosphor-
ylated, we asked whether the state of p107 phosphorylation
affects its binding to this factor. U-2 OS cells were cotrans-
fected with expression plasmids encoding influenza HA-
tagged p107 (pCMV-HA-p107) or E2F-4 (pCMV-E2F-4).
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FIG. 2. Cell cycle-dependent phosphorylation of p
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mixture of three monoclonal antibodies specific
to immunoprecipitate the protein of interest,
immunoprecipitates were analyzed by Western
as probe, a monoclonal antibody (12CA5) speci;
tag. As shown in Fig. 3A, E2F-4 specifically bou
phorylated p107. In contrast, p107 bound the sle
(i.e., the hyperphosphorylated) E2F-4 species
lane under a p107 immunoprecipitate in Fig.
Therefore, the un(der)phosphorylated represen
related pocket proteins, pRB (1) and p107,
cognate E2F targets.

Because phosphorylation of p107 occurs duri
ently in synchrony with the synthesis of at least
the question of whether the cyclin D-CDK co]
active in this process arose. Therefore, we ins
effects of overproducing selected CDKs on plf
lation. Transient transfection of HA-tagged pl
cells largely resulted in the appearance of the h
ylated form (Fig. 3B, Mock lane). In contrast, wi

were cotransfected with p107, cyclin Dl, cyclin
D3 and CDK4, the majority of p107 became h

rylated, as defined by gel-mobility assay. Cotransfection of
cyclin E-CDK2 led to an intermediate gel-shift effect, whereas
cyclin A-CDK2 had a yet subtler effect. In contrast, cyclins
B1-CDC2 or B2-CDC2 were inactive in this regard (Fig. 3B).
The same cyclin-CDK cotransfection effects were also ob-
served in Saos-2 and U-2 OS cells (data not shown).

In addition, cotransfection of HA-p107 with p16 or p18,
D7 each a specific cyclin D-CDK inhibitor, or p27, another cyclin
7 D-CDK inhibitor (for review, see ref. 30), in U-2 OS cells

totally blocked the phosphorylation of HA-p107 (Fig. 3D).
Cotransfection of a dominant negative CDK4 mutant (CDK4-
DN) (25) also blocked the p107 phosphorylation process,
presumably by inhibiting endogenous D-CDK activities (data

1 not shown). Taken together, we conclude that the cyclin
D-associated kinases can contribute to p107 phosphorylation

2/M in vivo.

hrs) We then asked whether p107 phosphorylation by GI cyclins
affects the stability of p107-E2F-4 complexes. U-2 OS cells

ppl 07 were cotransfected with p107 and HA-E2F-4 expression plas-
- pl107 mids. p107-E2F-4 complexes were sought by p107 immuno-

precipitation followed by Western blotting, using 12CA5 as
probe to detect HA-E2F-4 (Fig. 3C, Left). In parallel, HA-
E2F-4 was directly immunoprecipitated with 12CA5 and West-

ppRB ern blotted with anti-HA antibody (Fig. 3C, Right). While p107
-pRB bound a significant amount of the available HA-E2F-4 (Fig.pRB 3C, Left, compare two "mock" lanes), cotransfection of cyclin

D2-CDK4 significantly diminished the abundance of these
- Cyclin D2 complexes. In contrast, cotransfection of cyclin E-CDK2 or

cyclin A-CDK2 had no such effect (Fig. 3C, Left and data not
shown, respectively). Furthermore, neither the ambient HA-

-Cyclin E E2F-4 level nor its state of phosphorylation was significantly
affected by overproducing cyclin D-CDK4 in these cells (Fig.

107. (A) p107 is 3C, Right). Taken together, these data suggest that p107
at Gj/S. Lysates phosphorylation by cyclin D-associated kinases leads to the
ated with either dissociation of p107-E2F-4 complexes.
(IP) with p107 p107 Suppression of E2F Activity Is Neutralized by Cyclin
teins were sepa- D-Associated Kinases. E2F-4 activates certain E2F site-
)lotting using an containing promoters, and this activity can be specifically
)robe. (B) p107 suppressed by p107 (9, 10). Because E2F-4 selectively associ-
tion of pRB and ates with underphosphorylated p107 and phosphorylation of

ied cells at each p107 leads to the release of E2F-4 from the p107 pocket, welpecific for eac7 investigated the effects of G, cyclin-associated kinases on p107
ipitated proteins suppression of E2F-4 activity.
107-IP), a 7.5% Cotransfection of expression plasmids encoding E2F-4 and
') and visualized DP-1 into U-2 OS cells led to marked enhancement (57-fold)
cell cycle stages of E2F transcription reporter activity (3xWT-E2F-Luc), while
ic analysis. coexpression of p107 nearly eliminated this effect (Fig. 4). On

2F-4 (9) or a
cotransfecting pCMV-CDK4 and increasing amounts of ex-

~F-4 (9) or a pression plasmids encoding cyclins Dl or D2, p107 suppressionfor p107 (19) of E2F-4 activity was progressively eliminated (Fig. 4). In
the resulting contrast, cotransfection of pCMV-CDK2 and increasing

blotting using, amounts of pCMV-cyclin E or pCMV-cyclin A was ineffec-
fic for the HA tive in this regard. These differences in stimulation cannot be
nd hypophos- attributed to differences in abundance of the relevant cyclins
wer migrating and CDKs (data not shown).

