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Cyclin-dependent kinase 4 (CDK4) is a master integrator of mitogenic and antimitogenic extracellular
signals. It is also crucial for many oncogenic transformation processes. Various molecular features of CDK4
activation remain poorly known or debated, including the regulation of its association with D-type cyclins, its
activating Thr172 phosphorylation, and the roles of Cip/Kip CDK “inhibitors” in these processes. Thr172
phosphorylation of CDK4 was reinvestigated using two-dimensional gel electrophoresis in various experimen-
tal systems, including human fibroblasts, canine thyroid epithelial cells stimulated by thyrotropin, and
transfected mammalian and insect cells. Thr172 phosphorylation of CDK4 depended on prior D-type cyclin
binding, but Thr172 phosphorylation was also found in pl16-bound CDK4. Opposite effects of p27 on cyclin
D3-CDK4 activity observed in different systems depended on its stoichiometry in this complex. Thr172-
phosphorylated CDK4 was enriched in complexes containing p21 or p27, even at inhibitory levels of p27 that
precluded CDK4 activity. Deletion of the p27 nuclear localization signal sequence relocalized cyclin D3-CDK4
in the cytoplasm but did not affect CDK4 phosphorylation. Within cyclin D3 complexes, T-loop phosphoryla-
tion of CDK4, but not of CDK6, was directly regulated, identifying it as a determining target for cell cycle
control by extracellular factors. Collectively, these unexpected observations indicate that CDK4-activating

kinase(s) should be reconsidered.

Cyclin-dependent kinase 4 (CDK4) and CDK6 act in G,
phase as a master integrator of various mitogenic and antimi-
togenic signals (76, 80). They phosphorylate and inactivate the
cell cycle/tumor suppressor proteins of the pRb family
(p1057®, p107, and p130%°2) (6, 21, 22, 39, 49, 92) and Smad3
(55). CDKA4 activity is deregulated in many human tumors (61,
77) and was recently found to be crucial for various oncogenic
transformation processes (43, 56, 84, 88). Understanding
CDK4 regulation is thus of fundamental importance.

As initially considered, mitogens activate CDK4/6 by induc-
ing at least one D-type cyclin (D1, D2, and D3) to concentra-
tions allowing an inhibitory threshold imposed by INK4
CDKA4/6 inhibitory proteins to be overcome (76). These pro-
teins (p15, p16, p18, and p19) bind to the catalytic domain of
the isolated CDK4/6, preventing cyclin association and thus its
activation (25, 65, 78). The functions of CDK inhibitors of the
CIP/KIP family (p21<P!, p27%P! and p57%P?) in the activa-
tion of D-type cyclin-CDK complexes are more complex and
debated. Their down-regulation by mitogenic factors and/or
their titration by D-type cyclin-CDK complexes participates in
cyclin E/A-CDK2 activation (70, 78, 79). Mostly in in vitro
experiments, p21 and p27 were initially observed to similarly
inhibit CDK4 activity (26, 40, 67). Nevertheless, p21 is tran-
siently induced in G, by mitogenic factors in different cell
systems (42, 51, 93). Moreover, p21 and p27 were found to be
associated with a pRb kinase activity (7, 11, 44, 83), to stabilize
cyclin D1/3-CDK4 complexes in vitro or in cotransfected cells
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(44), and to target these complexes to the nucleus (1, 18, 44,
69). These CDK “inhibitors” were shown to be essential for
these functions (9). Nevertheless, this conclusion has been
tempered by other authors, who showed that p21 and p27 are
not absolutely required for the assembly of cyclin D3-CDK4
(3) and cyclin D1-CDK4 (85) and that only the minor fraction
of cyclin D3-CDK4 complexes devoid of CIP/KIP proteins are
active as pRb kinases (4). Whether phosphorylations of p27
and p21 (8, 31, 71, 75, 90) could affect their different functions
in CDK4 complexes has not been addressed.
Phosphorylation is the least studied level of regulation of
CDK4. An inhibitory phosphorylation of CDK4 on Tyrl7 was
observed in UV irradiation-induced G, arrest (87) or during
cell arrest in quiescence (33) or in response to transforming
growth factor B (TGF-B) (30). Moreover, by analyzing human
D-type cyclin-CDK4 expressed in insect cells through baculo-
viral infection, Kato et al. demonstrated that the activity of
CDK4 requires its phosphorylation on Thr172 (41) within the
activation loop. Furthermore, that group showed that mam-
malian cell extracts also possess a CDK4-activating kinase ac-
tivity which was attributed to cyclin H-CDK7 (CAK) on the
basis of the immunodepletion of this in vitro activity by a
polyclonal CDK?7 antibody (53). The complex role of p27 in
CDK4 activation is exemplified by the opposite cell cycle con-
trols by cyclic AMP (cAMP) in different systems. G, arrest by
cAMP in mouse macrophages is associated with p27 up-regu-
lation, which would inhibit cyclin D1-CDK4 activity by imped-
ing Thr172 phosphorylation of CDK4 by CAK (40), as de-
scribed for other CDK complexes (2, 36, 78). By contrast, in
the cAMP-dependent cell cycle progression induced by thyro-
tropin (TSH) in dog thyroid epithelial cells (15), an apparently
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similar elevation of p27 concentration might facilitate the nu-
clear import of cyclin D3-CDK4, its activity, and the phosphor-
ylation of CDK4 on an undefined site (11).

To the best of our knowledge, only two figures in published
articles have shown the Thr phosphorylation of endogenously
expressed mammalian CDK4, by means of metabolic **P in-
corporation followed by tryptic peptide mapping and/or phos-
phoamino acid analysis (30, 40). In the present study, we ex-
ploited the high-resolution power of two-dimensional (2D) gel
electrophoresis combined with a new Thr172-phospho-specific
antibody to compare and reevaluate the impact of D-type
cyclins and CDK “inhibitors,” including p27, on the phosphor-
ylation of CDK4 and the regulation of its activity in various
native, as well as reconstituted, experimental systems.

MATERIALS AND METHODS

Cloning and mutagenesis. For production of recombinant baculoviruses, cDNAs
encoding human hemagglutinin (HA)-tagged CDK4, human cyclin D3, and dog p27
were subcloned by PCR in baculovirus transfer vector (pBlueBacHis2 for cyclin D3
and pBlueBac4.5/V5-His for p27 and CDK4-HA) for further recombination with
the viral DNA (Bac-N-Blue DNA) (Invitrogen, Paisley, United Kingdom). Cyclin
D3 presents as an N-terminal tag the X-press epitope and six histidine residues
(Hiss). CDK4 and p27 are C-terminally tagged with an HA epitope and His, for
CDK4 and a V5 epitope and Hisg for p27. For CHO cell transfections, cDNAs
were subcloned into mammalian expression vectors (pcDNA3.1His for cyclin
D3-X-press and pcDNA3.1Myc-His [Invitrogen] for CDK4-HA and p27-V5).
Site-directed mutagenesis of wild-type CDK4 (wtCDK4) to CDK4T172A and
CDK4T172E was performed by two-step PCR using oligonucleotide primers
containing the desired mutation. The mutant p27 lacking the C-terminal 47-
amino-acid portion comprising the nuclear localization signal (p27-NLS) was
generated by PCR using a reverse oligonucleotide primer situated upstream of
the p27 nuclear localization signal. All the inserts were verified by sequencing.

