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Whether p27 is a cyclin D-cdk4/6 inhibitor or not is controversial, and how it might switch between these two
modes is unknown. Arguing for a two-state mechanism, we show that p27 bound to cyclin D-cdk4 can be both
inhibitory and noninhibitory, due to its differential-growth-state-dependent tyrosine phosphorylation. We
found that p27 from proliferating cells was noninhibitory but that p27 from arrested cells was inhibitory, and
the transition from a bound noninhibitor to a bound inhibitor was not due to an increase in p27 concentration.
Rather, two tyrosine residues (Y88 and Y89) in p27’s cdk interaction domain were phosphorylated preferen-
tially in proliferating cells, which converted p27 to a noninhibitor. Concordantly, mutation of these sites
rendered p27 resistant to phosphorylation and locked it into the bound-inhibitor mode in vivo and in vitro. Y88
was directly phosphorylated in vitro by the tyrosine kinase Abl, which converted p27 to a cdk4-bound
noninhibitor. These data show that the growth-state-dependent tyrosine phosphorylation of p27 modulates its
inhibitory activity in vivo.

Cell cycle progression through the G1 phase is regulated by the
action of cyclin D-cdk4, cyclin D-cdk6, and cyclin E-cdk2 (30, 49).
These serine/threonine kinases phosphorylate and inactivate sub-
strates, such as the tumor suppressor retinoblastoma (Rb), which
prevents S-phase entry (16, 54). cdk activity is tightly regulated by
a combination of mechanisms, including changes in the cyclin
level, mitogen-dependent assembly, the phosphorylation of posi-
tive and negative regulatory sites on the cdk partner, cellular
localization, and interaction with stoichiometric cyclin kinase in-
hibitors (CKIs), such as p27Kip1, p21Cip1, p15Ink4b, and p16Ink4a

(49).
p27 is a crucial molecule in a cell’s response to extracellular

mitogenic and antimitogenic signals, mediating growth arrest
induced by transforming growth factor � (25), contact inhibi-
tion (26), growth in suspension (60), and cyclic AMP analogues
(23). It was originally described as a “universal” cdk inhibitor,
able to inhibit cdk4, cdk6, cdk2, and cdk1 in vitro (40, 50, 53).
The three-dimensional structure of p27 complexed with cyclin
A-cdk2 reveals that p27 has separate binding sites for the cdk
and the cyclin, although it appears to interact exclusively with
the cyclin-cdk dimer (46). p27 interacts with the cyclin through
a conserved sequence, the “LFG” region (cyclin binding do-
main) (2, 11, 12). This domain is present in all Cip/Kip inhib-
itors, as well as in several cdk substrates, including Rb and
p107 (1), and it appears to be the docking site for both inhib-
itors and substrates. p27 also interacts with cdk2 via the kinase
binding region (KB) (45). p27 inhibition of cyclin-cdk activity is
thought to occur by at least three mechanisms: (i) blocking the
active site of the cdk, (ii) preventing substrate access by oc-

clusing the substrate binding domain on the cyclin, and (iii)
preventing an activating phosphorylation on the cdk by the
cdk-activating kinase (24). In vitro, the N-terminal 108 amino
acids of p27 exhibits full inhibitory function, and this region is
sufficient to arrest cells in G1 (40).

The relationship of p27 and cyclin D-cdk4/6 in the cell is
complex. Cyclin D-cdk4/6 complexes are mitogen sensors (37)
and have at least two main roles in the cell: one catalytic and
the other noncatalytic (28, 49, 59). The catalytic activity in-
volves the phosphorylation of Rb and related family members,
p107 and p130. The noncatalytic function of cyclin D-cdk4/6
involves its ability to act as a reservoir for p27 or p21. The
majority of p27 in the proliferating cell is associated with cyclin
D-cdk4, and this sequestration of p27 ensures that cdk2 will be
catalytically active. This reservoir of p27 aids in the rapid
inhibition of cdk2 when cells are challenged with antiprolifera-
tive signals. Antimitogenic signals, such as transforming growth
factor �, induce the shuttling of p27 from cdk4 to cdk2 by the
induction of another CKI, p15, which in turn reduces the
available cyclin D-cdk4 complex (31, 43, 47). Other antimito-
gens, which perturb the integrity of the cyclin D-cdk4 sink,
cause the same outcome (35, 41).

While it is generally accepted that p27 is always a potent
cdk2 inhibitor in vitro and in vivo (8, 25), the effect of p27
binding to cyclin D-cdk4/6 complexes is controversial. In pro-
liferating keratinocytes and epithelial or lymphoid cells, p27
does not inhibit cyclin D-cdk4, and p27-cyclin D-cdk4 com-
plexes are always catalytically active (8, 13, 29, 49, 51). p27-
associated complexes are able to phosphorylate exogenous Rb
substrates, due to cdk4 and cdk6 association (8, 51). In vitro,
recombinant p27 can bind cyclin D-cdk4 without causing inhi-
bition (8, 27), suggesting that under certain circumstances, p27
may not be a cyclin D-cdk4 inhibitor in vitro as well. Others
have extended this idea even further, suggesting that p27 may
in fact be a required cyclin D-cdk4 activator (4, 14, 24, 27),
serving to assemble or stabilize the cyclin D-cdk4 complex.
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On the other hand, overexpression of p27 has been shown to
inhibit cdk4/6 in some cell types (36, 56). p27-cyclin D-cdk4/6
complexes in quiescent epithelial and resting lymphoid cells
are inactive (5, 35), suggesting that the controversy about the
effect of p27 bound to cyclin D-cdk4 may be related to the
growth state of the cell. To address this question, we analyzed
cyclin-cdk complexes from proliferating and contact-arrested
mink lung epithelial (Mv1Lu) cells. We found that p27-asso-
ciated cyclin D-cdk4 complexes were active in cycling cells and
inactive in noncycling cells. Using a p27 induction system,
where the level of p27 can be increased 15-fold in an otherwise
cycling cell, we were unable to inhibit cyclin D-cdk4/6, suggest-
ing that the stoichiometry of p27 is not important. Rather, the
cell has the capacity to regulate the transition between p27’s
bound, noninhibitory (cycling) and its bound, inhibitory (non-
cycling) forms in a growth-state-dependent manner. We have
mapped this difference to two tyrosine residues (Y88 and Y89)
in the N terminus of p27, whose phosphorylation occurs exclu-
sively in proliferating cells. Loss of this phosphorylation in
vitro and in vivo converts p27 to a bound inhibitor of cyclin
D-cdk4. We suggest that this phosphorylation modulates p27’s
inhibitory activity and may account for p27’s functional differ-
ence in cycling and noncycling cells.

MATERIALS AND METHODS

Cell culture and transfection. Mv1Lu cells were maintained in minimal essen-
tial medium supplemented with 10% fetal bovine serum. The tetracycline (Tet)-
p27 Mv1Lu line was previously described (8). All Tet lines were maintained in
minimal essential medium supplemented with 10% fetal bovine serum plus 0.5
mg/ml G418, 0.3 mg/ml hygromycin, and 1 �g/ml Tet. Human p27 cDNA with a
C-terminal histidine tag was cloned into the XbaI site of the pUHD10-3 hygro-
mycin vector and transfected into Mv1Lu-tTA cells (42) by using Lipofectin
(GIBCO-BRL) to generate the Tet-His-p27 cell line. Asynchronously growing
(A) cells were harvested from plates no greater than 60% confluent. Contact-
arrested (G0) cells were harvested 5 days after visible contact arrest. Complete
medium was replaced every other day, and fluorescence-activated cell sorter
analysis confirmed that �95% of cells were in G1. For fluorescence-activated cell
sorter assays, cells were fixed in ethanol for 1 h at 4°C and stained with propidium
iodide for 30 min at 37°C, followed by analysis on a FACScan apparatus (Becton-
Dickson).

