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The retinoblastoma (pRb)-related p130 pocket protein
is a regulator of cell growth and differentiation, and a
candidate tumour suppressor. Both pRb and p130
operate through interactions with cellular proteins,
including the E2F transcription factors. While such
interactions are controlled by phosphorylation of
multiple sites of pRb, regulation of p130 remains
poorly understood. We now identify 22 in vivo phos-
phorylation sites of p130, targeted by diverse kinases,
and present evidence for three cyclin-dependent
kinase 4(6) [Cdk4(6)] specific phosphorylations, which
appear critical for controlling the growth-restraining
activity of p130. When expressed in U20S cells, the
phosphorylation-deficient mutant p1302¢4< in which
the Cdk4 specific sites were mutated to alanine resi-
dues, imposed a more sustained G,; arrest than a
constitutively active pRbAC¥, known to repress all
cellular E2F activity. Experiments using p130A¢%+ and
another phosphorylation-deficient mutant, p130°MI94,
with 19 phosphorylation sites mutated, revealed that
the pl130-imposed G; block reflects cooperative
growth-suppressive effects of phosphorylation-regu-
lated E2F binding and phosphorylation-independent
sequestration of cyclin E(A)-Cdk2 through the
N-terminal cyclin binding motif of p130.
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Introduction

The retinoblastoma family of ‘pocket proteins’ includes
the tumour suppressor pRb and the related p107 and p130,
multifunctional proteins implicated in regulation of the
cell cycle, differentiation, cellular senescence and cell
death (Wang, 1997; Dyson, 1998; Grana et al., 1998;
Lipinski and Jacks, 1999). The pocket proteins exert their
functions through interactions with cellular proteins, such
as the transcription factors E2F1-5, which control expres-
sion of genes involved in cell cycle progression (Bernards,
1997; Dyson, 1998). pRb and its relatives have a mainly
negative impact on the E2F-regulated promoters, either
due to direct inhibition of E2F activity, or recruitment of
transcriptional repressors such as histone deacetylase,
which precludes transcription through local chromatin
remodelling (Kouzarides, 1999). Both redundant and
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unique properties among the pocket proteins are emerging
from biochemical studies and phenotypes of mice lacking
genes for one or more family members (Cobrinik er al.,
1996; LeCouter et al., 1998; Lipinski and Jacks, 1999;
Vooijs and Berns, 1999), generally showing that p107 and
p130 are more closely related to each other than to pRb
(Qin et al., 1992; Livingston et al., 1993; Lee et al., 1998).
Whereas pRb is commonly targeted in cancer and can bind
E2F1-4, p107 and p130 interact preferentially with E2F4
and E2F5 (Weinberg, 1995; Dyson, 1998) and their
N-terminal domains, and the extended spacer regions
have properties distinct from pRb, including binding to
cyclin E-Cdk2 and cyclin A-Cdk2 complexes (Hannon
et al., 1993; Lacy and Whyte, 1997; Woo et al., 1997;
Castano et al., 1998; Coats et al., 1999). A feature that
distinguishes p130 and p107 is their expression at distinct
times during the cell cycle, with the former dominating in
quiescence (Gy), and the latter induced as cells approach
G,/S transition (Beijersbergen et al., 1995; Moberg et al.,
1996; Smith et al., 1998).

The pocket-protein interactions, which underlie the
multiple functions of pRb, p130 and pl107, are largely
controlled by phosphorylation. For pRb, the identification
of the serine and threonine residues phosphorylated by the
Cdks and exploration of phosphorylation-deficient mu-
tants provided new insights into its biochemical and
biological properties. During Gy, cyclin D-Cdk4(6) trigger
pRb phosphorylation initiating derepression of E2F target
genes, while Cdk2 in complex with cyclin E or A
phosphorylates pRb at G1/S and in S phase (Lees et al.,
1991; Kitagawa et al., 1996; Knudsen and Wang, 1996;
Connell-Crowley et al., 1997; Zarkowska and Mittnacht,
1997; Mittnacht, 1998; Harbour and Dean, 2000). In
cycling cells, the activation of these kinases in mid to late
G, contributes to the passage through the restriction point
(Weinberg, 1995; Bartek et al., 1997), and hyperphos-
phorylation of pRb from late G; until mitosis appears
essential for continuous expression of E2F target genes
and coordination of the S/G,/M events (Chew et al., 1998;
Knudsen et al., 1998; Lukas et al., 1999a; Meraldi et al.,
1999). Whereas cycles of phosphorylation and dephos-
phorylation of pRb dominate in cycling cells, quiescent
cells harbour p130-E2F4 as the major pocket protein—E2F
complex, responsible for repression of cell cycle-regula-
tory genes like E2F1-3, cdc25A, cdc2 and p107 (Johnson,
1995; Tommasi and Pfeifer, 1995; Zhu et al., 1995;
Hurford et al., 1997; Sears et al., 1997; Smith et al., 1998;
Furukawa et al., 1999; Iavarone and Massagué, 1999).
When cells are stimulated to enter the cell cycle, p130
becomes phosphorylated and, like for pRb, Cdk4(6) and
Cdk2 are believed to be involved (Mayol et al., 1995;
Grana et al., 1998). In contrast with pRb, and despite the
accumulating evidence that phosphorylation regulates the
diverse functions of the pocket proteins (Knudsen and
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Wang, 1996; Brown et al., 1999; Harbour et al., 1999), no
information is presently available on the identity of
phosphorylation sites regulating the activities of p107 or
p130.