Cell culture, transfections, and infections. Primary cultures of dog thyroid
follicular cells were obtained as described previously (72). Naturally quiescent
cells cultured in monolayer in the control medium (Dulbecco modified Eagle
medium [DMEM] plus Ham’s F-12 medium plus MCDB104 medium [2:1:1 by
volume] supplemented with bovine insulin [Sigma, St. Louis, MO; 5 ug/ml],
ascorbic acid [40 pg/ml], and antibiotics) were induced to progress into the cell
cycle by bovine TSH (Sigma; 1 mU/ml), forskolin (107> M) (Calbiochem), or a
combination of TSH, epidermal growth factor (EGF) (Sigma; 25 ng/ml), and
10% fetal bovine serum (FBS) (72). Human diploid fibroblasts (IMR-90) and
T98G human gliosarcoma cells (both from the American Type Culture Collec-
tion, Manassas, VA) were cultured in DMEM supplemented with antibiotics and
10% fetal calf serum as described previously (12, 62, 68). After starvation in 0.2%
FBS for 3 days, quiescent cells were growth stimulated by addition of FBS (20%
for IMR-90 cells and 15% for T98G cells). CHO (Chinese hamster ovary) cells
cultured in Ham’s F-12 medium supplemented with 10% FBS and antibiotics
were transfected using Fugene (Roche Diagnostics, Mannheim, Germany) with
6 ng of each pcDNA3 construct (or empty vector to a total of 18 pg DNA) and
harvested at 48 h after transfection. Sf9 (Spodoptera frugiperda) cells (Invitrogen)
were cultured in monolayers in Grace’s insect medium supplemented with 10%
FBS and antibiotics. The baculovirus transfer vectors encoding proteins of in-
terest were cotransfected with linearized baculovirus DNA into Sf9 cells. Re-
combinant viruses were isolated by plaque assay with color selection and ampli-
fied. The expression of recombinant proteins was detected by Western blotting.
For protein production, Sf9 cells cultured in six-well plates were infected with
combinations of recombinant baculoviruses and harvested 64 h after infection.

Indirect immunofluorescence. Double-labeling immunofluorescent detection
from transfected CHO cells was performed exactly as described previously (5,
11). Cyclin D3 or V5-tagged p27 were detected using DCS-22 (hybridoma su-
pernatant kindly provided by J. Bartek) or the V5 monoclonal antibody from
Invitrogen, respectively, followed by a biotinylated anti-mouse immunoglobulin
antibody and fluorescein-conjugated streptavidin. CDK4 was simultaneously re-
vealed using a selected batch of the C-22 polyclonal antibody from Santa Cruz
Biotechnology (Santa Cruz, CA), followed by a Texas Red-conjugated anti-
rabbit immunoglobulin antibody.

Immunoprecipitations. For the analysis of protein complexes and pRb kinase
activity, cells were lysed and homogenized in 1 ml NP-40 lysis buffer as described
previously (11). Precleared cellular lysates were incubated at 4°C for 3 h with

Thr172 PHOSPHORYLATION OF CDK4 5071

protein A-Sepharose (Amersham Biosciences, Uppsala, Sweden) which had
been preincubated overnight with 2 pg of the following antibodies: polyclonal
antibodies against CDK4 (C-22) or p21 (C-19) (Santa Cruz) or monoclonal
antibodies against cyclin D1 (DCS-11), cyclin D3 (DCS-28), or p16 (DCS-50) (all
from Neomarkers, Fremont, CA), V5 epitope (Invitrogen), HA epitope (Santa
Cruz), or a mixture of the K25020 anti-p27 monoclonal antibody from BD-
Transduction Laboratories and the C-15 p27 polyclonal antibody (Santa Cruz).

pRb kinase assay. The pRb kinase assay was performed exactly as described
previously (11). Proteins were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride (PVDF) membranes, and the phosphorylation of the pRb fragment
was detected using the phospho-specific pRb (Ser780) antibody from Cell Sig-
naling Technology. Membranes were then reprobed using the antibodies de-
scribed above, except that the cyclin D1 DCS-6 (kindly provided by J. Bartek)
was used. Protein A (Pierce, Perbio Science, Erembodegem, Belgium) or an
anti-mouse immunoglobulin antibody (Amersham Biosciences), both coupled to
horseradish peroxidase, was used for detection by enhanced chemiluminescence
(Western Lightning; Perkin-Elmer, Boston, MA).

Gel electrophoresis and Western blotting. For 2D gel electrophoresis separa-
tions, immunoprecipitated proteins were denatured in a buffer containing 7 M
urea and 2 M thiourea. Proteins were separated by isoelectric focusing using the
IPGphor apparatus from Amersham Biosciences after active in-gel rehydration
as described previously (11) on immobilized linear pH gradient (pH 3 to 10)
strips (Amersham Biosciences). After loading onto SDS-polyacrylamide slab gels
(12.5%) for separation according to molecular mass, proteins were transferred to
PVDF membranes. CDK4 was immunodetected using a sample of a noncom-
mercialized phospho-specific-CDK4 (Thr172) antibody from Cell Signaling
Technology (Beverly, MA) (produced by immunizing rabbits with a keyhole
limpet hemocyanin-coupled peptide antigen to T172-phosphorylated human
CDK4 and purified by protein A- and immunogen-based affinity column sepa-
ration), the DCS-156 monoclonal antibody (Cell Signaling Technology), or the
C-22 polyclonal antibody. CDK6 was detected using the DCS-83 monoclonal
antibody (NeoMarkers). p27 was immunodetected using the polyclonal phospho-
specific-p27(Ser10) or C-15 p27 antibodies (Santa Cruz) or the V5 monoclonal
antibody for V5-tagged p27. Membranes detected with the phospho-specific
antibodies were reprobed for detection of total CDK4 or p27.

Whole-cell extract proteins were separated according to molecular mass by
SDS-PAGE (7, 10, or 12%) and immunoblotted. The polyclonal and monoclonal
antibodies were as described above, except that the cyclin D3 antibody DCS-22
(NeoMarkers) was used. Cyclin H, CDK7, and Matl were detected using the
C-18 polyclonal, C-4 monoclonal, and F-6 monoclonal antibodies, respectively,
from Santa Cruz.

Metabolic *?P labeling of CDK4. One hour before arrest, cells in 9-cm petri
dishes were rinsed twice in phosphate-free DMEM and incubated in 3 ml phos-
phate-free DMEM supplemented with nonessential amino acids. [**P]phosphate
(1.7 mCi/ml) was then added for the last 40 min. 3*P-labeled CDK4 was immu-
noprecipitated, separated by 2D gel electrophoresis, and transferred to PVDF
membranes exactly as described above and was detected by film autoradiography
(2 weeks of exposure). The positions of CDK4 in these membranes were then
defined by their immunodetection by enhanced chemiluminescence as described
above.

In vitro complex formation in crude cell lysates. Sf9 cells were coinfected with
baculoviruses encoding cyclin D3 and CDK4 or p27 and lysed in the NP-40 lysis
buffer. The approximate concentration of the recombinant protein(s) in the
lysate was estimated by Coomassie blue staining after SDS-PAGE performed
with known amounts of bovine serum albumin. The binding assay was performed
by mixing the lysate containing about 0.5 pg of recombinant cyclin D3-CDK4
complexes with various amounts of the p27 lysate (containing from 0.5 pg to 17
ng of recombinant p27) in a total volume of 50 pl of lysis buffer. After 1 h of
incubation at 23°C, the mixture was subjected to immunoprecipitation and pRb
kinase assay to assess the association of p27 with preformed cyclin D3-CDK4
complexes and the activity of cyclin D3-CDK4-p27 complexes.