Antibodies. Antibodies used in this study were as follows. Anti-mouse p27,
anti-mink cdk4, and anti-mouse cdk2 were a generous gift from J. Massagué (8).
Anti-mouse p27 (DCS-72.F6) and anti-mouse cdk4 (DCS-35) were from Neo-
Markers. Phospho-S10-p27 (catalog no. 34-6300), phosphothreonine (no. 71-
8200), and phosphoserine (no. 61-8100) were from Zymed Laboratories. Cyclin
D1 (AHF0092) was from BioSource International, and cdk6 (K6.83) was from
Cell Sciences. Cyclin D1 (sc-450, sc-718, sc-753, and sc-177), cdk6 (sc-177 and
sc-7961), and cdk2 (sc-6248) were from Santa Cruz Biotechnology. Phospho-
threonine-proline (P-Thr-Pro101) and phosphotyrosine (P-Tyr100) were from
Cell Signaling Technology; phosphotyrosine (4G10) was from Upstate; and phos-
phothreonine (ab9337) and phosphoserine (ab6639) were from Abcam.

Western blot analysis, immunoprecipitation, kinase assay, and gel filtration
analysis. Cell pellets were lysed in a Tween 20 lysis buffer as described previously
(8). Immunoprecipitations and Western blot analysis were performed by stan-
dard protocols. Kinase assays and gel filtration analysis were performed as
described elsewhere (8, 57).

Two-dimensional isoelectric focusing analysis (2DIEF). Ten milligrams of A
or G0 cell lysate was immunoprecipitated with p27 antibodies. Immunocom-
plexes were boiled in 40 �l of Tris-sodium dodecyl sulfate (SDS) solution (3.5%
SDS, 0.215 M Tris, pH 6.8). Buffer exchange was performed using Tris Micro
Bio-Spin chromatography columns (Bio-Rad). Samples were diluted in rehydra-
tion buffer (Bio-Rad) to a final volume of 185 �l, loaded onto ReadyStrip IPG
strips (pHs 5 to 8; Bio-Rad), and focused on a Protein (2DIEF) Cell (Bio-Rad).
Strips were loaded onto SDS–12.5% polyacrylamide gel electrophoresis Crite-
rion gels (Bio-Rad), transferred to polyvinylidene difluoride, and analyzed by
immunoblot analysis.

Phosphatase treatments. Immunoprecipitated complexes were washed with 50
mM imidazole and 100 �l of tyrosine phosphatase buffer (25 mM imidazole-HCl,
pH 7.2, 1 mg/ml bovine serum albumin, 0.1% [vol/vol] �-mercaptoethanol) or 1�
protein tyrosine phosphatase (PTP) buffer (NEB). Twenty units of recombinant
human T-cell PTP, generated in Escherichia coli (NEB, Calbiochem), was added
and incubated at 30°C for 30 min. Alternatively, complexes were washed with 50
mM PIPES [piperazine N,N�-bis(2-ethanesulfonic acid), pH 6.0], followed by
incubation in 100 �l of 50 mM PIPES–1 mM dithiothreitol for 10 min at 30°C.
Ten to 80 U of potato acid phosphatase (Roche) was added, and the mixture was
incubated at 30°C for 15 to 30 min.

Purification of A- and G0His-p27 from Tet cells. His-tagged-p27-inducible
(Tet-His-p27) cell lines were grown under A or G0 conditions and then were
cultured in the absence of Tet for 20 h (AHis-p27 and G0His-p27, respectively).
Cells were lysed in 8 M urea, sonicated, and centrifuged at 50,000 rpm for 30 min.
Extracts were then loaded on HisTrap chelating columns (GE Healthcare) equil-
ibrated with binding buffer (6 M urea, 0.5 M NaCl, 50 mM Tris, and 20%
glycerol). Urea was removed by a gradual buffer exchange into buffer B (0.5 M
NaCl, 50 mM Tris-HCl, pH 7.5, 10% glycerol) to refold the His-p27. His-p27 was
eluted from the column (200 mM imidazole, 20 mM HEPES, pH 7.4, 1 M KCl,
0.1 M EDTA). Fractions were dialyzed overnight in 25 mM HEPES, pH 7.7, 150
mM NaCl, 5 mM MgCl2, and 0.05% NP-40.

Purification of recombinant cyclin D1-cdk4. Recombinant His-cyclin D1-cdk4
was harvested from coinfected High5 cells as described previously (8). Cell
extracts were lysed in buffer containing 10 mM NaPO4, 10 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, and protease and phosphatase inhibitors for 2 h
on ice. Extracts were then homogenized in a Dounce homogenizer several times,
and NaPO4 was adjusted to 50 mM and NaCl to 200 mM; the extracts were
homogenized in a Dounce homogenizer again and clarified by centrifugation at
45,000 rpm for 45 min. This material was used as the High5 cell lysate expressing
cyclin D1-cdk4. Alternatively, this material was loaded on a metal agarose
HiTrap column (GE Healthcare). His-cyclin D1-cdk4 was eluted with 400 mM
imidazole, 50 mM NaPO4, 200 mM NaCl, 10% glycerol. Fractions were subjected
to SDS-polyacrylamide gel analysis, Coomassie blue staining, and immunoblot
analysis to confirm the presence of cyclin D1-cdk4. In vitro kinase assay was done
to determine the active fractions. The High5 cell lysate expressing cyclin D1-cdk4
and the pure cyclin D1-cdk4 was standardized by comparison of cdk4-associated
cyclin D1 immunoblot analysis. Recombinant cyclin A-cdk2 was harvested and
purified from coinfected High5 cells as described previously (8).

Construction of YF mutant p27s. Purified, histidine-tagged p27s were gener-
ated from E. coli as described elsewhere (8). Human p27 cDNA with a C-
terminal histidine tag was used as a template in PCR mutagenesis with oligonu-
cleotides carrying the Y74F, Y88F, Y89F, YY88 89FF, and YY88 89EE point
mutations. The PCR fragments were ligated to the T7pGEMEX human His-p27
plasmid for expression in E. coli (8) or to pUHD10-3 for transfection into Mv1Lu
cells and selection of clones expressing the Y-to-F (YF) mutant p27s.

Preincubation experiment. Ten micrograms of His-p27 was incubated in 1 mg
of uninfected High5 cell extract or mock incubated in Tween 20 lysis buffer for
1 h at 37°C in the presence of an ATP-regenerating system (400 mM creatine
phosphate [Roche], 2 mg/ml creatine kinase [Roche], 0.3 mM ATP). Samples
were desalted using Bio-Gel P-6 DG desalting gel (Bio-Rad) by buffer exchange
(buffer A contained 6 M urea, 0.5 M NaCl, 50 mM Tris, 20% glycerol). His-p27
was recovered by metal agarose chromatography using Talon metal affinity resin
(BD Biosciences). Urea was removed by a gradual buffer exchange into buffer B
(0.5 M NaCl, 50 mM Tris, 10% glycerol) to refold the His-p27. His-p27s were
eluted from the Talon beads with 70 �l of 0.5 M EDTA.

In vitro Abl kinase assay. Recombinant wild-type (Wt) His-p27 or His-YF
mutant p27s were incubated with Abl kinase buffer (60 mM HEPES, pH 7.5, 5
mM MgCl2, 5 mM MnCl2, 3 mM Na3VO4, 1.25 mM dithiothreitol, 20 �M ATP,
0.066 �M [�-32P]ATP) and 40 units of Abl kinase (Cell Signaling and NEB) for
1 h at room temperature. p27 was recovered by immunoprecipitation with Talon
metal affinity resin (BD Biosciences) and used in immunoblot analysis and in
vitro kinase assays.