We chose to study p130 for its postulated key roles in
the induction and/or maintenance of quiescence, regula-
tion of differentiation (Lipinski and Jacks, 1999), and
because of its cancer-associated defects, which make
p130 a candidate tumour suppressor (Helin et al., 1997;
Claudio et al., 2000). To understand the regulation and
function of p130 better, we decided to study its in vivo
phosphorylation. Here we report the mapping of the in vivo
phosphorylated sites of human pl130, identification of
sites probably targeted by cyclin D-Cdk4(6), cyclin
E—Cdk2 and non-Cdk kinases, construction of the first
phosphorylation-deficient mutants of p130, the role of
phosphorylation in interactions of p130 with E2F4 and
cyclin E(A)-Cdk2, and the relative contributions of these
functions to the cell-cycle-inhibitory effects of this largest
member of the pocket protein family.

Results

Phosphopeptide mapping of p130

To explore p130 phosphorylation in vivo, the T98G human
glioma cell line was used, which expresses all three pocket
proteins (Mayol et al., 1995) and arrests in G; when grown
in 0.1% serum for 48 h, reflected by low cyclin D-
dependent kinase activity and a low percentage of
bromodeoxyuridine (BrdU)-positive cells compared with
cycling cells (Figures 1A and 2A). Serum restimulation
releases T98G cells from the G; arrest, accompanied by
induction of cyclin D1- and cyclin E-associated kinase
activities, which culminate at 8 and 10-12 h after serum
addition, respectively (Figure 1A and B). The endogenous
pRb and pl30 become phosphorylated with similar
dynamics, as revealed by the appearance of their slower
migrating, hyperphosphorylated forms (Figure 1C).

To assess p130 phosphorylation in vivo, exponentially
growing T98G cells were labelled with [3*P]ortho-phos-
phate and endogenous p130 was immunoprecipitated. The
number of phosphorylated peptides from a tryptic digest of
32P-labelled p130 was >25. To facilitate the presentation,
the map was divided into four sections, referred to as A-D
(clockwise), and the phosphopeptides in each section were
numbered (Figure 1D). The phosphopeptide map of p130
isolated from T98G cells was reproduced in experiments
with proliferating normal human T lymphocytes
(Figure 1E), demonstrating that the phosphorylation
events that regulate p130 in T98G and normal cells are
analogous, although minor quantitative differences exist
between individual phosphopeptide spots (only phospho-
peptides observed reproducibly are numbered). In contrast
to strong labelling of pl130 from the proliferating
lymphocytes, no signal was detected in similar amounts
of pl130 immunoprecipitated from non-stimulated lym-
phocytes (Figure 1E, insert), indicating that the phosphate
turnover on p130 in quiescent cells is slow or absent.

Contribution of cyclin D-Cdk4(6) and cyclin E-Cdk2
to phosphorylation of p130

Phosphorylation of pl130 during the Gy/G;—S phase
progression is reflected by the electrophoretic mobility
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Fig. 1. Dynamics of the pocket protein phosphorylation. (A) Time
course of cyclin D1-associated kinase activity in T98G cells
restimulated with serum, using glutathione S-transferase—pRb as
substrate (top); Coomassie Blue-stained loading control (bottom).

(B) The same T98G cell extracts examined for cyclin E-associated
kinase activity towards histone H1 (top) versus Coomassie Blue-stained
control (bottom). (C) Time course immunoblots of immunoprecipitated
p130, or total cell lysates (pRb), with the differentially phosphorylated
forms of p130 and pRb marked (left). (D) Phosphopeptide map of
32P-labelled p130 gel purified upon immunoprecipitation from
exponentially growing T98G cells. (E) Analogous phosphopeptide map
of p130 from stimulated T lymphocytes. Insert, exposure of the
membrane before cutting out the labelled p130 for phosphopeptide
mapping. An asterisk in (D) and (E) indicates the sample application
point.

shifts from the so-called forms 1 and 2 (in Gy and early G;)
to form 3, the hyperphosphorylated p130 protein with the
lowest affinity for E2F4 seen at G,/S transition (Figure 2A;
Mayol et al., 1995; Smith et al., 1996). The appearance of
hyperphosphorylated pl130 and the release of E2F4
(Figure 2A) correlated with the increased activities of
cyclin D1-Cdk4(6) and E-Cdk2 (Figure 1A and B),
supporting the candidacy of these kinases as regulators of
the p130-E2F4 interaction in vivo (Beijersbergen et al.,
1995; Mayol et al., 1995). To examine which phosphoryl-
ation events may underlie the transition of p130 to form 3,
we labelled T98G cells with [32P]orthophosphate between
8 and 12 h after serum stimulation, immunoprecipitated
p130, and separated forms 1 and 2 (pooled together) from
form 3 by cutting the corresponding bands from the
membrane upon exposure (Figure 2B, lane 2). As
indicated in Figure 2C and D, phosphopeptides B1, C1,
C2, C4, C7, D1, D2, D5 and D6 were over-represented in
the p130 form 3 relative to forms 1 and 2. These results
indicate that the shift to form 3 is probably mediated by a
complex series of phosphorylations on p130.

To reveal phosphorylations on pl30 that may be
mediated by Cdk4(6) and Cdk2, we co-electroporated
exponentially growing T98G cells with expression
vectors encoding p130wt with either p16”# [a potent
inhibitor of Cdk4(6); Sherr and Roberts, 1999], or the
empty pX vector. Cells were labelled with [32P]ortho-
phosphate and the p130wt protein was immunoprecipi-
tated via the haemagglutinin (HA) tag and analysed by
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Fig. 2. Phosphorylation-dependent release of E2F4 from p130.