In vitro activation of cyclin D3-CDK4/6 complexes by CAK. Cyclin D3 com-
plexes containing CDK4 and CDK6 from serum-starved T98G cells were immu-
noprecipitated as described above in NP-40 lysis buffer. The immunoprecipitates
were washed three times with NP-40 lysis buffer and then three times with CAK
buffer (80 mM B-glycerophosphate [pH 7.3], 15 mM MgCl,, 20 mM EGTA, and
5 mM dithiothreitol) (53). The beads were resuspended in 50 pl of CAK buffer
containing protease and phosphatase inhibitors with or without 1.4 g of recom-
binant CDK7-cyclin H-MAT1 complex (Upstate, Charlottesville, Virginia). After
addition of either 1 mM ATP or 40 p.Ci of [y->*P]ATP in the presence of 50 pM
ATP, the suspensions were incubated at 30°C for 30 min. After six washes in the
appropriate buffer, the immunoprecipitated proteins were either prepared for
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FIG. 1. Two-dimensional gel electrophoresis identification of
Thr172-phosphorylated CDK4. (A) **P-metabolically labeled extracts
from human IMR-90 fibroblasts stimulated for 16 h with serum (16 h)
and from dog thyrocytes stimulated for 20 h with TSH plus EGF (ET)
were immunoprecipitated with a CDK4 antibody, separated by 2D gel
electrophoresis, and electroblotted. The membranes were exposed for
autoradiographic detection of phosphorylated forms of CDK4 (*?P).
CDK4 phosphorylated on Thr172 or total CDK4 was then immuno-
detected from the same membranes by using enhanced chemilumines-
cence (P-T172-CDK4 and CDK4, respectively). As indicated, the poly-
clonal C-22 (Santa Cruz) or monoclonal DCS-156 antibodies were
used. Unstimulated quiescent cells are shown for comparison (Cont).
The different spots of CDK4 are numbered; only forms 3 and 4 are
phosphorylated, including on Thr172. (B) Extracts of CHO cells trans-
fected with vectors encoding CDK4-HA (K4), CDK4T172A-HA
(K4T172A), CDK4T172E-HA (K4T172E), CDK4-HA plus cyclin D3
(K4+D3), CDK4T172A-HA plus cyclin D3 (K4T172A+D3), or
CDK4T172E-HA plus cyclin D3 (K4T172E+D3) were immunopre-
cipitated (IP) with anti-HA or anti-cyclin D3 antibodies, separated by
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2D gel electrophoresis analysis of CDK4 and CDK6 or assayed for pRb kinase
activity.

Crude-lysate CAK assay using recombinant CDK2. Dog thyrocytes or T98G
cells were scraped on ice in CAK buffer containing protease and phosphatase
inhibitors and sonicated at 4°C. Cleared cell extracts from 5 X 10° to 2 X 10° cells
were mixed with 0.2 pg of human glutathione S-transferase (GST)-tagged CDK2
(Abnova Corporation, Taiwan) in a final volume of 50 pl and incubated at 30°C
for 30 min with 40 p.Ci of [y-**P]JATP in the presence of 50 uM ATP. As a
positive control, the cell extract was replaced by 1.4 pg of recombinant CDK7-
cyclin H-MAT1 complex diluted in CAK buffer. At the end of the reaction, the
mixture was diluted with 1 ml of cold NP-40 buffer and incubated for 1 h at 4°C
with 30 pl of glutathione-Sepharose beads (Amersham). After three washes, the
pellets were resuspended in Laemmli buffer, radiolabeled proteins were detected
by autoradiography after SDS-PAGE separation and blotting transfer, and re-
covered GST-CDK2 was detected using the PSTAIRE antibody (Santa Cruz).

All the experiments were reproduced at least two times with very similar
results.

RESULTS

Two-dimensional gel electrophoresis identification of Thr172
phosphorylation of CDK4. Thr172 phosphorylation does not af-
fect the electrophoretic migration of CDK4 in SDS-polyacryl-
amide gels, and no phospho-specific antibody has been de-
scribed so far for this phosphorylation. Since phosphorylations
add negative charges and thus predictably shift the isoelectric
points of proteins towards more acidic pHs, CDK4 was immu-
noprecipitated from normal human fibroblasts or dog thyroid
primary cultures that were metabolically labeled with **P;, and
its different forms were resolved by isoelectric focusing fol-
lowed by SDS-PAGE and then detected by Western blotting
using different CDK4 antibodies (Fig. 1A). In control quies-
cent cells, CDK4 was resolved as three spots (spots 0, 1, and 2)
with similar apparent molecular weights but different isoelec-
tric points. The mitogenic stimulation of IMR-90 fibroblasts
with serum and of dog thyrocytes with TSH and EGF led to the
appearance of a more negatively charged form (spot 3) (Fig.
1A). Only this form and a very minor one (spot 4) incorporated
2P, (Fig. 1A), even after prolonged labeling periods (up to
20 h) (not shown). A sample of a new phospho-CDK4(T172)
antibody still under development by Cell Signaling Technology
also detected only spots 3 and 4 of CDK4 from both fibroblasts
and thyrocytes (Fig. 1A). On the other hand, antiphosphoty-
rosine antibodies (PY20 and 4G10) failed to detect CDK4 in
these experiments or after mitogenic inhibition of dog thyro-
cytes by TGF-B (negative data not shown).

To confirm the identity of the major phosphorylated form 3
of CDK4 and the specificity of the prototypic phospho-
CDK4(T172) antibody, we next compared the 2D gel patterns
of CDK4 obtained from CHO cells transfected with wtCDK4
or with CDK4 in which T172 was replaced by a neutral non-

2D gel electrophoresis, and electroblotted. K4T172A+D3 + K4+D3
is the 1:1 mixture of K4T172A+D3 and K4+D3 samples before 2D gel
separation. CDK4 phosphorylated on Thr172 or total CDK4 was im-
munodetected from the same membranes (P-T172-CDK4 and CDK4,
respectively). (C) The same CHO cell extracts were immunoprecipi-
tated with anti-HA (for CDK4) or anti-cyclin D3 antibodies, assayed
for pRb kinase activity, separated by SDS-PAGE, and immunoblotted.
CDK4 was detected using anti-HA antibody, and the pRb fragment
phosphorylated in vitro at Ser780 (P-Rb-780) were detected using a
phospho-specific antibody.
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phosphorylatable alanine (CDK4T172A) or a negatively
charged phospho-mimetic glutamate (CDK4T172E). Immuno-
precipitated wtCDK4, CDKA4T172A, or CDK4T172E dis-
played only form 1 (and minor spot 0) (Fig. 1B). In the T172E
mutant, the isoelectric point was shifted to a more acidic pH
(Fig. 1B). The cotransfection of CDK4 with cyclin D3 induced
the appearance of the more negatively charged form 3 in
wtCDK4 but not in CDK4T172A, which comigrated perfectly
with the form 1 of wtCDK4 (Fig. 1B). This form 3 was bound
to cyclin D3 and specifically recognized by the phospho-
CDK4(T172) antibody (Fig. 1B). By contrast, the phospho-
CDK4(T172) antibody did not recognize CDK4T172A and
CDKA4T172E cotransfected with cyclin D3 at all.