RESULTS

Growth-state-dependent effects on p27-associated kinase ac-
tivity. When grown to confluence, Mv1Lu cells exit the cell
cycle and enter a G0 state, while replating of these cells at low
density induces reentry into the cell cycle. In our experiments,
Mv1Lu cells were assayed from A cell populations (with a G1

content between 60 and 65% [hereinafter called A cells]) or
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following growth to confluence (with a G1 content between 90
and 95% [hereinafter called G0 cells]) (Fig. 1A). Unlike the
situation in serum-starved cells, where cyclin D levels decrease
due to the lack of mitogenic stimulation, in confluent Mv1Lu
cells in the presence of high levels of serum, cyclin D1, cdk6,
and cdk4 levels remained high and were no different than the
amounts in A cell lysates (Fig. 1B). A decrease in the faster-
migrating, phosphorylated cdk2 form was detected in G0 cells
and corresponds to the loss of catalytically active cdk2. Total
p27 levels increase approximately 10-fold when cells are grown
to confluence (Fig. 1B) (8). The cdk inhibitors p21 and p15 are
not detected in A or G0 Mv1Lu cells (data not shown), and p27
is the only CKI expressed.

To examine the catalytic activity of the G1 kinases, cdk2-,
cdk4-, cdk6-, and cyclin D1-associated kinase complexes were

immunoprecipitated from A and G0 cell lysates and in vitro Rb
kinase assays were performed (Fig. 1C). While cdk2, cdk4,
cdk6, and cyclin D1-associated kinase activities were robust in
A cell lysates, all of these kinases were catalytically inactive in
G0 cell lysates (Fig. 1C). By using contact inhibition rather
than serum starvation to induce cell cycle arrest, the inactivity
of the cdk’s in G0 is not due to the loss of the cyclin component
because cdk4 remains associated with cyclin D1 (Fig. 1D and
E). p27 immunoprecipitations from A cell lysates also con-
tained robust Rb kinase activity, and this p27-associated kinase
activity has been shown to be due specifically to cdk4 and cdk6
rather than cdk2 (8, 51). p27-associated kinase activity was not
detected in G0 cell lysates, even though the amount of p27-
associated cdk4 was unchanged (Fig. 1D and E). Thus, p27 is
associated with cyclin D1 complexes from both A and G0 cells,

FIG. 1. Analysis of cell cycle progression and G1 regulators from A and G0 cells. (A) A Mv1lu cells or Mv1lu cells arrested by contact inhibition
(G0 cells) were harvested for flow cytometric analysis of DNA content. G01 to G05 indicate the numbers of days after visible contact arrest that
the cells were harvested. (B) A and G0 cell extracts were analyzed directly by immunoblotting with the antibodies indicated on the left. D1,
anti-cyclin D1. (C) Cdk2, p27, cyclin D1, cdk4, and cdk6 were immunoprecipitated (IP) from A and G0 cell lysates, and the ability of the complexes
to phosphorylate exogenous Rb substrates was determined by kinase assays (Rb*). In all cases, immunoprecipitation with NRS was used as an
immunoprecipitation control. (D and E) Extracts were immunoprecipitated with cdk4 (D) or p27 (E) antibodies, followed by immunoblot analysis
with the antibodies indicated on the left. (F) Fractions from Superdex 200 gel filtration of lysates from A or G0 Mv1lu cells were analyzed by
immunoblotting and immunoprecipitation to determine the compositions of endogenous complexes. The positions of protein molecular mass
markers are indicated at the top. Fractions were subjected directly to anti-cdk4 (lanes 1 and 6), anti-p27 (lanes 2 and 7), and anti-cyclin D1 (lanes
3 and 8) immunoblotting. Immunoprecipitations with cyclin D1 antibodies (lanes 4 and 9) were subjected to anti-cdk4 immunoblotting. Fractions
were immunoprecipitated with anti-cdk4 antibodies, followed by kinase assays (lanes 5 and 10). (G) A cell extracts were subjected to three cycles
of immunoprecipitation with p27 antibodies (lanes 1 to 3), two cycles with cdk4 (lanes 4 and 5), and a final cycle with p27 antibodies (lanes 6 and
12). Lanes 7 to 11 were mock depleted. All immunoprecipitations were immunoblotted with p27 (top panel) and cdk4 antibodies (middle panel).
The kinase activity associated with each immunoprecipitation was determined by Rb kinase assay (Rb*) (bottom panel).
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suggesting the existence of two p27 states: a bound-inhibitor
(G0 cell) form and a bound-noninhibitor (A cell) form.

We next examined cdk4 from A and G0 cells by gel filtration
chromatography, analyzing the resulting fractions by immuno-
precipitation-immunoblot analysis or direct immunoblot anal-
ysis (Fig. 1F). As previously described, cdk4 was present in
three pools in epithelial cells: pools with molecular masses of
�450 kDa, 200 kDa, and 66 kDa (Fig. 1F) (29, 32, 38, 52, 57).
As determined by cyclin D1 immunoprecipitation (lane 4) and
cdk4-associated kinase assays (lane 5), neither the �450-kDa
(fractions 18 to 21) nor the 66-kDa (fractions 29 to 31) pool
had associated cyclin D1 (lane 4), p27 (lane 2), or kinase (lane
5) activity. A majority of cdk4 in A cells is found in these two
inactive complexes (�90% of cdk4 was found in the �450-kDa
pool [60%] and the 66-kDa pool [30%]). The 66-kDa pool is
due to monomeric cdk4, as Inks are not expressed in these cells
under proliferating or contact-arrested conditions (43). Only
the third, minor cdk4 pool (�10% of the total cdk4; 200 kDa,
fractions 23 to 25) in the A cells had kinase activity, as deter-
mined by cdk4-associated kinase assays (lane 5).

Cyclin D1 is detected in the 200-kDa complex, but more is at
70 kDa (Fig. 1F, lane 3). cdk4 does not coprecipitate with
cyclin D1 from this 70-kDa pool (lane 4), suggesting that this
pool of cyclin D1 is cdk free. p27-free, cyclin D1-cdk4 dimers
are not detected in these cells, consistent with the idea that p27
might be required for cyclin D1-cdk4 complex formation and
activity. All of the p27 in the cell migrates at 200 kDa, sug-
gesting that monomeric p27 is also not present.

All three cdk4 pools were still present in gel filtration chro-
matography of the G0 cell lysates (Fig. 1F, lane 6), although
their relative distributions were different. Confluence-induced
arrest resulted in the loss of the 450-kDa pool and an increase
in the 66-kDa cdk4 monomeric pool (lane 6). The ratio of the
200-kDa pool relative to the total amount of cdk4 in the cell
remained constant, at approximately 10%. The large 70-kDa
pool of cyclin D1 was present and was still cdk4 free, as seen in
the cyclin D1 immunoprecipitation (lane 9). p27 was detected
only at 200 kDa (lane 7), suggesting that it is entirely occupied
in complex.

However, cdk4-associated kinase assays (Fig. 1F, lane 10)
demonstrated that while the 200-kDa cyclin D1-cdk4-p27 com-
plex was intact in G0, it was catalytically inactive. In both A and
G0 cells, p27 associated with the cyclin D1-cdk4 complex, but
the outcomes of this association were different.

Depletion of lysates by multiple immunoprecipitations with
p27 antibodies demonstrated that only p27-associated cdk4
complexes were catalytically active (Fig. 1G). After two rounds
of immunoprecipitation, p27 was depleted and associated cdk4
was detected (Fig. 1G, lanes 1 and 2). The depleted lysates
were then immunoprecipitated with cdk4 antibodies (lanes 4
and 5), and some p27-free cdk4 was detected (lane 4). All of
these immunoprecipitates were used in parallel kinase assays
(those from lanes 1, 2, 3, 6, and 12 in the p27-associated kinase
assay; those from lanes 4 and 5 in the cdk4-associated kinase
assay; and those from lanes 7 to 11 in the normal rabbit serum
[NRS] assay). Kinase activity was detected in the p27-associ-
ated immunoprecipitates (lanes 1 to 3), but the p27-free cdk4
(lane 4) was inactive. Thus, while pools of p27-free cdk4 exist
in A cells (the 450- and 66-kDa pools), only the p27-associated

cyclin D1-cdk4 complex has kinase activity, suggesting that p27
associates with cdk4 complexes in a noninhibitory manner.