(A) Serum-starved T98G cells were restimulated with serum for the
indicated time before immunoprecipitation of p130 and immunoblotting
for p130 and E2F4 as indicated. The percentage of BrdU-positive
cells (1 h pulse) is indicated below the blots. (B) Serum-starved or
restimulated (8 h) T98G cells were labelled with [3?PJorthophosphate
(4 h), before immunoprecipitation and phosphopeptide mapping of
p130. The combined forms 1 and 2, and form 3 (from lane 2) were
processed for phosphopeptide analysis as shown in (C) and (D),
respectively. (E) T98G cells were electroporated with expression
vectors for HA-tagged p130wt combined with an excess of expression
plasmid for p167*4¢ or empty vector (pX) as indicated, and labelled
with [32P]orthophosphate. p130 was immunoprecipitated with antibody
12CAS and the proteins separated by SDS-PAGE, electroblotted to
nitrocellulose and exposed. Samples were processed for phospho-
peptide mapping as indicated in (F) and (G), respectively.

autoradiography upon SDS-PAGE separation, followed
by two-dimensional phosphopeptide mapping. The
capacity of the endogenous kinases was sufficient to
phosphorylate the bulk of the ectopic pl30wt protein
(Figure 2E, lane 1), while co-expression of pl6ik#
prevented the hyperphosphorylation of p130 to form 3
(Figure 2E, lane 2). Phosphopeptide mapping confirmed
that the phosphorylation pattern of ectopic pl30wt
(Figure 2F) recapitulates the pattern of endogenous p130
in T98G cells and primary T lymphocytes (Figure 1D and
E). Co-expression of p167# imposed a G, arrest (data not
shown), reflecting inhibition of both Cdk4(6) (direct) and
Cdk2 (indirect, through redistribution of the Kip/Cip Cdk
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inhibitors from cyclin D-Cdk complexes to cyclin E—
Cdk2; Sherr and Roberts, 1999). As can be deduced from
a comparison of phosphopeptide patterns without
(Figure 2F) and with ectopic p16”# (Figure 2G), >80%
of all phosphorylations were Cdk mediated and/or Cdk
dependent. In contrast, inhibition of Cdk2 had only a small
effect as long as Cdk4(6) was active, since only the C3
phosphopeptide was clearly affected by co-transfection
with dominant-negative dnCdk2 or by using the Cdk2
inhibitor roscovitine (data not shown). In repeated experi-
ments, some phosphorylations of p130wt (D7, D9, D10,
D12 and DI14) were resistant to inhibition of Gy
cyclin—-Cdk complexes (Figure 2G), suggesting that such
phosphorylations are performed by non-Cdk kinases.

The question of whether there was an absolute require-
ment for cyclin D-Cdk4(6) activity in the Cdk-mediated
phosphorylation of pl130 was addressed by using the
pRb-negative human SAOS-2 cells, which lack
cyclin D-Cdk4(6) activity due to high levels of endo-
genous pl67% and low levels of cyclin D (Lukas et al.,
1995). In contrast to T98G cells, p130 never reached the
fully shifted form 3 in SAOS-2 cells (Figure 3A) (Cheng
et al., 2000), and after serum starvation and restimulation
of SAOS-2, E2F4 was gradually released from p130 upon
phosphorylation to form 2b (Figure 3B). In vivo
[32P]orthophosphate labelling of ectopic or endogenous
p130 revealed the lack of phosphorylation of pl130
peptides C4, C7, D1 and D2 when cyclin D-Cdk4(6)
activity is absent (SAOS-2) as compared with T98G cells
with active cyclin D-dependent kinases (Figure 3D and G;
and data not shown). Since Cdk2 is active in SAOS-2
cells, these results suggested that in the absence of
cyclin D-Cdk4(6) activity, Cdk2 may phosphorylate
p130 at most sites, resulting in delayed yet significant
release of E2F4, compatible with cell proliferation (com-
pare the different kinetics of BrdU incorporation into DNA
and p130-E2F4 co-immunoprecipitation in T98G versus
SAOS-2 cells after serum addition; Figures 2A and 3B).
To confirm that the majority of phosphorylations on p130
that took place in SAOS-2 cells can be explained by the
activity of Cdk2, we electroporated SAOS-2 cells with
p130wt together with either p27%!(T1874) (a stable inhibitor
of Cdk2; Sheaff et al., 1997) or dnCdk2, either of which
eliminates the Cdk2 activity. Co-expression of either
p27%P1(T1874) or dnCdk2 almost completely eliminated the
phosphorylation of pl130wt (Figure 3C), stressing the
importance of Cdk2 in phosphorylation of p130 in cells
compromised in Cdk4(6) kinase activity. In contrast,
restoration of Cdk4(6) activity by ectopic cyclin DI
resulted in full phosphorylation of p130 to form 3, even in
SAOQOS-2 cells (Figure 3C), and confirmed the specificity of
Cdk4(6) for phosphopeptides C4, C7, D1 and D2 (compare
Figure 3D with E), which Cdk2 is apparently unable to
phosphorylate in vivo. To corroborate this specificity, we
co-expressed p130wt together with p167%42 and cyclin E in
T98G cells, a scenario in which Cdk4(6) is directly
inhibited by p167%#, but Cdk2 remains active since excess
of cyclin E prevents the indirect inactivation of Cdk2
otherwise imposed by pl167%#. The resulting phospho-
peptide maps (Figure 3G and H) showed that under
conditions permissive for Cdk?2 activity alone (Figure 3H),
the pattern seen in T98G cells mimicked the spectrum of
peptides phosphorylated in SAOS-2 cells, thereby con-
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Fig. 3. p130 phosphorylation in the absence of cyclin D-Cdk4 activity.
(A) Starved SAOS-2 and T98G cells were stimulated with serum
(FCS), and p130 immunoprecipitated and visualized by blotting. Note
that the most phosphorylated form of p130 in SAOS-2 cells (form 2b)
is different from the fully phosphorylated form 3 in T98G cells.

(B) Time course dissociation of E2F4 (bottom) from p130 (top)
immunoprecipitated from serum-restimulated SAOS-2 cells, with
parallel monitoring of BrdU incorporation (1 h pulse). (C-E) SAOS-2
cells were electroporated with the indicated expression plasmids,
labelled with [3?P]orthophosphate and processed for immuno-
precipitation of p130wt (C), and phosphopeptide mapping (D and E).
(F-H) T98G cells were electroporated with the indicated expression
plasmids. The [3?Plorthophosphate-labelled p130wt was processed for
phosphopeptide mapping as indicated (G-H).

firming that the phosphorylations on phosphopeptides C4,
C7, D1 and D2 are Cdk4(6) specific. Furthermore, the
absence of phosphorylations of these peptides correlated
with less retarded migration of p130wt in SDS-PAGE
(Figure 3F), similar to what was observed in SAOS-2 cells.