CDK4wt cotransfected with cyclin D3 in CHO cells, but not
CDK4wt transfected alone, displayed a very strong pRb kinase
activity. By contrast, CDK4T172A was even more expressed
and associated with cyclin D3 but displayed a very weak activity
(Fig. 1C). A moderate pRb kinase activity was also associated
with cyclin D3-CDK4T172E, showing that this mutation could
mimic in part the activating Thr172 phosphorylation (Fig. 1C).
Altogether, these experiments confirm that the activity of
CDK4 requires its activating Thr172 phosphorylation, which
depends on D-type cyclin binding (41). They establish the
specificity of the phospho-CDK4(T172) antibody and identify
CDK4 phosphorylated form (phosphoform) 3 as the fraction of
activated CDK4 phosphorylated on Thr172.

The phospho-CDK4(T172) antibody also recognized the
most negatively charged form of CDKG6 (see Fig. 7B and 8) but
not the T160-phosphorylated forms of CDK2 abundantly as-
sociated with cyclin A in IMR-90 fibroblasts (not shown). This
is explained by the high conservation of the T-loop phosphor-
ylation domains in the highly related CDK4 (YSYQOMALTPV
VVTLWY) and CDK6 (YSFOQOMALTSVVVTLWY).

Phospho-Thr172 CDK4 is associated with both D-type cy-
clins and CDK inhibitors. We have compared in IMR-90 fi-
broblasts the 2D gel electrophoresis patterns of total CDK4
and CDK4 coimmunoprecipitated with cyclin D1 and cyclin D3
or with the CDK inhibitors p21<"P!, p27%P! "and p16™** in
response to mitogenic stimulation by serum. In these experi-
ments, the CDK4 level increased slightly after stimulation for
16 h or 24 h (Fig. 2A). Cyclin D1 and cyclin D3 were detected
in quiescent cells, and their expression was induced by serum.
The p21 level was transiently enhanced 16 h after stimulation.
By contrast the presence of p27 was markedly reduced after
cell stimulation, whereas the level of p16 was unchanged (Fig.
2A). Serum stimulated the appearance of Thr172 phospho-
form 3 in total CDK4 and in the different CDK4 complexes
(Fig. 2B). Compared to in total CDK4, phosphoform 3 was
enriched in CDK4 complexed not only to cyclin D1 or cyclin
D3 but also to p21 or p27 (Fig. 2B). As in total CDK4, phos-
phoform 3 was also, surprisingly, present in CDK4 associated
with p16 from serum-stimulated cells (Fig. 2B). On the other
hand, the nonphosphorylated form 2 was weakly detected in
CDK4 bound to cyclins D1/D3 and p21 or p27, but it was
strongly associated with p16 (Fig. 2B).

In parallel, the relative abundances, compositions, and ac-
tivities of the different CDK4 complexes were investigated
(Fig. 2C). p16-CDK4 complexes were by far the most abundant
ones, in both quiescent and serum-stimulated cells (Fig. 2C).
Thus, even though only a minority of pl6-bound CDK4 was
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phosphorylated on Thr172 in serum-stimulated cells (Fig. 2B),
a significant proportion (possibly the majority) of total Thr172-
phospho-CDK4 must be associated with p16. Whether the
small quantity of cyclin D1 detected in p16 complexes (Fig. 2C)
could suffice to support the Thr172 phosphorylation of p16-
bound CDK4 is unclear. Thr172 phosphorylation of CDK4
appeared to be relatively stable, which could allow the reasso-
ciation with p16 of some phosphorylated CDK4 released by the
rapid turnover of labile D-type cyclins. Indeed, some Thr172
phosphorylation persisted in CDK4 bound to either p16 or
p27, even after disappearance of cyclin D1 (and cyclin D3 [not
shown]) induced by a 3-hour incubation of serum-stimulated
IMR-90 cells with the protein synthesis inhibitor cycloheximide
(Fig. 2B).

Despite the presence of the Thr172 phosphorylation and
cyclin D1, p16-bound CDK4 was inactive in serum-stimulated
cells, as expected (Fig. 2C). By contrast, the enrichment of
Thr172-phosphoform 3 in the p21 coimmunoprecipitate, ex-
actly as found in CDK4 bound to cyclins D1 and D3 (Fig. 2B),
correlated with similar stimulated pRb kinase activities of
CDK4 associated with cyclin D1 and p21 (Fig. 2C). At variance
with the strong pRb kinase activity associated with p21, only a
weak activity was detected in p27 coimmunoprecipitates from
serum-stimulated fibroblasts (Fig. 2C), despite a similar en-
richment of the Thr172-phosphoform 3 in p27-bound CDK4
(Fig. 2B). This could be explained by the low abundance of this
complex due to the reduction of p27 levels induced by serum
(Fig. 2A and C). Indeed, in dog thyrocytes, in which the cAMP-
dependent mitogenic stimulation by TSH is associated with an
increased expression of p27 (15), p27 as cyclin D3 supported
both the Thr172 phosphorylation and the pRb kinase activity
of CDK4 in response to TSH (Fig. 2D). In these cells, p27
would be unlikely to prevent the Thr172 phosphorylation of
CDKA4, as illustrated by the fact that most (about 80%) of
p27-bound CDK4 was phosphorylated on Thr172 in response
to a maximal mitogenic stimulation (TSH plus EGF plus se-
rum) (Fig. 2E).

Therefore, at least at their endogenous levels increased by
mitogenic factors in intact cells, p21 and p27 were indistin-
guishable from D-type cyclins in their association with both the
activating phosphorylation and pRb kinase activity of CDK4.