The stoichiometry of p27 cannot explain why it is a cyclin
D-cdk4 inhibitor specifically in G0 cells. A stoichiometric
model has been suggested to explain how p27’s association
with cyclin D-cdk4 could be noninhibitory in A cells but inhib-
itory in G0 cells, where the level of p27 increases 10-fold.
However, we did not detect more p27 associated with the
inactive cyclin D1-cdk4 complex in G0 (Fig. 1D and E). To
ascertain whether the concentration of p27 could be increased
in vivo to a level where p27-dependent inhibition of cdk4
would be detected in an otherwise cycling cell, we used a
previously described Tet-repressible-p27 induction system in
Mv1Lu cells (Tet-p27) (8). In this system, Mv1Lu derivatives
express a p27 cDNA under the negative control of the Tet
transactivator (18). In the absence of Tet, p27 was expressed to
levels roughly 15-fold above basal levels, and the cells arrested
in G1 due to p27-mediated inhibition of cdk2 (8). We com-
pared Tet-p27 cells in the absence of Tet (exogenous p27 was
expressed) to A and G0 cells to determine whether this p27-
induced arrest was similar to that seen in G0 cells (Fig. 2). cdk4
and cdk6 levels were unchanged under the three conditions,
and cdk2 was detected predominantly in its slower-migrating,
nonphosphorylated form in G0 and Tet-p27 cells (Fig. 2A).
Cyclin D1 levels were slightly increased in the Tet-p27 cells.
p27 levels in Tet-p27 cells were actually greater than those
detected in G0 cells. It is difficult to visualize p27 in A cells
without overexposing the amount of p27 in the Tet-p27 cells,
but a direct comparison between A and G0 cells is made in
Fig. 1.

FIG. 2. Comparison of cell cycle proteins in A, G0, and Tet-p27
cells. Equal amounts of extract from these three conditions were an-
alyzed to determine the effect of overexpression of p27 in Tet-p27 cells.
The Tet-p27 cells were harvested 24 h after Tet removal. (A) Extracts
were analyzed directly by immunoblotting with the antibodies indi-
cated on the left. The percent G1 content is listed at the bottom of the
panel. D1, cyclin D1. (B) Cyclin D1, cdk6, cdk4, cdk2, and p27 were
immunoprecipitated (IP) and used in kinase assays with exogenous Rb
as a substrate (Rb*). In all cases, immunoprecipitation with NRS was
used as a control. (C and D) Extracts were immunoprecipitated with
cyclin D1 (C) or p27 (D) antibodies, followed by immunoblot analysis
with the antibodies indicated on the left.
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We assayed for cyclin D1-, cdk2-, cdk4-, cdk6-, and p27-
associated kinase activity under all three conditions (Fig. 2B).
As expected, all of the kinases were active in A cells but were
inactive in G0 cells. In Tet-p27 cells, only cdk2 was inactive;
cyclin D1-, cdk4-, cdk6-, and p27-associated complexes were
still active. This suggested not only that arrest in the Tet-p27
cells was due to cdk2 inhibition but also that p27 could not
inhibit cdk4 in an otherwise cycling cell. As the level of p27 in
Tet-p27 cells, where cdk4 is not inhibited, is in fact greater than
that seen in G0 cells, where cdk4 is inhibited, the concentration
of p27 must not be the only determinant of cdk4 activity.

In fact, more cyclin D1, cdk4, cdk6, and p27 kinase activities
were detected in the Tet-p27 lysates (Fig. 2B), consistent with
the suggestion that p27 may help to assemble the cdk4/cdk6
complexes. More cdk6 and slightly more cdk4 were associated
with cyclin D1 in Tet-p27 and/or G0 cells (Fig. 2C). More p27
was associated with cyclin D1, but rather than suggesting an
increased stoichiometric association, this was consistent with
the presence of more of the cyclin D1-cdk4/6 complex. Immu-
noprecipitation with p27 antibodies (Fig. 2D) showed an in-
creased association of cdk2 with p27 in G0 and Tet-p27 cells,
consistent with the inactivity of this kinase. By p27 immuno-
precipitation, more p27-cyclin D1-cdk4 and p27-cyclin D1-
cdk6 were detected in Tet-p27 cells (Fig. 2D). However, the
newly assembled cyclin D1-cdk6 complex in G0 cells was inac-
tive, while the newly assembled cdk4/6 complex in Tet-p27 cells
was catalytically active. Thus, while p27 may help to assemble
these complexes, this function must be separate from its ability
to inhibit them. In Tet-p27 cells, the level of p27 is clearly
saturating but not sufficient to inhibit cyclin D1-cdk4/6 activity,

suggesting that some additional G0 cell-dependent signal must
affect the activities of p27 and the cdk’s.

Modification of p27 alters its ability to inhibit in vitro. The
ability of p27 to be either a bound inhibitor or a bound non-
inhibitor in vivo was reminiscent of the situation in vitro, in
which it has been suggested that the purity of the cyclin-cdk
and p27 proteins might dictate whether p27 is an inhibitor or
not (8, 27). Recombinant cyclin D1-cdk4 complexes are gen-
erated by coinfection of baculoviral High5 cells, and catalyti-
cally active cyclin D1-cdk4 can be assayed from unpurified
High5 cell lysates. We additionally purified cyclin D1-cdk4
from the High5 cell lysate via a histidine tag on cyclin D1 by
metal agarose chromatography to generate two sources of cy-
clin D1-cdk4 (pure cyclin D1-cdk4 and High5 cell lysate ex-
pressing cyclin D1-cdk4). When we assayed recombinant, bac-
terially purified p27’s ability to inhibit equal amounts of these
two source materials, we found that while p27 was a potent
inhibitor of pure cyclin D1-cdk4, it was a poor inhibitor of
unpurified cyclin D1-cdk4 (Fig. 3A, lane 1). This was not due
to the lack of an association with the cyclin D1-cdk4 complex,
as cdk4-associated p27 was detected in the unpurified reaction
mixture at concentrations where p27 was not inhibitory (Fig.
3A, lane 3).

To ensure that we were observing differences in the inhibi-
tory activities of bound p27, we assayed for kinase activity from
p27 immunoprecipitations (Fig. 3A, lane 2). p27-associated
kinase activity was detected from the unpurified cyclin D1-cdk4
material, but p27-associated complexes were catalytically inac-
tive when they were formed using the pure material. Thus, the
interaction of p27 with these two cyclin D1-cdk4 source mate-

FIG. 3. Modification of p27 in vitro affects its ability to inhibit cyclin D1-cdk4. (A) Equal amounts of recombinant cyclin D1-cdk4 were assayed
from an unpurified High5 baculoviral lysate (High5 cell lysate expressing cyclin D1-cdk4) or following purification via a histidine tag on cyclin D1
(pure cyclin D1-cdk4). These were mixed with increasing amounts of recombinant p27. These mixtures were used directly (lane 1) in in vitro kinase
assays or following immunoprecipitation with p27 antibodies (lane 2) to analyze only p27-associated kinase activity. Pure cyclin D1-cdk4 and the
High5 cell lysate expressing cyclin D1-cdk4 were immunoprecipitated with cdk4 antibodies, followed by p27 (lane 3) and cdk4 (lane 4) immunoblot
analyses. (B) Recombinant p27 was preincubated in High5 cell extract (H5 treated) or mock incubated (mock treated) in the presence of an
ATP-regenerating system. This histidine-tagged p27 was recovered by metal agarose chromatography in the presence of urea and used in in vitro
kinase assays with pure cyclin D1-cdk4 and cyclin A-cdk2. Untreated, recombinant p27 was used as a control. Due to the lower specific activity
and inherent instability of the cyclin D1-cdk4 complex, more cyclin D1-cdk4 is used than cyclin A-cdk2, and the results can be compared only down
each column. Rb*, phosphorylated Rb.
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rials was fundamentally different and argued for a two-state
mechanism; p27 bound without causing inhibition to the cyclin
D1-cdk4 complex expressed in the High5 cell lysate but bound
causing the inhibition of the pure cyclin D1-cdk4 material.