Identification of phosphorylation sites in p130
The precise identity of the phosphorylation sites corres-
ponding to the individual phosphopeptides was elucidated
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Fig. 4. Cycle sequencing and confirmation of phosphorylation sites.
(A) Phosphopeptide D5 was eluted from a TLC plate and processed for
Edman degradation and phosphoamino acid analysis (insert). The
histogram shows the amount of radioactivity (PSL values obtained
from a PhosphorImager) released from phosphopeptide D5 in
individual cycles. (B) Examples of phosphopeptide maps of the
indicated p130 single-point mutants expressed as HA-tagged proteins in
T98G cells. Arrows point to a missing phosphopeptide (see Table I for
an overview).

by phosphoamino acid analysis and cycle sequencing of
isolated tryptic phosphopeptides from in vivo labelled
pl130, combined with site-directed mutagenesis. As a
representative example from the large body of data, we
chose the phosphopeptide D5, since this represents the
site homologous to serine 795 (S795) in pRb, essential
for the neutralization of pRb’s interaction with E2F
(Connell-Crowley et al., 1997). Phosphoamino acid
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Table I. Summary of identified in vivo phosphorylation sites in p130

Phosphorylation site T401 S413 T417 S639 T642 S662 S672 S688 T694 S948 S952 S962 S966 S973 S982 T986 S1035 S1044 S1068 S1080 T1097 S1112

Coordinate C4 Al Al Bl Bl C2 DI/ C5 C5 D8

D2

D8 D9/ D7 A2 A2 A2 C7 D5 D3 Ci D6 C3

Phosphorylated in ~ + + + + + + + + + +

T lymphocytes

Phosphorylated in ~ + + + + + + + + + +

TI8G cells

Phosphorylated in ~ — + + + + + - + + +

SAOS-2 cells

D10

+ 0+ o+ o+ o+ o+ + + + + +
+ 0+ o+ o+ o+ o+ + + + + +
+ 0+ o+ o+ o+ - + + + + +

Sites phosphorylated + + + + + + + + + -

by Cdks
Cdk4(6)-specific
phosphorylations

Phosphorylated by —— - - - - - - - - +

a kinase different
from Cdks?

Dependent on Cdk  — - - - - - - - - +

pre-phosphorylation®

+ - - - - -+ = = =

Listed are only phosphopeptides, indicated by letters and numbers, where we have identified the site(s) of phosphorylation. Upper part,
phosphorylations (+) on endogenous p130 in the indicated cell types. Lower part, kinases responsible for p130 phosphorylations.
aPhosphorylations (+) that still occur when p16 is co-expressed with p130wt, or sites different from the SP/TP Cdk minimal consensus.
YPhosphorylation sites (+) that are not SP or TP sites and depend on pre-phosphorylation by Cdk on another site.
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Fig. 5. In vivo phosphorylation sites in p130. Schematic summary of the 22 mapped in vivo phosphorylation sites. Shaded boxes, residues conserved
in p107; an asterisk indicates residues conserved in pRb. A, B and C and spacer refer to domains of p130. All residues except T401 and T694 are
conserved between human and mouse and/or rat p130. In p1302¢#4  the three Cdk4-specific residues, T401, S672 and S1035, were mutated to alanine
residues, and in the p130°M/94 mutant all except three mapped sites (non-Cdk sites) were mutated to alanine. Phosphopeptide maps of the wild type
and the two phosphorylation-deficient mutants expressed in U20S cells are also shown (right); solid arrows point to the normal position of
phosphopeptides represented by the mutated residues and dashed arrows indicate the position of D12 and D14. The relative positions of the two
cyclin A and E binding motifs (CRK or RLF) are indicated in the p130wt construct by arrows.

analysis revealed that D5 was phosphorylated on serine
(Figure 4A, insert) and cycle sequencing released a
32P-labelled amino acid in cycle 3 (Figure 4A). As the
charge of D5 is +1 at pH 1.9, there exist four candidate
tryptic peptides in p130 containing an SP site that could
represent D5. Site-directed mutagenesis of S1044 to an
alanine resulted in the specific loss of D5 when this mutant
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was ectopically expressed in T98G cells and labelled by
[32Plorthophosphate (Figure 4B), proving that phosphoryl-
ation of S1044 gave rise to the tryptic phosphopeptide D5:
TGSPR. Figure 4B further illustrates tryptic phosphopep-
tide maps of four additional serine/threonine to alanine
single mutants of p130, and should be considered as
confirmation for data obtained by cycle sequencing and



phosphoamino acid analysis. In all cases except threonine
986 (T986) and S966, a single mutation of a serine or
threonine to an alanine residue had no impact on other
phosphorylations. Table I shows the list of all mapped
phosphorylations, and Figure 5 illustrates their localization
in p130. It is striking that the 22 mapped phosphorylation
sites cluster in four regions: three sites localize close to the
border between the N-terminal part and the A-pocket, six
in the spacer region (flanking the RLF cyclin binding
motif), another six in the C-terminal region and seven sites
in the B-pocket, within a sequence of p130 non-conserved
in pRb and p107. The latter region is possibly linked to
some unique function of p130, and it is also this region
that contains the only sites whose mutations affect
phosphorylations of other residues. Thus, phosphorylation
of S966 (D7; an SP site) seems to be required for the
phosphorylation of S962 (D9/D10; a non-SP/TP site: D10
is a partial cleavage product of D9; Figure 4B), and
phosphorylation of T986 (A2; a TP site) for the phos-
phorylation of S982 and S973 (both non-SP/TP sites
contained in the A2 phosphopeptide; data not shown).
Furthermore, S966 still gets phosphorylated when p16744
is co-expressed with p130wt, while the phosphorylation of
T986 was blocked by pl6"e co-expression. These
observations, and the fact that several phosphorylation
sites lack the proline residue at position +1, indicate that
other, non-Cdk kinases participate in the phosphorylations
in this part of p130.