Ser10 phosphorylation of p27 does not affect Thr172 phos-
phorylation of CDK4. Most in vitro studies showing the CDK4-
inhibitory activity of p27 have used bacterially produced p27,
which is presumably unphosphorylated. One possibility would
be that some phosphorylations of p27 could interfere with its
CDK4-inhibitory activity. Since a large proportion of p27 is
generally considered to be associated with D-type cyclin-CDK4
in G,-progressing cells (79), only stoichiometrically important
phosphorylations of p27 might influence its impact on CDK4.
Ser10 is by far the major phosphorylation site of p27 (32). It is
also the closest to the p27 domain of interaction with cyclins
and CDKs. This phosphorylation is essential for nuclear export
of p27 by binding to CRM1 (31) and for subsequent Thr157
phosphorylation within the NLS by protein kinase B, which
prevents p27 nuclear reimport (82), but other authors con-
cluded that Ser10-phosphorylated p27 remains nuclear (14). In
dog thyrocytes stimulated by TSH or the adenylyl cyclase ac-
tivator forskolin, up-regulated p27 is mostly nuclear, even in
cells progressing in G, and S phases (15), but about 50% of p27
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FIG. 2. Phospho-Thr172 CDK4 is associated with both D-type cyclins and CDK inhibitors. (A to C) IMR-90 fibroblasts; (D to F) dog
thyrocytes. (A) Western blotting analyses of CDK4, cyclin D3, cyclin D1, p21, p27, and p16 from whole-cell extracts of quiescent unstimulated
IMR-90 cells (Cont) or cells stimulated by 20% serum for 16 or 24 h. p38 mitogen-activated protein kinase (MAPK) was detected as a loading
control. (B) CDK4 separated by 2D gel electrophoresis was detected by Western blotting with a CDK4 antibody from (co)immunoprecipitates (IP)
of cyclin D1, cyclin D3, p21, p27, or p16 from quiescent unstimulated IMR-90 cells (Cont), cells stimulated with 20% serum for 16 h (16 h), or
cells stimulated for 16 h and treated for 3 h with the protein synthesis inhibitor cycloheximide (100 wg/ml) in the presence of serum (16 h + 3 h
Cx). In the inset, controls of cycloheximide impact on the presence of proteins in whole-cell extracts are shown; D1-bound CDK4 and p16-bound
CDK4 are CDK4 coimmunoprecipitated using cyclin D1 and p16 antibodies, respectively. (C and D) Extracts from IMR-90 cells (C) stimulated
or not (Cont) by 20% serum for 16 h or dog thyrocytes (D) stimulated or not (Cont) by forskolin (Forsk) were immunoprecipitated with anti-p16,
anti-cyclin D1, anti-cyclin D3, anti-p21, or anti-p27 antibodies or a control immunoglobulin (IgG), assayed for pRb kinase activity, separated by
SDS-PAGE, and immunoblotted. Cyclin D3, CDK4 and its activating Thr172 phosphorylation (P-T172-CDK4), cyclin D1, p16, p21, p27, and the
pRb fragment phosphorylated in vitro at Ser780 (P-Rb-780) were detected using specific antibodies. (E) Western blotting analyses of CDK4
separated by 2D gel electrophoresis from coimmunoprecipitates of p27 from quiescent unstimulated dog thyrocytes (Cont) or cells stimulated with
TSH (1 mU/ml) or TSH plus EGF plus 10% serum (ETS) for 20 h. (F) Extracts from dog thyrocytes stimulated for 20 h with TSH were
immunoprecipitated with p27 antibodies (p27 IP) or a phospho-specific (Ser10) p27 antibody (P-S10-p27 IP), separated by 2D gel electrophoresis,
and electroblotted. Immunodetections were performed using antibodies against total p27 or p27 phosphorylated on Ser10 (P-S10-p27) or with a
mixture of CDK4 and p27 antibodies. In panels B, E, and F, arrows 3 indicate the main Thr172-phosphorylated form of CDK4.
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was phosphorylated on Ser10, as shown by 2D gel separation
and detection with a phospho-p27(Ser10) antibody (Fig. 2F). A
similar proportion of Thr172-phosphoform 3 and the nonphos-
phorylated form 1 of CDK4 was codetected with these different
forms of p27 in p27 coimmunoprecipitates (Fig. 2F). However,
Thr172-phosphorylated CDK4 was not specifically associated
with Ser10-phosphorylated p27 in forskolin-stimulated dog thyro-
cytes, since identical proportions of Thr172-phospho-CDK4 ver-
sus nonphosphorylated CDK4 were coimmunoprecipitated by the
antibodies against total p27 and the phospho-p27(Ser10) antibody
(Fig. 2F). Similar results were obtained with CHO cells cotrans-
fected with CDK4, cyclin D3, and p27 (not shown). Contrary to
our hypothesis, the main phosphorylation of p27 is thus unlikely
to have a major impact on the Thr172 activating phosphorylation
of CDK4.

Different impacts of p27 stoichiometry on Thr172 phosphor-
ylation and activity of CDK4. p21 and p27 have been suggested
to inhibit or support the kinase activity of D-type cyclin-CDK4
complexes (and cyclin E/A-CDK?2 in the case of p21 [28, 94])
depending on the stoichiometry of p21 or p27 relative to the
cyclin (7, 44, 60). However, this remains controversial (3, 29).
Moreover, LaBaer et al. (44) reported that p21 but not p27 can
support the activity of CDK4 complexes, while Blain et al. (7)
found the opposite. p21 and p27 were suggested to inhibit
CDK4 activity in part by preventing its Thr172 activating phos-
phorylation. Nevertheless, the impact of their binding stoichi-
ometry on CDK4 phosphorylation has never been investigated.
p21 and p27 might also interfere with CDK4 activity by insert-
ing into the catalytic cleft of the kinase, thus competing with
ATP, as suggested by the crystal structure of the cyclin
A-CDK2-p27 complex (73). In the present experiments, pRb
kinase activity was assayed in the presence of a more physio-
logical concentration of ATP (2 mM), which was higher than
the ATP concentrations (10 to 50 wM) used in all of the
previous studies. Moreover, to reevaluate the impact of p27
stoichiometry within cyclin D3-CDK4 complexes, we have ex-
pressed these different proteins by baculoviral infection of Sf9
cells or by transfection of CHO cells. Most of the canine p27
produced in these cells was phosphorylated on Ser10 (Fig. 3A).
Additional phosphorylations were also evident, as deduced
from the abundant presence of more negatively charged
forms detected using the phospho-p27(Ser10) antibody (Fig.
3A). A p27 mutant in which the nuclear localization se-
quence (containing the Thr157, Thr187, and Thr198 phos-
phorylation sites) was removed (p27-NLS) presented a re-
duced number of forms, with only one major form
phosphorylated on Ser10 (Fig. 3A).

In Sf9 and CHO cells, coexpressed cyclin D3 and CDK4
assembled in the absence of p27 and formed very active com-
plexes (Fig. 3B). The coexpressed p27 also efficiently associ-
ated with cyclin D3-CDK4, as judged from the coimmunopre-
cipitation of similar amounts of cyclin D3 and CDK4 by the
cyclin D3 and p27 (VS5) antibodies (Fig. 3B). As observed by
others (4, 9), p27 increased the abundance of cyclin D3-CDK4
complexes (Fig. 3B). This could be due to an enhanced stability
of these complexes in both Sf9 and CHO cells, but in CHO
cells this was also associated with increased levels of cyclin D3
and CDK4 in whole-cell extracts (data not shown), possibly
resulting from stabilization of these proteins within the com-
plexes. At high relative expression levels of p27 (i.e., at levels
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exceeding the amount of p27 that could be engaged in cyclin
D3 complexes), cyclin D3-CDK4 complexes containing p27
were totally inactive in Sf9 and CHO cells (Fig. 3B). When p27
expression was gradually decreased by dilution of the p27 ex-
pression vectors (1/5, 1/10, and 1/20 in Sf9 cells and 1/5, 1/7,
and 1/10 in CHO cells), the catalytic activity associated with
cyclin D3 was progressively restored (Fig. 3B). Moreover, at
reduced concentrations at which p27 was almost completely
recruited into cyclin D3-CDK4 complexes (1/20 in Sf9 cells and
1/10 in CHO cells), the pRb kinase activity was present in the
p27 immunoprecipitate (Fig. 3B). Similar results were ob-
tained using V5-tagged p27 (immunoprecipitated with the V5
antibody) or untagged p27 (Fig. 3B). These results confirm,
with p27 processed and phosphorylated in different higher
eukaryote cells, that the opposite impacts of p27 on the activity
of cyclin D3-CDK4 depend on its stoichiometry of binding to
these complexes.