We hypothesized that a factor in the High5 cell lysate might
modify p27 to prevent its inhibitory activity in the unpurified
reaction mixture. To try to convert p27 from a bound inhibitor
to a bound noninhibitor, we incubated recombinant p27 in
High5 cell extract in the presence of an ATP-regenerating
system (Fig. 3B). This p27 was repurified from the extract via
its histidine tag, restandardized by Coomassie blue staining
and immunoblot analysis (data not shown), and tested for its
ability to inhibit pure cyclin D1-cdk4 and cyclin A-cdk2. Both
mock- and High5 cell-incubated p27s efficiently inhibited cyclin
A-cdk2. However, while mock-incubated p27 was able to in-
hibit cyclin D1-cdk4, High5 cell-incubated p27 was now a poor
inhibitor of pure cyclin D1-cdk4. As these p27s were purified in
the presence of urea, associating proteins were not copurified
(data not shown), suggesting that a urea-stable modification of
p27 had occurred during the preincubation, which now pre-
vented p27’s ability to inhibit pure cyclin D1-cdk4. Thus, we
had an assay system where we could easily analyze p27 under
two different conditions: modification free (using purified cy-
clin D1-cdk4) and modification inducing (using the High5 cell
lysates expressing cyclin D1-cdk4).

p27 isolated from G0 cells is a better cdk4 inhibitor than p27
isolated from A cells. The data are consistent with a model
where p27 could interact with cyclin D-cdk4/6 in two alternate
modes: bound inhibitory and bound noninhibitory. We gener-
ated a Tet-His-p27 cell line in Mv1Lu cells. This allowed us to
purify AHis-p27 and G0His-p27 by metal agarose chromatog-
raphy and to test their ability to inhibit purified recombinant
cdk4’s and cdk2’s phosphorylation of exogenous Rb substrates
in vitro (Fig. 4A and B). We purified these p27s by a standard
denaturation/renaturation protocol in the presence of urea,
and thus associating proteins did not copurify with the p27s
(data not shown). Purified AHis-p27 and G0His-p27 were stan-
dardized by quantitative immunoblot analysis. Both AHis-p27
and G0His-p27 were able to inhibit cyclin A-cdk2 kinase
equally, demonstrating that the p27s had refolded correctly
(Fig. 4A). However, while G0His-p27 was a potent cyclin D1-
cdk4 inhibitor similar to recombinant bacterially purified p27,
an equal amount of AHis-p27 was unable to inhibit cyclin
D1-cdk4, despite equal association with cdk4 (Fig. 4B). This
suggested that p27 isolated from G0 cells was intrinsically dif-
ferent than p27 isolated from A cells, and the ability to inhibit
or not to inhibit was due to a modification of p27 itself.

While other forms of modification exist, it is known that p27
is phosphorylated on multiple residues in vivo. Others have
recently described the tyrosine phosphorylation of p27, which
appears to affect its ability to inhibit cdk2 (15, 19, 22). To
determine whether Y phosphorylation might be responsible
for AHis-p27’s lack of inhibitory activity, we tried to dephos-
phorylate AHis-p27 with PTP, a Y-specific phosphatase. We
incubated AHis-p27 and G0His-p27 with recombinant cyclin
D1-cdk4 in vitro and isolated both cdk4-associated and p27-
associated complexes by immunoprecipitation (Fig. 4C). These
complexes were then treated with PTP and then used in in vitro
kinase assays. While mock-treated AHis-p27 did not inhibit
cdk4-associated kinase activity, PTP-treated AHis-p27 was a

potent inhibitor (Fig. 4C, top panel). PTP treatment did not
affect G0His-p27’s inhibitory activity (Fig. 4C). PTP appeared
to specifically remove a Y phosphorylation on p27, as PTP
treatment of cyclin D1-cdk4 alone did not affect its kinase
activity. Consistent with this result, kinase activity was seen
with AHis-p27-associated complexes, but PTP treatment re-
sulted in the loss of this kinase activity (Fig. 4C, bottom panel).
p27-associated G0His-p27 complexes were always inactive.
This suggests that p27’s inability to inhibit cyclin D1-cdk4 is
due to its Y phosphorylation, and loss of this phosphorylation
by phosphatase treatment creates a more inhibitory or more
G0-like p27.

p27 is differentially phosphorylated in vivo. To directly dem-
onstrate whether p27 was differentially phosphorylated in vivo in
A and G0 cells, we performed 2DIEF on p27 immunoprecipitates.
We standardized the amounts of p27 in the A and G0 cell lysates
by immunoblot analysis and loaded equal amounts of p27 on the
2DIEF strip (Fig. 4D, lanes 1 to 9). The 2DIEF gels were immu-
noblotted with p27 and p27 phospho-specific antibodies to detect
differently modified species (Fig. 4D). We consistently detected
eight different phosphoforms of p27 (Fig. 4D, spots 1, 2, 4, 5, 6, 7,
8, and 9 in lanes 1 and 2), and several additional weaker spots
were not always observed (spots 3 and 10).

To determine the identities of the p27 isoforms, we used
commercially available p27 phospho-specific antibodies (S10,
T157, and T187), and most spots were recognized by these
antibodies (see the supplemental material). In contrast, spots
5, 7, and 9 were not recognized by any of the known p27
phospho-specific antibodies. To examine tyrosine phosphory-
lation, we used two different phosphotyrosine antibodies and
found that they recognized these spots only in A cell lysates
(Fig. 4D, lanes 3 and 4), suggesting that p27 was tyrosine
phosphorylated preferentially in cycling cells.

To confirm the integrity of the phospho-Y antibodies, we
used two different phosphatases. Potato acid phosphatase
(PAP) treatment prior to 2DIEF analysis, which removes S, T,
and some Y phosphorylation, reduced the number of p27 iso-
forms to three (spots 5, 7, and 9 remained in Fig. 4D, lane 5).
Spots 1, 2, 4, 6, and 8 were lost, consistent with the known
preference of PAP for phospho-S and -T and the presence of
S10, T157, or T187 phosphorylation (see the supplemental
material). When the p27 immunoprecipitates were boiled in
1% SDS prior to PAP treatment, spot 9 disappeared as well
(Fig. 4D, lane 6). Some Y phosphorylation events are known to
be resistant to PAP. Thus, we additionally treated with PTP, an
exclusive Y phosphatase. Under this treatment, spot 5 disap-
peared, further suggesting that spot 5 contained a phosphory-
lated Y residue (lane 7). Spots 4, 6, 7, and 9 were resistant to
PTP treatment, as expected (lane 7); spots 4 and 6 correspond
to S/T phosphorylation, and spot 9 is sensitive only to phos-
phatase treatment following prior boiling in 1% SDS. When
this strip was probed with phosphotyrosine antibodies (lane 8),
only spot 9 was observed (spot 5; the other Y-specific spot was
lost by PTP treatment [lane 7]). Boiling in SDS, followed by
combined PAP and PTP treatment, caused the loss of all spots,
except spot 7, suggesting that this spot is phosphatase resistant
and may be the nonphosphorylated form (lane 9). This sug-
gested that p27 was Y phosphorylated in vivo and that this
occurred predominately in cycling cells.
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p27 Y phosphorylation inactivates the inhibitory activity of
cyclin D1-cdk4-bound p27 in vitro. There are three conserved
Y’s in mouse, human, and mink p27s: Y74, Y88, and Y89. We
mutated these to nonphosphorylatable phenylalanines; ex-
pressed and purified Y74F, Y88F, Y89F, and YY88 89FF
mutant p27s from E. coli; and assayed their ability to inhibit
cyclin-cdk’s in vitro. All the mutants were able to inhibit puri-
fied cyclin A-cdk2 and cyclin D1-cdk4 in the modification-free
reaction mixture (Fig. 5A and B), suggesting that these muta-
tions did not globally affect their inhibitory activities. We per-
formed p27-associated kinase assays under the modification-
free and modification-inducing conditions, using the pure