Repression of E2F and growth arrest by
phosphorylation-deficient p130

According to the order in which we identified the p130
phosphorylation sites, a phosphorylation-deficient mutant
p130PMI% was created, in which 19 of the 22 mapped
phosphorylation sites were mutated to alanine (Figure 5;
only three non-Cdk sites were left as wild type).
Furthermore, we created a mutant in which only the
three Cdk4(6)-specific phosphorylation sites, T401, S672
and S1035, were mutated to alanines (pl130ACé4),
Derivatives of pl30PMI% and pl1302Cd4  with the
N-terminal cyclin binding motif ACRK (Castano et al.,
1998) mutated to AAAA [pl30PMIA(CRK/AAA)  gnd
p130ACAKHCRK/AAL)] or the spacer RLF cyclin binding
motif substituted by AAA [pl30PMIPARLIZAAL)  and
p130ACHRLI/AAA)] - were also made, alone or combined.
The abilities of these p130 mutants to bind E2F4 and
repress E2F activity, sequester cyclin E(A)-Cdk2 and
affect cell proliferation were assessed by transient
transfection and immunoprecipitation, flow cytometry
and reporter assays (Figures 6 and 7). E2F4 bound
relatively poorly to wild-type p130 under these conditions,
reflecting efficient phosphorylation by endogenous ki-
nases. Furthermore, supporting our data, which implicate
cyclin D-Cdk4(6) and cyclin E-Cdk?2 in phosphorylation
of p130 (Figures 2 and 3), co-expression of cyclin DI
resulted in an almost complete shift of p130wt to form 3
and increased release of E2F4 (Figure 6B), while co-
electroporation of p167*# prevented the phosphorylation
of p130 to form 3 and resulted in an increased binding of
E2F4. Both the p1302¢4 and p130PM/°4 mutants co-
immunoprecipitated significant amounts of E2F4
(p130PM19 being the strongest interactor), indicating that
critical phosphorylation sites for the release of E2F4 from
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Fig. 6. Repression of E2F and G, arrest by p130 mutants. (A) Summary
of luciferase reporter assays in extracts of U20S cells transfected with
fixed amounts of expression plasmids for the indicated pocket proteins
(data represent mean values = SD from three experiments). Bottom,
HA-tag immunoblots of immunoprecipitates from one experiment, to
indicate the relative amounts of the pocket proteins. (B) HA-tagged
p130 was immunoprecipitated 36 h after electroporation of the
indicated plasmids into U20S cells, and the precipitates immunoblotted
for p130, E2F4 and E2F1. T.L., total lysate (30 pg protein) from
exponentially growing U20S cells. (C) U20S cells were transfected
with the indicated p130 expression plasmids or empty plasmid control
(pcDNA3.1) in combination with CD20 surface marker. Thirty-six
hours later, transfected cells were sorted (CD20-positive cells) and
analysed for their DNA content by fluorescence activated cell sorting.

p130 had been mutated. Unexpectedly, E2F1 was also co-
immunoprecipitated with p130, in amounts comparable to
(p1304Cdk4y or even higher (p130P°M/94) than those
complexed to pRbAC* (Figure 6B).

In situ staining of U20S cells expressing the p130Aca4
and pl130°MI% mutants or wild-type pl130 constructs
confirmed their nuclear localization (data not shown),
and reporter assays using the plasmid 6XE2F-luc
(Figure 6A) showed that both p1302¢4 and p130PMI%A
repressed the endogenous E2F activity more efficiently
than p130wt and similarly to pRbA¢%, It should be noted
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Fig. 7. The effects of cyclin binding motifs. (A) U20S cells were
electroporated with the indicated HA-tagged p130 constructs in which
either of the two cyclin binding motifs were mutated alone or in
combination. Two days after electroporation, lysates were processed for
anti-HA immunoprecipitations in the presence of saturating amounts of
lysate from exponentially growing non-electroporated U20S cells and
analysed by immunoblotting for cyclin A or E. Anti-HA blotting of the
upper part of the gel indicated that equal amounts of expressed p130
constructs were loaded. (B) U20S cells were transfected with the
indicated expression plasmids and analysed by FACS as in Figure 6C.

that p1302¢4# was as stable as the wild-type p130 protein,
while the pl130°M/% mutant was significantly less
stable (data not shown). Therefore, the input plasmid
concentration was adjusted accordingly to obtain equal
protein expression levels of the pocket protein constructs
(Figure 6A, anti-HA immunoblot).
Co-immunoprecipitation experiments using U20S cells
expressing ectopic p130wt, p130(CREAAA) ] 3(RLF/AAA) o
the combined mutant pl130(CRKRLF/AAA) " and the same
cyclin binding mutations on a phosphorylation-deficient
p130 background (p130PM!94) showed that the majority of
cyclin E-Cdk2 and A-Cdk?2 interact with the N-terminal
ACRK motif of pl130 (Figure 7A). The RLF/AAA
mutation in the spacer only affected cyclin A binding
marginally, while cyclin E binding was more significantly
affected. In contrast to the inability of the ectopic wild-
type p130 to bind E2Fs efficiently (Figure 6B, lane 2), this
largely hyperphosphorylated protein (due to the endogen-
ous kinases) formed abundant complexes with cyclins E
and A (Figure 7A, lane 2). As the amounts of cyclin E(A)
bound to such phosphorylated pl130wt were virtually
identical to the amounts of cyclins co-immunoprecipitated
with the phosphorylation-deficient p130°M/°4 mutant
(Figure 7A, compare lane 2 with 6), sequestration of
cyclin E(A)-Cdk?2 by p130 appears largely independent of
p130 phosphorylation status. These distinct modes of
regulating the interactions of pl130 with E2Fs and
cyclin E(A), respectively, are also reflected by a decrease
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in E2F4, but an increase in cyclin E-Cdk2, bound to p130
at 10-12 h post-serum stimulation of T98G cells,
coinciding with the shift of p130 to form 3 in late G,
(Figure 2A; Supplementary figure 1, available at The
EMBO Journal Online.)