,
(the "mock" Release of p107-Mediated Growth Suppression by GI Cyc-
3C, Left) (6). lins. Overproduction of p107 can suppress growth of certain
tatives of two cells, such as Saos-2 and C33A (2, 11). Because ectopically
bind to their produced p107 was primarily hypophosphorylated in Saos-2

and C33A cells (Fig. 3; data not shown), the question of a link
ing G1, appar- between the state of p107 phosphorylation and the expression
one cyclin D, of its growth suppressive function arose. To investigate this
mplex(es) was possibility, we cotransfected a p107 expression plasmid to-
vestigated the gether with various cyclin kinase pairs into Saos-2 cells, and
07 phosphory- searched for perturbation of p107-growth suppression func-
L07 into C33A tion. As shown by fluorescence-activated cell sorter analysis of
Lypophosphor- the transfected population (Table 1), overproduction of p107
ien C33A cells resulted in a G1 block, which was overridden by cotransfected
D2, or cyclin E2F-4/DP1. Cotransfection of either cyclin D1-CDK4 or
yperphospho- cyclin E-CDK2 effectively overrode this effect, while cyclin
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FIG. 3. Cyclin D-dependent phosphorylation of p107 disrupts
p107-E2F-4 complexes. (A) E2F-4 selectively associates with hypo-
phosphorylated p107. U-2 OS cells were cotransfected with expression
plasmids encoding HA-tagged p107 (pCMV-HA-p107) or E2F-4.
Cell lysates were immunoprecipitated with monoclonal antibodies
specific for E2F-4 or p107. Immunoprecipitates were electrophoresed
in a 6.5% gel and analyzed by Western blotting using the monoclonal
antibody specific for the HA-tag (12CA5) as probe. (B) Cyclin
D-CDK4 phosphorylates p107 in vivo. C33A cells were transfected
with pCMV-HA-p107 alone (Mock) or cotransfected with the indi-
cated plasmids encoding a specific cyclin and a kinase partner (CDK4,
CDK2, or CDC2), respectively. Equivalent quantities of the cell lysate
were immunoprecipitated with 12CA5 (a HA). Immunoprecipitates
were electrophoresed in a SDS/6.5% gel and analyzed by Western
blotting using 12CA5 as probe. (C) Phosphorylation of p107 by cyclin
D-CDK4 disrupts p107-E2F-4 complexes. U-2 OS cells were cotrans-
fected with pCMV-p107 and pCMV-HA-E2F-4 and, where indi-
cated, expression plasmids encoding cyclin D2 and CDK4 or cyclin E
and CDK2. Equivalent amounts of each cell lysate were immunopre-
cipitated with antibodies specific for HA, p107, or E2F-4, respectively.
Immunoprecipitates were electrophoresed in a SDS/6.5% gel and
analyzed by Western blotting using 12CA5 as probe. (D) Endogenous
cyclin D-CDK activity is required for p107 phosphorylation. U-2 OS
cells were transfected with pCMV-HA-p107 alone (Mock) or co-
transfected with an expression plasmid encoding p16, p18, or p27,
respectively. Cell lysates were immunoprecipitated with 12CA5, and
the immunoprecipitated proteins were electrophoresed in a 6.5% gel
and analyzed by Western blotting analysis using 12CA5 as probe.

A-CDK2 had little effect in this assay. Similar results were
obtained in C33A cells (data not shown). These data strongly
suggest a relationship between p107 phosphorylation and the

o
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FIG. 4. Cyclin D-associated kinase relieves p107 suppression of
E2F-4 transactivation activity. U-2 OS cells were transfected with a
E2F reporter (3XWT-E2F-Luc) alone (mock) or cotransfected with
indicated expression plasmids. A pCMV-13-GAL plasmid was used as
an internal control in all transfections. The luciferase and (3-GAL
activities in each transfected culture were measured as described (19),
normalized to the mock-transfected cell lysate, and reported as fold
activation. Data shown here represent an average of the data derived
from two independent transfection experiments.

inactivation of its G1 blocking activity. However, the cyclin
E-CDK2 growth effect was noted despite an incomplete effect
of cyclin E kinase on p107 phosphorylation and its inability to
overcome the p107 suppression of E2F-4 activity. This implies
that there is more to the observed p107 growth suppression
function than binding to and suppression of the transactivation
function of E2F-4 (11).

DISCUSSION
pRB and p107 share certain characteristics, such as binding to
and suppression of E2F transactivation function. Both are
susceptible to negative regulation by certain G1 cyclin-
associated kinases. Furthermore, because pRB and p107 phos-
phorylation occurred simultaneously in G, in the cell lines
tested, because these two events correlated with the first
appearance of cyclin D (Fig. 2B), and because p16 and p18
blocked the natural p107 phosphorylation process, it seems
that cyclin D plays a significant role in p107 phosphorylation.