cyclin D1-cdk4 (Fig. 5C) and the High5 cell lysate expressing
cyclin D1-cdk4 (Fig. 5D), to assay for cdk4 activity when cdk4
is bound by p27. p27-associated kinase activity was not de-
tected with any of the mutants on pure cyclin D1-cdk4, dem-
onstrating that, when not modified, they behaved like Wt p27
and were bound inhibitors. When assayed with the unpurified
High5 cell lysate expressing cyclin D1-cdk4, Y74F p27- and
Y89F p27-associated kinase activities were similar to that seen
with Wt p27, suggesting that they had been modified to the
bound, noninhibitory form during this reaction. However,
Y88F p27- and YY88 89FF p27-associated kinase activity was
reduced significantly, suggesting that these mutants were still

FIG. 4. Phosphorylation of p27 in vivo affects its ability to inhibit cyclin D1-cdk4. A or G0 Tet-His-p27 cells were cultured in the absence of
Tet for 20 h. His-p27 was purified by metal agarose chromatography to produce G0His-p27 and AHis-p27. (A) Increasing amounts of AHis-p27
and G0His-p27 were mixed with pure cyclin A-cdk2 and used in Rb kinase assays (Rb*) in vitro. (B) Increasing amounts of these two types of p27
were mixed with pure cyclin D1-cdk4 and used in Rb kinase assays in vitro (lanes 1 and 3) or immunoprecipitated with cdk4 antibodies, followed
by p27 immunoblot analysis (lanes 2 and 4). (C) Ternary complexes with A- or G0His-p27 and pure cyclin D1-cdk4 were generated in vitro and
immunoprecipitated with cdk4 (top panel) or p27 (bottom panel) antibodies. These complexes were treated (�) or not treated (	) with PTP,
washed to remove PTP, and then used in in vitro Rb kinase assays. (D) Equal amounts of p27 protein (as determined by one-dimensional Western
blot analysis) were analyzed by 2DIEF. The intensities of the spots can be compared between strips. Lysates were immunoprecipitated with p27
antibodies, followed by p27 (lanes 1, 2, 5, 6, 7, and 9) or phosphotyrosine (Y phos) (lanes 3, 4, and 8) immunoblot analysis. The pHs are indicated
at the top. p27 immunoprecipitates were treated with phosphatases, namely, PAP (lane 5) and PTP (lanes 7 and 8), prior to 2DIEF. p27
immunoprecipitations were boiled in 1% SDS, reimmunoprecipitated with p27 antibodies, and then PAP treated (lane 6) or PAP-PTP treated
(lane 9).
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bound inhibitors and were resistant to the modification that
occurred in the High5 cell lysate. All of the mutants associated
with cyclin D1-cdk4 assayed by cdk4 immunoprecipitation
from the pure cyclin D-cdk and High5 cell lysate expressing
cyclin D1-cdk4 (Fig. 5E and F), suggesting that the lack of
p27-associated kinase activity was not due to a lack of associ-
ation.

We incubated recombinant, bacterially purified p27 and the
YF mutants in High5 cell extract, repurified them as described
above, and tested the ability of these potentially “modified”
p27s to inhibit pure cyclin D1-cdk4 and cyclin A-cdk2 (Fig. 5G
and H). Preincubation in High5 cell extract did not affect the
mutants’ ability to inhibit cyclin A-cdk2 (Fig. 5H). As shown in
Fig. 3B, mock-incubated p27 was able to inhibit cyclin D1-
cdk4, while H5-incubated p27 became a poor inhibitor of pure
cyclin D1-cdk4. Similarly, Y89F p27 became a poor inhibitor
after preincubation, but Y88F and YY88 89FF p27s were un-
affected by the preincubation and inhibited cyclin D1-cdk4 as
well as did mock-incubated p27. These data suggested that
when residue Y88 in Wt p27 was phosphorylated by a kinase in
the High5 cell lysate, p27 was able to bind but unable to inhibit
cyclin D1-cdk4. However, when not phosphorylated, due to the
lack of the kinase in the modification-free reaction mixture,
p27 was able to bind and inhibit cyclin D1-cdk4. The Y88F and

YY88 89FF mutants were always bound inhibitors because
they were resistant to the modification.

Residues Y88 and Y89 are found within two consecutive
consensus Src homology 2 motifs (YXXP) (58), where Y is
potential phosphorylation sites for nonreceptor tyrosine ki-
nases, such as Abl, Lck, Itk, and Nck (7, 10). We incubated
recombinant Abl kinase with the bacterially purified p27s (Fig.
6A). While Abl was able to phosphorylate Wt p27 and Y89F
p27, it was unable to phosphorylate either Y88F or YY88 89FF
p27. This tyrosine-phosphorylated material was repurified via
the histidine tag on the p27s. All of the Abl-treated p27s
associated with cdk4 to an extent similar to that of mock-
treated p27, as seen by cdk4 immunoprecipitation and p27
immunoblot analysis (Fig. 6B). These p27s were used in p27-
associated kinase assays with pure cyclin D1-cdk4 (Fig. 6C).
p27-associated kinase activity was not seen with the mock-
phosphorylated p27, while Abl-phosphorylated p27 was able to
bind without causing inhibition, permitting p27-associated ki-
nase activity to be detected (Fig. 6C, left). Y89F mutant p27
resulted in p27-associated kinase activity, consistent with the
Abl phosphorylation detected with this mutant (Fig. 6A). This
activity was weaker than that detected with Abl kinase-treated
Wt p27, due to the lower stoichiometry of phosphorylation for
this mutant (data not shown). Y88F or YY88 89FF p27, how-

FIG. 5. p27-associated kinase activity of the YF p27 mutants in vitro. Increasing amounts of recombinant Wt and mutant p27s were mixed with
pure cyclin A-cdk2, pure cyclin D1-cdk4, or High5 cell lysate expressing cyclin D1-cdk4. (A) In vitro kinase assay with p27 and pure cyclin A-cdk2;
(B) in vitro kinase assay with p27 and pure cyclin D1-cdk4; (C) p27-associated kinase assay with p27 and pure cyclin D1-cdk4; (D) p27-associated
kinase assay with p27 and High5 cell lysate expressing cyclin D1-cdk4; (E) cdk4 immunoprecipitation, followed by p27 immunoblot analysis with
pure cyclin D1-cdk4; (F) cdk4 immunoprecipitation, followed by p27 immunoblot analysis with High5 cell lysate expressing cyclin D1-cdk4; (G and
H) Wt and YF mutant p27s preincubated in High5 cell extract in the presence of an ATP-regenerating system, recovered by metal agarose
chromatography in the presence of urea and used in in vitro kinase assays with pure cyclin D1-cdk4 (G) and cyclin A-cdk2 (H). Due to the lower
specific activity and inherent instability of the cyclin D1-cdk4 complex, more cyclin D1-cdk4 is used than cyclin A-cdk2, and the results can be
compared only down each column. The higher concentrations of cyclin D1-cdk4 were used in the immunoprecipitation-immunoblot and
immunoprecipitation-kinase assays. Rb*, phosphorylated Rb.
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ever, still bound and inhibited cyclin D1-cdk4, consistent with
the observation that these mutants were resistant to Abl phos-
phorylation. Thus, Abl can phosphorylate p27 on residue Y88
and convert p27 from a cyclin D1-cdk4 inhibitor to a nonin-
hibitor. This conversion was specific for cyclin D1-cdk4, as
Abl-phosphorylated p27 was as inhibitory as nonphosphory-
lated p27 on cyclin A-cdk2 (Fig. 6C, right).