Since both E2F and Cdk activities are required for G,/S
transition and cell proliferation (Lukas et al., 1997; Chew
et al., 1998; Knudsen et al., 1998), we tested the ability of
the individual p130 constructs to arrest cells in G;. Flow
cytometry analysis of transfected U20S cells showed that
wild-type p130 had only a minor effect on cell cycle
progression, while expression of either p1302¢d# or
p130PMI% imposed an efficient block in G, (Figure 6C).
The G, arrest imposed by these phosphorylation-deficient
mutants was clearly more sustained than the effect of
pRbAC%  which caused only a transient G; delay with
subsequent accumulation of cells in S phase (Figure 6C)
(Lukas et al., 1999b). Interestingly, removal of the ability
of the phosphorylation-deficient p130 mutants to sequester
cyclin A/E allowed the transfected cells to escape the G,
block. In the case of the p130ACAHCRK/AAA) mutant the cells
regained the full potential to proliferate, while the
p130PMIA(CRK/AAA) mutant cells accumulated in S phase
(Figure 7B), analogous to the effect of pRbAC#*
(Figure 6C).

Discussion

Work from several laboratories over the last decade
identified some 10-12 of the 16 candidate Cdk consensus
sites of pRb as targets of cyclin D-Cdk4 and/or
cyclin E-Cdk2 (Lees et al., 1991; Knudsen and Wang,
1996; Mittnacht, 1998). Here we have mapped 22 serine/
threonine residues of p130 phosphorylated in vivo and a
few more remain to be identified, indicating that the
regulation of pl130 by phosphorylation is significantly
more complex than that of pRb. Unexpectedly, only
three of these mapped residues are conserved in pRb,
while 10 are conserved in p107, and 12 sites appear unique
to p130 (Figure 5).

At least three classes of kinases cooperate to phos-
phorylate pl130 in human cells: cyclin D-Cdk4(6),
cyclin E(A)-Cdk2, and so far unidentified non-Cdk
kinases. The non-Cdk kinases probably target those sites
efficiently phosphorylated, even in cells arrested by
pl6ika (S962, S966 and the sites represented by peptides
D12 and D14), but also S948, S973 and S982 in the B-
pocket (Figure 5). The latter three residues are not SP/TP
sites targeted by Cdks, yet their phosphorylation is
prevented by pl67%# probably due to dependency on
pre-phosphorylation of other residues by Cdks. Such
sequential modification is supported, for instance, by the
inability of S973 and S982 to become phosphorylated
in vivo when T986 (a TP site) is mutated to alanine (data
not shown). Thus, multiple kinase activities converge to
phosphorylate p130, including Cdk4(6), Cdk2 and non-
Cdk kinases. We imagine a temporal sequence of phos-
phorylation events regulating p130 function initiated by
non-Cdk kinases in early G, represented by those sites
still phosphorylated in the presence of p167*, followed
by cyclin D-Cdk4(6), cyclin E-Cdk2 and finally by non-
Cdk kinases, which require pre-phosphorylation of p130 by
Cdks (Table I).



The identity of cellular substrates of Cdk4(6) versus
Cdk?2 has recently attracted considerable attention, reflect-
ing the key roles of Cdks in cell cycle control and their
deregulation in cancer, which inspired a search for novel
Cdk-inhibitory drugs (Garrett and Fattaey, 1999). Here we
show that among the 22 mapped phosphorylation sites of
p130, most appear to be targeted by Cdks and three
specifically by Cdk4(6). All three residues selectively
targeted by Cdk4(6), T401 (N-terminus), S672 (spacer
region) and S1035 (C-terminus), are conserved in mouse
p130, and have homologues in p107, but only S1035 is
conserved in pRb. Interestingly, S795 of human pRb,
whose phosphorylation appears critical for E2F release
(Connell-Crowley et al., 1997), was suggested to be
targeted by both Cdk4(6) and Cdk2 (Kitagawa et al.,
1996), in agreement with our data for the homologous site
in p130, S1044. Kitagawa et al. (1996) also found that
S780 of pRb was a good substrate for Cdk4(6), but not for
Cdk2, consistent with our finding that the homologous
S1035 in p130 is one of the three sites targeted specifically
by Cdk4(6). The similarities between pRb and p130 are
limited, however, with the vast majority of their phos-
phorylation sites being non-conserved. Moreover, despite
phosphorylation of S567 of pRb by Cdk?2 (at least in vitro)
appears essential for release of E2F (Harbour and Dean,
2000), we have so far been unable to show phosphoryl-
ation of the homologous site in pl30 (S603; non-
conserved in pl107). However, we cannot rule out that
S603 of pl130 might be phosphorylated under certain
conditions in vivo, and further studies are needed to clarify
this issue.