In the same experiments, we compared the 2D gel electro-
phoresis patterns of total CDK4 and of CDK4 coimmunopre-
cipitated with cyclin D3 or p27 at the different levels of p27
production (Fig. 3C). The coexpression of cyclin D3 strongly
increased the Thr172 phosphorylation of CDK4 in Sf9 and
CHO cells (Fig. 3C). In CHO cells, this was impaired in part by
p27 only under conditions of very large excess of relative p27
expression (“nondiluted” p27 cotransfection; Fig. 3C). Under
the other conditions of p27 coexpression, CDK4 was largely
phosphorylated on Thr172, and a similar proportion of Thr172-
phosphoform 3 was coimmunoprecipitated by cyclin D3 and p27
(V5) antibodies, in both Sf9 and CHO cells (Fig. 3C). p27 did not
inhibit the Thr172 phosphorylation of CDK4 (Fig. 3C) in situa-
tions in which the pRb kinase activity of cyclin D3-CDK4-p27
complexes was strongly inhibited (Fig. 3B) (1/10 p27 in Sf9 cells or
1/5 in CHO cells). This confirms that the inhibition of CDK4
phosphorylation is not the main mechanism by which p27 can
inhibit the activity of cyclin D3-CDK4 complexes.

These conclusions and the importance of p27 binding stoi-
chiometry were verified by the in vitro incubation of active
phosphorylated cyclin D3-CDK4 complexes (preformed by
their coexpression in Sf9 cells) with different amounts of
p27-V5 separately produced in Sf9 cells (Fig. 4). High relative
levels of p27-V5 strongly inhibited the pRb kinase activity of
CDK4 complexes (Fig. 4), as previously reported by others
using bacterially produced p27 (20, 40, 44). Nevertheless, when
lower p27-V5 concentrations were added, cyclin D3-CDK4
complexes bound to p27-V5 were clearly active (Fig. 4).

A stoichiometric regulation of cyclin D3-CDK4 activity by
p27, as suggested by these different experiments, implies the
binding of several p27 molecules to one complex of cyclin
D3-CDK4 and thus the existence of different p27 binding sites
on either CDK4 or cyclin D3. We have thus reevaluated the
existence of binary p27-CDK4 or p27-cyclin D3 complexes by
baculoviral infection of Sf9 cells or by CHO cell transfection.
Surprisingly, the amount of CDK4 coimmunoprecipitated by
the p27 (V5) antibody from the CDK4/p27 coinfection was
very similar to the amount of CDK4 coimmunoprecipitated by
the cyclin D3 antibody from the CDK4/cyclin D3 infection
(Fig. 5A). Similarly, most of CDK4 was found to bind to
V5-tagged p27 or untagged p27 in CHO cells cotransfected
without cyclin D3 (Fig. 5A). On the other hand, only a faint
association of p27 with cyclin D3 was detected in the absence
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FIG. 3. Different impacts of p27 stoichiometry on activity and Thr172 phosphorylation of CDK4. (A) Extracts of CHO cells transfected with
vectors encoding V5-tagged wild-type p27 or V5-tagged p27 lacking its C-terminal NLS region, or of insect Sf9 cells transduced with baculovirus
encoding p27-V5, were immunoprecipitated (IP) with anti-V5 antibody, separated by 2D gel electrophoresis, and electroblotted. p27 phosphor-
ylated on Ser10 or total p27 was immunodetected from the same membranes (P-S10-p27 and p27, respectively). (B) Extracts of Sf9 cells or CHO
cells transduced/transfected with baculoviruses or plasmids encoding cyclin D3, CDK4-HA plus cyclin D3, or CDK4-HA plus cyclin D3 plus p27-V5
or untagged p27 (p27) (and dilutions of p27[-V5] vectors to 1/5, 1/7, 1/10, and 1/20) were immunoprecipitated with anti-cyclin D3, anti-p27, or
anti-V5 antibodies, assayed for pRb kinase activity, separated by SDS-PAGE, and immunoblotted. Cyclin D3, p27, and the pRb fragment
phosphorylated in vitro at Ser780 (P-Rb-780) were detected using their specific antibodies; CDK4-HA and p27-V5 were detected using anti-HA
and anti-V5 antibodies, respectively. (C) Extracts of Sf9 or CHO cells transduced/transfected as for panel B were immunoprecipitated with
anti-HA (for CDK4), anti-cyclin D3, or anti-VS5 antibodies, separated by 2D gel electrophoresis, and electroblotted for detection of CDK4 with
an anti-CDK4 antibody. Arrows indicate the Thr172-phosphorylated form of CDK4.
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FIG. 4. Various amounts of p27 differently affect cyclin D3-CDK4
activity in vitro. Cyclin D3-CDK4-HA complexes formed by their co-
expression in infected Sf9 cells were incubated in vitro with decreasing
amounts of p27-V5 (1, 1/10, 1/20, and 1/30 dilutions) produced in
Sf9 cells. This mixture and cyclin D3-CDK4-HA-p27-V5 complexes
formed by their coexpression in Sf9 cells were immunoprecipitated
(IP) using anti-cyclin D3 or anti-V5 antibodies, assayed for pRb kinase
activity, separated by SDS-PAGE, and immunoblotted. Cyclin D3 and
the pRb fragment phosphorylated in vitro at Ser780 (P-Rb-780) were
detected using specific antibodies; CDK4 and p27 were detected with
anti-HA and anti-V5 antibodies.
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of CDK4 in Sf9 cells (not shown). CDK4 can thus massively
bind to p27 in the absence of a D-type cyclin, producing a
totally inactive binary p27-CDK4 complex (Fig. 5A), which did
not permit the phosphorylation of CDK4 (Fig. 5B).
Subcellular localization of CDK4 does not affect its Thr172
phosphorylation. In mammalian cells, the major CAK activity
consists of cyclin H, CDK7, and Mat1, which are also subunits
of transcription factor II H (27). These different subunits lo-
calize to the cell nucleus, and, as generally accepted, progres-
sion through the cell cycle and mitogenic stimulations have
little effect on their expression, localization, and activity (13,
53, 86). The activating phosphorylation of CDK4 should thus
depend on its nuclear (trans)location, as proposed by others
(18) and also reported for the analogous Thr160 phosphory-
lation of CDK2 (19). Whereas D-type cyclins and CDK4 do
not contain a nuclear localization signal, their nuclear location
has been shown to depend on their association with Cip/Kip
family proteins which possess a classical bipartite nuclear lo-
calization signal (44, 69). We have thus transfected CHO cells
with different combinations of vectors expressing cyclin D3,
CDK4, p27, or a truncated p27 with its NLS C-terminal portion
deleted (p27-NLS). As determined by indirect immunofluores-
cence, cyclin D3 and CDK4 transfected alone or together had
the same overall diffuse cellular localization (Fig. 6A). Trans-
fected p27 was located mostly in the nucleus in the majority of
cells, whereas p27-NLS was predominantly cytoplasmic in all
the cells (Fig. 6A). Consistent with their association in binary
complexes (Fig. 5), cotransfected CDK4 and p27 or p27-NLS
perfectly colocalized, irrespective of the coexpression of cyclin
D3 (Fig. 6A and B). Intact p27 retained CDK4 in the nucleus,
whereas p27-NLS retained CDK4 in the cytoplasm (Fig. 6A
and B). In the triple cotransfections (cyclin D3/CDK4/p27 [or
cyclin D3/CDK4/p27-NLS]) (Fig. 6B), cyclin D3 localization
exactly followed the localization of CDK4 determined by p27
(or p27-NLS). When p27 expression was decreased by dilution
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FIG. 5. p27 can associate with cyclin-free CDK4. (A) Extracts of
CHO cells transfected with vectors encoding CDK4-HA or CDK4-HA
plus p27-V5 or untagged p27 (p27), or Sf9 cells infected with baculo-
viruses encoding cyclin D3 plus CDK4-HA or p27-V5 plus CDK4-HA,
were immunoprecipitated (IP) with anti-cyclin D3, anti-HA, anti-p27,
or anti-V5 antibodies, assayed for pRb kinase activity, separated by
SDS-PAGE, and immunoblotted. Cyclin D3 and the pRb fragment
phosphorylated in vitro at Ser780 (P-Rb-780) were detected using
specific antibodies. CDK4 and p27 were detected using, respectively,
anti-HA and anti-V5 (left and middle panels) or anti-p27 (right panel)
antibodies. (B) The same CHO or Sf9 cell extracts were immunopre-
cipitated with anti-HA or anti-V5 antibodies, separated by 2D gel
electrophoresis, and electroblotted for detection of CDK4 with an
anti-CDK4 antibody. Arrows indicate the form of CDK4 phosphory-
lated on Thr172.