In an attempt to mimic constitutive phosphorylation of res-
idues 88 and 89, we generated a YY88 89EE mutant and tested
its ability to inhibit pure cyclin D1-cdk4 and cyclin A-cdk2 (Fig.
6C). The YY88 89EE mutant was still a bound inhibitor of
cyclin D1-cdk4, as demonstrated by its association with cdk4
(data not shown) and by its lack of p27-associated kinase ac-
tivity detected with pure cyclin D1-cdk4 substrates. The mu-
tant, however, inhibited cyclin A-cdk2 to an extent similar to

that of Wt p27, suggesting that the EE replacement did not
globally affect p27’s inhibitory activity.

p27 Y phosphorylation inactivates the inhibitory activity of
cyclin D-cdk4-bound p27 in vivo. To determine whether the
lack of Y phosphorylation would also convert p27 into a bound
inhibitor in vivo, we generated Tet-repressible lines in Mv1Lu
cells that inducibly expressed the YF mutants (Fig. 7). When
Tet was removed from the medium, all of the mutant p27s
were induced to similar extents (Fig. 7A), and expression of the
mutants was predominantly nuclear (data not shown). We tried
to express the YY88 89FF mutant in Mv1Lu cells, but this
mutant appeared to be unstable and the percentage of full-
length p27 was always much lower than that of the single
mutants, preventing accurate analysis. Expression of all of
the mutants arrested the cells in the G1 phase (Fig. 7B). The

FIG. 6. Abl kinase can phosphorylate p27 and convert it to a bound noninhibitor in vitro. (A) Equal amounts of His-Wt and YF mutant p27s
were incubated with purified Abl kinase, followed by immunoprecipitation with Talon metal affinity resin. The recovered p27s were then subjected
to p27 immunoblot analysis, and phosphorylation was directly visualized by autoradiography of the same membrane. (B) Wt p27 and Abl-
phosphorylated (Abl*) p27s were mixed with recombinant pure cyclin D1-cdk4, followed by cdk4 immunoprecipitation and p27 immunoblot
analysis. (C) Wt p27 and Abl-phosphorylated p27s were mixed with recombinant pure cyclin D1-cdk4, followed by p27 immunoprecipitation and
in vitro kinase assay to assay p27-associated complexes (left). Wt p27 and Abl-phosphorylated p27s were mixed with cyclin A-cdk2 followed directly
by in vitro kinase assay (right). Rb*, phosphorylated Rb.
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FIG. 7. In vivo analysis of the YF p27 mutants. Tet-Y74F p27, Tet-Y88F p27, Tet-Y89F p27, and Tet-His-p27 cells were grown with or without
Tet for 20 h. (A) Lysates were analyzed by direct p27 immunoblot analysis. Off, p27 expression off; On, p27 expression on. (B) Cells were harvested
for flow cytometric analysis of DNA content. The percentages of cells in S, G2, and M phase are plotted. Bars represent the averages from four
individual experiments, and standard deviations are noted. White bars indicate conditions with Tet, and black bars indicate conditions lacking Tet.
(C) Lysates from the different cell lines indicated on the left were immunoprecipitated (IP) with p27 (left) or cdk2 (right) antibodies, followed by
in vitro kinase assays (Rb*). In all experiments, NRS served as a negative control. (D) A or G0 Tet-His-p27 or Tet-YF mutant p27 cells were
cultured in the absence of Tet for 20 h. His-p27s were purified by metal agarose chromatography to produce G0His-p27, AHis-p27, A-Y74F p27,
A-Y88F p27, or A-Y89F p27. Increasing amounts of these p27s were mixed with pure cyclin D1-cdk4 and used in Rb kinase assays in vitro (Rb*)
(left) or immunoprecipitated with cdk4 antibodies, followed by p27 immunoblot analysis (right).
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Y89F mutant, however, appeared to cause a more severe
growth arrest, with 87% of the cells being detected in G1

phase. As shown in Fig. 2, Wt p27’s inhibition of cdk2 kinase
activity was sufficient to cause a potent G1 arrest. All of the YF
mutants also inhibited cdk2 kinase activity, as detected by cdk2
immunoprecipitation followed by in vitro Rb kinase assays
(Fig. 7C, right). When we analyzed p27-associated kinase ac-
tivity by p27 immunoprecipitation from the YF mutant cells
grown in the absence of Tet, differences in the abilities of the
mutants to inhibit cdk4 were detected (Fig. 7C, left). While
p27-associated kinase activity was detected from His-p27,
Y88F p27, and Y74F p27 cells, p27-associated kinase activity
was not detected with the Y89F mutant, suggesting that this
p27 potently inhibited cdk4/6. This suggests that the increased
G1 arrest detected with the Y89F mutant is due to the inhibi-
tion of both cdk2 and cdk4, rather than to the inhibition of
cdk2 alone, as occurs with His-p27.

We purified the mutant histidine-tagged p27s from A cells
by metal agarose chromatography in urea as described above
and assayed them for their ability to inhibit recombinant cyclin
D1-cdk4 phosphorylation of exogenous Rb substrates in vitro
(Fig. 7D). While p27 isolated from contact-arrested cells
(G0His-p27) was a more potent inhibitor than p27 isolated
from proliferating cells (AHis-p27), the Y89F mutant and, to a
lesser extent, the Y88F mutant isolated from A cells were
potent inhibitors and had inhibitory activities comparable to
that seen with G0His-p27. The Y74F mutant isolated from A
cells was a poor cyclin D1-cdk4 inhibitor and had activity
similar to that of AHis-p27. All of the mutants bound recom-
binant cyclin D1-cdk4, as demonstrated by cdk4 immunopre-
cipitations followed by p27 immunoblot analysis. Thus, these
data suggest that the inability of Y89F p27 and, to a lesser
extent, Y88F p27 to be phosphorylated in a cycling cell created
better bound inhibitors when the p27s were assayed in vivo and
in vitro.

DISCUSSION

These are the first studies that demonstrate that p27 can
interconvert between a cyclin D-cdk4-bound inhibitor and a
noninhibitor in a growth-state-dependent manner. Tyrosine
kinase-dependent phosphorylation of residue Y88 or Y89 in
p27 under cycling conditions created a cdk4-bound noninhibi-
tor, whereas lack of this phosphorylation following confluence
due to lack of a kinase or the presence of a confluence-specific
phosphatase removed Y phosphorylation and permitted cyclin
D1-cdk4 inhibition (Fig. 8). In this way, signals from contact-
arrested or growing cells do not alter p27’s ability to bind cyclin
D-cdk4 but act as a switch to affect its ability to inhibit the
complex once bound. This has important implications in terms
of p27’s role in normal cellular homeostasis as well as in tumor
progression.

How could p27 associate with cyclin D-cdk4 without causing
inhibition? The three-dimensional structure of other p27-bound
complexes demonstrate that residues Y88 and Y89 are part of the
3-10 helix (residues 85 to 90), which appears to insert itself di-
rectly within the catalytic cleft of cdk2 (20, 39, 44). This binding
fills up the catalytic cleft, eliminating possible ATP binding. Nu-
clear magnetic resonance analysis demonstrated that when Y
phosphorylated on residue Y88, the tail of p27 was pushed out of

the catalytic cleft. p27 forms extensive contacts with cyclin A
through the LFG domain (residues 37 to 59), suggesting that
similar contacts may be made with cyclin D.