Mapping in vivo phosphorylation sites allows the
restriction of mutagenesis to only those sites of physio-
logical relevance and assessment of their impact on
biochemical and biological functions of the pocket
proteins. The phosphorylation-deficient mutants of p130
constructed here represent the first attempt to explore
constitutively active alleles of a non-Rb pocket protein.
The properties of p130°M!94 suggest that we have largely
achieved this goal, at least as judged from repression of
E2F4, the major transcription factor regulated by p130
in vivo, and from the impact of this mutant on cell
proliferation (Figure 6C). Thus, E2F4 remained bound to
p130PMI% in serum-stimulated cells, despite the active
endogenous cyclin D- and E-dependent kinases, and even
upon experimental elevation of either cyclin D1 or cyclin E
(data not shown). Our data show that both Cdk4(6) and
Cdk2 can affect the p130-E2F4 complex, yet the shift to
the fully phosphorylated form 3 of p130, which has the
lowest affinity for E2F4, requires active Cdk4(6) and
phosphorylation of the Cdk4(6)-specific target sites (see
above). The pronounced effects of both p1302¢#4 and
p130PMI% on E2F-mediated transcription reflect a com-
bination of direct physical sequestration of E2F4 and E2F5
(Sardet et al., 1995), as well as E2F1 by p130 (our data)
and transcriptional silencing of E2F -3 gene promoters by
the p130-E2F4 complex (Johnson, 1995; Dyson, 1998;
Furukawa et al., 1999).

When expressed in human cells proficient in Cdk4(6)
and Cdk2 activities, the phosphorylation-deficient mutants
p130ACdkd and p130PMI9% both induced a sustained G,
arrest, considerably more pronounced than the effect of a
constitutively active mutant pRbACdk which only delays
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G4/S transition (Lukas et al., 1999b; Figure 6C). Since
p130P°MI94 inhibits E2F activity to an extent comparable to
pRbAC the differential impact of these two mutant pocket
proteins on G;/S progression strongly suggests that the
p130 mutant inhibits the cell cycle through an additional
mechanism, independent of E2F. A candidate for such a
function of p130, not conserved in pRb, has recently been
identified in the ability of p130 and p107 to physically bind
cyclin E-Cdk2 and cyclin A-Cdk2 complexes, thereby
inhibiting and/or subverting their activity towards other
substrates (Grana et al., 1998). Of the two sequences
responsible  for the interaction of pl130 with
cyclinE(A)-Cdk2, the more N-terminal ACRK motif
appears to account for the bulk of p130-bound cyclin E
and A (Figure 7A; Castano et al., 1998). Mutating the
ACRK motif to alanines within the context of p130°M94
gave rise to a protein [p130PMI9A(CRK/AAA)] \whose ability to
arrest cells in G| was considerably diminished (Figure 7B),
indicating that the ability to sequester the cyclins indeed
contributes to the Gi-inhibitory effect of p130. The
binding of cyclin E/A to the major cyclin binding domain
(the N-terminal ACRK motif) of p130 occurs independ-
ently of phosphorylation, as revealed by the fact that the
almost completely hyperphosphorylated p130wt protein
binds equal amounts of cyclin E and A as compared with
the hypophosphorylated p130°*/%4 mutant (Figure 7A),
and by efficient binding of the endogenous, hyperpho-
sphorylated form 3 of p130 to cyclin E-Cdk2 in late G,
cells, at the time when most E2F4 is released due to p130
phosphorylation (Figure 2A; Supplementary figure 1). On
the other hand, the less pronounced interaction of
cyclin E(A)-Cdk2 with the spacer region of p130 might
be regulated by phosphorylation (currently under investi-
gation), consistent with the fact that six phosphorylation
sites flank the RLF cyclin binding motif (Figure 5). In any
case, our data clearly suggest that the stable G; arrest
obtained with the phosphorylation-deficient mutants of
pl130 reflects the cooperation of at least two distinct
functions of p130: E2F binding, which is regulated by
phosphorylation, and sequestration of cyclin E(A)-Cdk2
to the major cyclin binding site in the N-terminus, which is
phosphorylation independent. Such a differential control
over the two Gj-inhibitory functions may help p130 to
regulate timely entry into S phase in two steps. First,
derepression of E2F in mid-Gy, following phosphorylation
of the pocket proteins by cyclin D-dependent kinases,
would activate the S phase-promoting transcriptional
programme, possibly coinciding with the G; restriction
point. Secondly, the N-terminus-mediated sequestration of
cyclin E(A)-Cdk2 by pl30 remains active in late Gy,
regardless of the phosphorylation events that release E2F,
and may titrate the accumulating activity of
cyclin E(A)-Cdk2 kinases until several hours after E2F
derepression, when threshold levels of Cdk2 and possibly
other activities optimal for initiation of DNA synthesis are
achieved.

The present demonstration that the phosphorylation-
deficient mutants of p130 (p1302¢?< and p130FM194) both
imposed a more sustained G; arrest than constitutively
active pRb is unexpected, given the widely held view that
only the latter pocket protein qualifies as a tumour
suppressor (Lipinski and Jacks, 1999). Taken together
with the recent identification of tumour-associated muta-
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tions of p130 in human cancers (Helin et al., 1997; Claudio
et al., 2000), our data are consistent with the candidacy of
p130 for a tumour suppressor. Most recently, cells from
mice with simultaneous inactivation of p130 and p107
(Bruce et al., 2000) or E2F4 and E2F5 (Gaubatz et al.,
2000) were shown to be resistant to pl6-mediated G
arrest, implying that in addition to pRb, the p130/p107
pocket proteins provide an essential regulatory function in
G, and further support the key role of cyclin D-dependent
kinases, whose critical contribution to p130 phosphoryl-
ation and E2F4 release is demonstrated in our present
study. The mechanistic basis of the more potent inhibition
of G/S transition by p130 than by pRb may reflect the
ability of p130 to inhibit the events downstream of E2F4/5,
such as transcription of genes encoding E2F1-3, cdc25A,
Cdc2, pl107, etc. (Johnson, 1995; Tommasi and Pfeifer,
1995; Zhu et al., 1995; Hurford et al., 1997; Sears et al.,
1997; Smith et al., 1998; Furukawa et al., 1999; Iavarone
and Massagué, 1999), and to sequester the S-phase-
promoting cyclin E(A)-Cdk2 (Lacy and Whyte, 1997;
Woo et al., 1997; Castano et al., 1998). While inhibition of
E2F is shared by pRb (Lukas et al., 1997), pRb’s ability to
affect cyclin E and thus cyclin E-Cdk2 activity is only
limited, eventually allowing cells exposed to non-phos-
phorylatable pRb to enter S phase (Chew et al., 1998;
Knudsen et al., 1998; Lukas et al., 1999a; this study). As it
seems that only the functions mediated by the large A/B
pocket of p130, such as E2F binding, are regulated by
phosphorylation and thus negated by the cyclin D-
dependent kinases, the second Gj-inhibitory function of
p130, the ability to sequester cyclin E-A-Cdk2 through
the N-terminal CRK motif, must be neutralized by other
mechanisms. One possibility is that the protein turnover of
p130 becomes accelerated at G;/S transition due to its
targeting for the proteasome-mediated degradation (Smith
et al., 1998), thereby also eliminating the N-terminal,
phosphorylation-independent activity of p130. From a
wider perspective, our data on the regulation of p130
provide the necessary basis for detailed functional analy-
ses of the phosphorylation-dependent and -independent
activities of p130, including its roles in the regulation of
fundamental biological processes such as the induction
and maintenance of quiescence, cellular differentiation
and prevention of oncogenic transformation.