CDK4+p27-V5 (S19)

CDK4+p27-V5 (CHO)

of the p27-plasmid (Fig. 6B), the nuclear translocations of
CDK4 and cyclin D3 (not shown) were incomplete in many
cells. p27 can thus determine the subcellular localization of
both cyclin-free CDK4 and cyclin D3-CDK4 complexes.

In the same CHO cell cotransfection experiments, we com-
pared the 2D gel electrophoresis patterns of cyclin D3-bound
CDK4 and of CDK4 coimmunoprecipitated with p27 or p27-
NLS at different levels of p27 production (Fig. 6C). Contrary to
our expectation, mostly nuclear CDK4 bound to p27 and pre-
dominantly cytoplasmic CDK4 bound to p27-NLS displayed
very similar proportions of the Thr172-phosphoform 3. The
activating phosphorylation of CDK4 was thus independent of
its subcellular location, which seemed to be inconsistent with
the generally observed nuclear compartmentation of cyclin
H-CDK7-Matl (which was verified in these CHO cells [data
not shown]). Even though shuttling in and out the nucleus
could allow some cytoplasmic accumulation of CDK4 that had
been phosphorylated in the nucleus, this experiment indicates
that nuclear translocation of CDK4 is not the rate-limiting step
of CDK4 phosphorylation by nuclear CAK.

Thr172 phosphorylation of CDK4 is regulated. Since CAK
seems to be constitutively active, the Thr172 phosphorylation
of CDK4 is generally assumed to passively result from the
induction of D-type cyclins and the assembly of nuclear cyclin-
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FIG. 6. The subcellular localization of CDK4 does not affect its Thr172 phosphorylation. CHO cells were transfected as indicated with different
combinations of vectors encoding cyclin D3, HA-tagged CDK4 (K4), V5-tagged wild-type p27 (p27) or V5-tagged p27 lacking its C-terminal NLS
region (p27-NLS). (A and B) Cells were fixed 48 h after transfection and processed for double indirect immunofluorescent staining with either
mouse monoclonal anti-cyclin D3 and rabbit polyclonal anti-CDK4 antibodies or mouse monoclonal anti-V5 (p27) and rabbit polyclonal
anti-CDK4 antibodies. Nuclei were counterstained with Hoechst dye. Images were recorded using a 100X immersion lens and the SPOT RT
camera (Diagnostic Instrument, Inc.). To demonstrate the colocalizations of cyclin D3 and CDK4 or of CDK4 and p27 or p27-NLS, green and red
fluorescent images were merged using the Adobe Photoshop program. (A) Single and double transfections. (B) Triple transfections. In some
transfections, the p27 or p27-NLS expression plasmids were diluted. Only the 10-fold dilution of the p27 plasmid is illustrated (K4+D3 + 1/10p27).
(C) Extracts from the same transfection experiment as in panels A and B were immunoprecipitated (IP) with anti-cyclin D3 or anti-V5 antibodies,
separated by 2D gel electrophoresis, and electroblotted. CDK4 was detected using anti-CDK4 antibody. In some transfections, the plasmids
encoding p27 or p27-NLS were diluted as indicated (1/5 and 1/10). Arrows indicate the form of CDK4 phosphorylated on Thr172.
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FIG. 7. Thr172 phosphorylation of CDK4 is regulated. (A) Extracts
from dog thyrocytes stimulated for 24 h with forskolin (Forsk) or
forskolin plus TGF-B (2 ng/ml) were immunoprecipitated (IP) with
anti-cyclin D3 antibody, assayed for pRb kinase activity, separated by
SDS-PAGE, and immunoblotted. Cyclin D3, CDK4 and its activating
Thr172 phosphorylation (P-T172-CDK4), p27, and the pRb fragment
phosphorylated in vitro at Ser780 (P-Rb-780) were detected using
specific antibodies. In the right panel, similar coimmunoprecipitates
from dog thyrocytes stimulated with TSH or TSH plus TGF-B (2
ng/ml) were separated by 2D gel electrophoresis and electroblotted for
detection of CDK4 with an anti-CDK4 antibody. (B) Extracts from
quiescent serum-starved T98G cells (Cont) or cells stimulated by 15%
FBS for 10 h were immunoprecipitated with anti-cyclin D3 or anti-p27
antibodies, assayed for pRb kinase activity, separated by SDS-PAGE,
and immunoblotted. Cyclin D3, CDK4, CDK6, CDK2, p27, and the
pRb fragment phosphorylated in vitro at Ser780 (P-Rb-780) were
detected using specific antibodies. In the right panel, the same coim-
munoprecipitates were separated by 2D gel electrophoresis and elec-
troblotted for detection of CDK4 and CDK6 with anti-CDK4 and
anti-CDKG6 antibodies. In the bottom panel, similar cyclin D3 coim-
munoprecipitates from serum-starved (Cont) and stimulated (10 h)
TI98G cells were separated by 2D gel electrophoresis and electroblot-
ted for detection using the phospho-CDK4(T172) antibody (PT-172).
Total CDK4 and CDKG6 were then detected from the same membrane
by using anti-CDK4 and anti-CDK6 antibodies. Arrows in panels A
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CDK4 complexes (53). Figure 7 illustrates two examples where
the Thr172 phosphorylation of CDK4 and its association with
cyclin D3 were dissociated in response to extracellular regula-
tion. In dog thyrocytes, TGF-f prevents the cAMP-dependent
mitogenic response and pRb phosphorylation elicited by TSH
or forskolin without reducing the levels of cyclin D3 and CDK4
and the formation of cyclin D3-CDK4 complexes (16). As
shown, using both the phospho-CDK4(T172) antibody and 2D
gel separation of CDK4, TGF-g inhibited the stimulated pRb
kinase activity of cyclin D3-CDK4 at least in part by inhibiting
the Thr172 phosphorylation of cyclin D3-bound CDK4 (Fig.
7A). In quiescent T98G human glioblastoma cells, the massive
cell cycle reentry induced by serum was accompanied by a very
strong stimulation of the pRb kinase activity supported by
cyclin D3 (Fig. 7B). However, the high basal presence of cyclin
D3 and its constitutive association with CDK4, CDK®6, or
CDK2 were not significantly increased by serum in these p16-
defective cells (Fig. 7B). Instead, the Thr172 phosphorylation
of CDK4, but not the similar Thr177 phosphorylation of
CDKG6, was markedly stimulated by serum in both cyclin D3
and p27 immunoprecipitations (Fig. 7B). Indeed, the phospho-
CDK4(T172) antibody also specifically detected the most neg-
atively charged Thr177-phosphorylated form of CDK6 in the
same membranes from 2D gel separation of cyclin D3 coim-
munoprecipitates (Fig. 7B). Whereas only a small minority of
cyclin D3-bound CDKG6 was phosphorylated in both quiescent
and serum-stimulated T98G cells, the Thr172 phosphorylation
of CDK4 was markedly stimulated by serum (Fig. 7B). In
various cell systems, the activating phosphorylation of CDK4
(but not of CDKG6 in T98G cells) could thus be directly regu-
lated by extracellular mitogenic or antimitogenic factors.