In vivo, it is possible that multiple kinases might switch p27
from a cdk4 inhibitor to a noninhibitor by phosphorylating Y88
or Y89, depending on the cell type and/or condition. Consis-
tent with this idea, we found that the Y89F mutant was a better
cdk4 inhibitor in vivo and that the Y88F mutant was more
inhibitory in vitro, suggesting that some level of redundancy
between the two sites must exist and that the cell might employ
different mechanisms to push p27’s tail out of the catalytic
cleft. While we have shown that Abl can directly phosphorylate
these sites in vitro, others have demonstrated that when over-
expressed, Src, Lyn, or Yes is also able to phosphorylate p27 on
residue Y88, Y89, or Y74 (15, 19). Nevertheless, it remains
unclear which one is the growth-state-dependent kinase that
alters p27’s cyclin D1-cdk4-inhibitory activity in Mv1Lu cells
under normal cell cycle conditions.

Our data highlight an important point and suggest that mod-
ulation of the ratio of phosphorylated Y forms relative to
nonphosphorylated Y forms may be employed by the cell to
increase cdk4 activity at specific times. While we found that
p27 is preferentially Y phosphorylated in proliferating cells,
tyrosine-phosphorylated p27 is a very low abundance species.
Related to this issue, a significant finding was that Y-phosphor-
ylated p27 did not bind preferentially to cdk4, suggesting that
only a small pool of the total p27-cyclin D1-cdk4 complex is
active in a cycling cell. We demonstrated that every cyclin
D1-cdk4 complex was p27 bound (Fig. 1), so when the Y89F
mutant was overexpressed in vivo, we shifted the balance from
Y-phosphorylated to non-Y-phosphorylated p27, and all the
cyclin D1-cdk4 was inhibited. This has implications for the way

FIG. 8. Model of p27 modification. In vitro, p27 is phosphorylated
by assaying in the High5 cell lysate expressing cyclin D1-cdk4 or when
preincubated with High5 extract or modified with Abl, which converts
p27 to a bound noninhibitor. “Naked” p27 assayed in the pure cyclin
D1-cdk4 reaction is a bound inhibitor. The Y88F mutant is resistant to
these types of modification and remains a bound inhibitor in all reac-
tions. In vivo, p27 is a bound inhibitor in G0 cells and a bound non-
inhibitor in A cells. p27 is tyrosine phosphorylated in growing cells,
either before or after binding to cyclin D1-cdk4, preventing inhibition
of cyclin D1-cdk4. p27 is dephosphorylated either before binding or
while bound to cyclin D-cdk4 in order to inhibit kinase activity in
contact-arrested cells. The mutant Y89F is resistant to Y phosphory-
lation in cycling cells and remains a bound inhibitor. cyc, cyclin D1.
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p27 works. Evidence suggests that the catalytic function of
cdk4 may be especially required during the G0-to-G1-phase
transition (55). The level of Y-phosphorylated p27 may be
specifically increased following release from G0 and the reac-
tivation of tyrosine kinases, resulting in a burst of cdk4 kinase
activity. During asynchronous cell growth, only residual or
maintenance levels of cyclin D1-cdk4 kinase activity may be
required, accounting for the low level of p27 tyrosine phosphor-
ylation detected here. Thus, the total level of p27 would dictate
how much cyclin D1-cdk4 complex is formed, while the level of
Y phosphorylation would dictate the activity of the complex.

While others have suggested that in the presence of overex-
pressed Y kinases, similar noninhibitory interactions occur be-
tween Y-phosphorylated p27 and cyclin A-cdk2 (15, 19), p27-
cyclin A-cdk2 complexes that contain kinase activity are not
detected under normal cellular conditions. In our experiments,
Y-phosphorylated p27 still inhibited cyclin A-cdk2, suggesting
that the presence or absence of Y phosphorylation did not
affect its interaction with cyclin A-cdk2 and that this was a
cyclin D1-cdk4-specific effect. Thus, it seems likely that the
ability of Y-phosphorylated p27 to inhibit cdk2 may be de-
tected only under more-specialized conditions, such as occur in
cancer when tyrosine kinases are greatly overexpressed. It is
possible that p27 is not Y phosphorylated in a growth-state-
dependent manner to the levels necessary to detect differences
in its ability to inhibit cdk2, and the primary role of Y-phos-
phorylated p27 during normal cell cycle regulation is to mod-
ulate cdk4 activity. This would help to ensure the temporal
order of cdk activity following release from G0 arrest, where
cdk4 is activated before cdk2, and would explain why rapid
tyrosine kinase activation does not result in immediate cdk
activation and entry into S phase. An increase in tyrosine
kinase activity following G0 release would quickly negate p27’s
cdk4-inhibitory activity, independently of the signals and time
required to degrade p27 and reactivate cdk2. In the time
needed to affect p27’s cytoplasmic transport and degradation,
required for cdk2 activation, the reactivated p27-cyclin D-cdk4
complexes could phosphorylate Rb and increase cyclin E ex-
pression. Premature activation of cdk2 would be detrimental,
as its range of substrates is much broader and includes direct
members of the DNA replication machinery. p27’s quick reac-
tivation of cdk4 by tyrosine kinase phosphorylation ensures
that the cell is metabolically ready for cdk2 activation and
commitment to S phase.

p27 may also be routinely switched from a cdk4 inhibitor to
an activator during normal cellular homeostasis and differen-
tiation. For example, in tissues undergoing repair, such as the
adult liver, inactive p27-cyclin D-cdk4 complexes regain kinase
activity after partial hepatectomy (26). Likewise, tissues that
undergo dynamic cell cycle entry and exit as part of their
normal differentiation programs, such as breast epithelium fol-
lowing lactation cessation or granulosa cells in the adult ovary
during folliculogenesis, ovulation, or luteinization, all rely on
the activities of CKIs, and p27 specifically has been demon-
strated to be crucial to these processes (21). p27-cyclin D-cdk4
complexes in quiescent tissues appear to be catalytically inac-
tive, but the complex gains kinase activity following release
from the G0 state. Is p27, which is responsible for this arrest,
phosphorylated by tyrosine kinases, enabling it to reactivate
cyclin D-cdk4 and thus drive the exit from the G0 state? While

this remains to be demonstrated, the idea that modulation of
the level of p27 Y phosphorylation by tyrosine kinase activity
would dictate the activity or inactivity of the cdk4 complex
might explain how p27 affects these important changes.

p27’s differential switch may also be involved in its role in
cancer progression, where, in addition to having a well-char-
acterized tumor suppressor role, p27 may have an oncogenic
function (9). In humans, low or cytoplasmic p27 levels corre-
late with aggressive tumors and poor prognoses for patients
with numerous cancers, including breast, prostate, bladder,
and thyroid cancers, and this loss of p27 generally results in an
increase in cdk2 and cdk1 kinase activity (3, 34). Interestingly,
p27 is almost never mutated or silenced at the genetic level,
suggesting that optimal cell growth benefits from at least a low
level of p27 in the cell. The observation that p27�/	 animals
are more tumor prone than p27	/	 animals in prostate and
mammary models supports this idea (17, 33). Persisting levels
of p27 would ensure that cyclin D-cdk4 complexes would be
assembled. As cyclin D and cdk4 have been implicated as
potent oncogenes and cdk4 kinase activity is required to main-
tain tumorigenesis in several cancer models (6, 48, 59), p27’s
association with this complex must be activating, rather than
inhibiting. It is possible that under these tumor-promoting
conditions, p27 is “locked” into the non-cdk4-inhibitory mode
by the overexpression of tyrosine kinases, and modulation of
the level of p27 Y phosphorylation might be exploited as an
effective chemotherapy. Elucidation of the signals and kinases
that modify p27 will be important to understand these complex
issues. A similar Y residue exists in the related CKI p21, and it
will be interesting to see if a similar modification affects its
inhibitory activity as well.

ACKNOWLEDGMENTS
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