Materials and methods

Cell culture and synchronization

Human T98G glioblastoma, SAOS-2 and U20S osteosarcoma cell lines
were grown in DME medium supplemented with 10% fetal calf serum
(FCS). Subconfluent cells were arrested in G; by 48 h culture in 0.1%
FCS, restimulated with 10% FCS, and labelled for 4 h in phosphate-free
DME with 20 mM HEPES pH 7.2, 10% dialysed phosphate-free FCS and
2 mCi/ml [**PJorthophosphate (PBS43; Amersham). Primary human
T lymphocytes were purified using Lymphoprep (Nycomed Pharma),
seeded in RPMI medium (Gibco-BRL) with 40 mM HEPES pH 7.2, 10%
FCS, 5 pg/ml phytohaemagglutinin A (PHA-L) and interleukin 2 (IL-2;
100 TU/ml) and 65 h post-stimulation labelled with [32P]orthophosphate
as described above.

Site-directed mutagenesis and gene transfer

Human p130 gene was mutagenized using the QuikChange Site-Directed
Mutagenesis kit (Stratagene) and primers of ~27 nucleotides. For in vivo
labelling experiments, cells were transfected using the calcium phosphate
method (1 ml transfection mix containing 7 pg of specific plasmids
and carrier empty vector to 16 pg final DNA for a 10 cm dish)
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or electroporated (Bio-Rad gene pulser) using 1.5 X 100 cells and 7 pg of
plasmid DNA.

Antibodies and immunochemical methods

Antibodies to p130 (SC317), E2F4 (SC866), cyclin A (SC751), E2F1
(SC193) and anti-HA tag (SC805) were from Santa Cruz
Biotechnologies. Antibody 12CAS5 against the HA tag was produced as
mouse ascites. Monoclonal antibodies DCS11 and HE172 were used to
immunoprecipitate cyclin D1 and E, respectively. Immunoprecipitation,
kinase assays and immunoblotting procedures have been described
previously (Lukas et al., 1997, 1999b). In experiments shown in Figures
6B and 7A, lysate from exponentially growing U20S cells was added in
order to have cyclins and E2Fs in excess of the ectopically expressed
p130 protein.

Electrophoresis and two-dimensional phosphopeptide
mapping

SDS-PAGE gels were run in Bio-Rad Protean II xi system. Two-
dimensional phosphopeptide mapping and phosphoamino acid analysis
were performed as described (Boyle et al., 1991; Blume-Jensen et al.,
1995; Hansen et al., 1996). Tryptic phosphopeptides were separated on a
Hunter Thin Layer Electrophoresis System (HTLE-7000), at 2000 V for
30 min (14°C). The second dimension chromatography was performed in
isobuturic acid buffer for 16 h.

Elution of phosphopeptides from TLC plates for automated
Edman degradation

Eluted phosphopeptides (Hansen et al., 1996) were coupled to
Sequelon™-AA membrane (Millipore) by use of carbodiimide coupling,
according to standard procedures as described by the manufacturer.
Edman degradation was performed using an Applied Biosystems gas
phase sequencer (Model 477A) as described by Blume-Jensen et al.
(1995).

Reporter assays

U20S cells were seeded at 2.5 X 105 cells per 10 cm dish and transfected
by the calcium phosphate method using 2 pg of the E2F reporter construct
pGL3TATAbasic-6 XE2F (6XE2F-luc) (Miiller et al., 1997), 1 pg of
CMV-LacZ and expression vectors for p130wt (2 ug), p1302¢d4 (2 ug)
or p130°M/94 (8 ug) (all in pcDNA1), or pECE-pRbA¢%* (2 ng) (Lukas
et al., 1997). Empty plasmid was added to a final concentration of 16 ug
of DNA per transfection. Cells were harvested 36 h later and luciferase
activity measured using the Luciferase Assay System (Promega) and a
Berthold Lumat LB95d instrument. [-galactosidase activity was
quantitated as an internal control for transfection efficiency. The data
on relative luciferase activity represent mean values from three
experiments, normalized relative to the B-galactosidase readout.

Flow cytometry analysis

For flow cytometry analysis, CD20 (pCMVCD20; 2 pg) was co-
transfected with pcDNA3.1 empty vector control or HA-tagged p130wt
(4 ug), pI30ACHT (4 g), pI3OACHICRIAM) (4 ug). pI13OPMI%A (16 pg),
p130PMIPA(CRK/AAA) (16 ug) or HA-tagged pRbAC% (4 g) constructs into
U20S cells. Cells were harvested 36 h after replacement of medium,
stained with fluorescein isothiocyanate-conjugated anti-CD20 antibodies
(Becton-Dickinson), and processed for flow cytometry as described
previously on a Becton-Dickinson FACScan machine (Lukas et al.,
1995).

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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