Results of this study and of another one (18) are both
consistent with the view that cyclin D kinase is a physiological
participant in p107 phosphorylation and may be a major player
in regulating the p107-E2F interaction. However, cyclin E-
(and possibly cyclin A-) associated kinase may also contribute
to the p107 phosphorylation process, as suggested by the
appearance of increasing p107 phosphorylation in late G1 and
S (Fig. 2B). In addition, overproduction of cyclin E-CDK2 and
cyclin A-CDK2 can lead to an intermediate p107 mobility
upshift effect (Fig. 3B). However, in agreement with the work
of others (18), the p107 phosphorylation effect mediated by
overproduction of these two kinases did not lead to dissocia-
tion of p107-E2F-4 complexes (see Fig. 3C and data not
shown), consistent with the finding that p107 suppression of
E2F-4 activity was not affected by cyclin E-CDK2 or cyclin
A-CDK2 action.
E2F-4 bound selectively to hypophosphorylated p107 (Fig.

3A), suggesting that cell cycle-dependent phosphorylation is a
key event in the normal modulation of p107-pocket binding
activity. Indeed, phosphorylation of p107 following cotrans-
fection of cyclin D kinase closely correlated with the disruption
of p107-E2F-4 complexes, alleviation of p107-mediated sup-
pression of E2F transactivation function, and the inactivation
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Table 1. Release of p107-mediated growth suppression in Saos-2
cells by GI cyclins

Percent cells

Expression plasmids

Vector

p107

p107 plus
Cyclin DI + CDK4

Cyclin E + CDK2

Cyclin A + CDK2

E2F4 + DPI

Gi S G2/M

42.9
41.9
63.2
62.9

48.1
47.4
34.6
31.0
60.0
61.2
46.4
46.3

30.0
30.3
20.7
20.1

46.0
34.6
48.4
50.6
29.2
30.6
31.8
31.1

27.1
27.7
16.1
17.0

5.8
18.0
17.1
18.4
10.7
8.2

21.8
22.6

Saos-2 cells were transfected with the pCMV vector or cotransfected
with the indicated expression plasmids. A pCMV-CD19 plasmid
encoding a cell surface marker was present in all of the transfection
mixtures. Cells were collected at 72 hr after transfection, incubated
with a fluorescein isothiocyanate conjugated monoclonal antibody
specific for CD19, stained with propidium iodide, and analyzed by flow
cytometry. The cell cycle distribution of fluorescein isothiocyanate
positive cells from two experiments is presented.

of p107 growth suppression activity in Saos-2 and C33A cells.
Hence, loss of p107 growth suppression potential can be linked
to its phosphorylation that in turn leads to the release of E2F
from the p107 pocket. In keeping with this notion, transfection
of cyclin D .kinase, which can lead to p107 phosphorylation,
resulted in the relief of a p107 GI exit block, whereas cyclin A
kinase, which had but a subtle effect on p107 phosphorylation,
was ineffective in this regard.

However, unlike cyclin A kinase, overproduction of cyclin E
kinase also overrode a p107 GI exit block, despite its inability
to promote release of E2F from pO7 (Figs. 3C and 4 and Table
1). One interpretation of this finding is that the p107 GI exit
blocking function is partially linked to its known interaction
with cyclin E kinase (11). This would be fully consistent with
the observation that the cyclin E-binding domain of p107
contributes to p107-mediated growth arrest (11). In particular,
overproduction of p107 may sequester endogenous cyclin E
kinase, resulting in its failure to promote GI exit.

It is also possible that p107, when overproduced, disrupts
cyclin E-cyclin A-CDK-CKI (CDK inhibitor) complexes and
releases CDK inhibitors, such as p21, that negatively regulate
the G1/S transition (30). Consistent with this notion is the fact
that p107 and p21 share a similar structural domain with which
they may compete for binding to cyclins E and A (ref. 12; W.
Kaelin, personal communication).

Cyclin E kinase may also operate downstream of E2F, in
which case its overproduction does not lead to inactivation of
p107 pocket function or to the activation of E2F, but instead
leads to an accumulation of enzyme (kinase) activity capable
of attacking its physiological target(s). In keeping with this
notion, Hofmann and Livingston (F. Hofmann and D.M.L.,
unpublished data) have shown that E2F can be freed of pocket
protein negative regulation and cells will still not exit from GI
if cyclin E kinase is not activated. This is in agreement with the
observation that the cyclin E gene is a key, downstream target
of E2F action in Drosophila (31).

It now appears that different cyclin-associated kinases have
discrete roles in regulating pocket protein functions. For
example, cyclin D kinase may initiate pRB (13), p107 (this
report; ref. 18) and pl30 phosphorylation (32), which leads to
the release of E2F during GI. Cyclin E and cyclin A kinases
form specific complexes with p107-E2F during late GI and S
phase, respectively (for review, see ref. 1). Although the

physiological relevance of cyclin E-cyclin A-CDK2-p1O7-E2F
complexes is still unclear, it is conceivable that they may gain
certain new, as yet unidentified, functions in late G1 and S,
including certain growth promoting functions.
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