Of note, p27-bound CDK4 and CDK6 were almost com-
pletely inactive compared to cyclin D3 immunoprecipitates in
serum-stimulated T98G cells (Fig. 7B), whereas similar pRb
kinase activities were associated with p27 and cyclin D3 in
stimulated dog thyrocytes (Fig. 2D). p27 thus appeared to
support the pRb kinase activity of cyclin D3-CDK4 in dog
thyrocytes and to prevent it in T98G cells. This discrepancy
might be explained by very different relative concentrations of
p27 and cyclin D3. Indeed, in TSH-stimulated dog thyrocytes,
similar amounts of p27 and CDK4 were coimmunoprecipitated

and B indicate the regulated Thr172-phosphorylated form of CDK4
and the corresponding, but unregulated, phosphorylated (Thr177)
form of CDKG6. (C) CAK expression and activity in the same cultures
of dog thyrocytes and T98G cells as in panels A and B. Cyclin H (Cyc
H), CDK7, and Matl were detected from whole-cell extracts of T98G
cells (serum starved and stimulated for 10 h) or dog thyrocytes treated
as in panel A and from anti-cyclin H immunoprecipitates (IP Cyc H)
of dog thyrocytes. In the right panel, CAK activity was assessed by the
incubation of GST-CDK2 in the presence of [*’P]JATP, with (+) or
without (a) recombinant cyclin H-CDK7-Mat1 complex (CAK) or with
crude extracts of T98G cells (serum starved [Cont] or stimulated for 10
or 26 h) or of dog thyrocytes (stimulated or not [Cont| with forskolin
and TGF-B). GST-CDK2 was recovered using glutathione-Sepharose,
put on SDS-polyacrylamide gels, and electroblotted, and its phosphor-
ylation was detected by autoradiography (**P-GST-CDK2). GST-
CDK?2 was then immunodetected using the PSTAIRE antibody. The
lower band of the **P-GST-CDK2 doublet reflects the T-loop phos-
phorylation.
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by cyclin D3 and p27 antibodies, but the p27 antibody coim-
munoprecipitated only a fraction of the amount of cyclin D3
that could be precipitated using the cyclin D3 antibody (Fig.
2D). Conversely, in serum-stimulated T98G cells, the antibod-
ies against p27 and cyclin D3 precipitated similar amounts of
cyclin D3 and CDK4, but the cyclin D3 antibody coimmuno-
precipitated only a small fraction of the p27 that was precipi-
tated by the p27 antibody (Fig. 7B). Thus, even after its accu-
mulation in response to TSH, p27 could be in limiting amounts
for its association with cyclin D3-CDK4 in dog thyrocytes (Fig.
2D), whereas p27 still remained in excess for the formation of
cyclin D3-CDK4/6-p27 complexes in T98G cells, even after its
partial disappearance 10 h after serum stimulation (Fig. 7B).
This confirms in native cell systems that the opposite effects of
p27 on cyclin D3-CDK4 activity depend on its binding stoichi-
ometry, as suggested from the ectopic expression of these pro-
teins in CHO and Sf9 cells (Fig. 3 to 5). Moreover, as in these
systems, p27 inhibited the activity of cyclin D3 complexes in
TI98G cells without impeding the serum-stimulated phosphor-
ylation of CDK4, as judged from the 2D gel separation of
p27-bound CDK4 (Fig. 7B).

Since the directly regulated phosphorylation of CDK4 but
not of CDK6 appeared to be at variance with the general belief
that mammalian CAK expression and activity are constitutive,
we investigated CAK complex proteins in dog thyrocytes and
T98G cells (Fig. 7C). Serum did not stimulate the accumula-
tion of CDK7, cyclin H, and Matl in T98G cells (Fig. 7C), and
TGF-B did not inhibit their expression and association in dog
thyrocytes (Fig. 7C). We failed to detect a CAK activity in cell
extracts by using a recombinant GST-CDK4 (Abnova Corpo-
ration, Taiwan) mixed with cyclin D3 produced in Sf9 cells,
possibly due to their inefficient in vitro association (41) (neg-
ative data not shown). Since CAK (CDK?7) can phosphorylate
cyclin-free CDK?2 in vitro (23, 36, 86), we next assessed CAK
activity in crude extracts of dog thyrocytes and T98G cells by
using GST-CDK2 as a substrate in a direct phosphorylation
assay. Whereas GST-CDK2 phosphorylated by recombinant
cyclin H-CDK7-Mat1 complex migrated as one band, phosphor-
ylation of GST-CDK2 by thyrocyte extracts was detected as a
doublet, in which the lower band is attributed to the Thr160
phosphorylation (the upper band should correspond to inhib-
itory phosphorylations) (47). The treatment of thyrocytes with
forskolin and/or TGF-B did not affect their GST-CDK2 T-
loop-phosphorylating activity (Fig. 7C). In this experiment,
extracts of T98G cells (stimulated or not with serum) poorly
phosphorylated GST-CDK?2. Only the upper band correspond-
ing to inhibitory phosphorylations was clearly generated by
extracts of cells that were serum stimulated for 26 h (Fig. 7C),
coincident with enhanced Tyr1l5 phosphorylation of endoge-
nous CDK2 at this time point (unpublished data). Therefore,
CAK presence and activity were not modulated in dog thyro-
cytes. In T98G cells, CAK activity could be weaker, which
could be consistent with the weak phosphorylation of cyclin
D3-bound CDK4 (in quiescent cells) and CDK6 (in both
quiescent and stimulated cells).

CAK phosphorylates CDK6 more readily than CDK4 in
vitro. These results prompted us to reevaluate whether cyclin
D3-bound CDK4 and CDKG6 can be phosphorylated by recom-
binant CAK in vitro. Whereas Matsuoka and collaborators did
activate cyclin D2-CDK4 by use of recombinant CAK (53),
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FIG. 8. CAK phosphorylates CDK6 more readily than CDK4 in
vitro. Inactive cyclin D3 complexes containing CDK4 or CDK6 were
immunoprecipitated using the anti-cyclin D3 antibody (cyclin D3 IP)
from serum-starved T98G cells. The immunoprecipitated complexes
were incubated in the presence of 15 mM Mg>* and 1 mM ATP or 50
uM [*?P]ATP, without (—) or with (+) recombinant cyclin H-CDK7-
Matl complex (CAK) or with CAK and 100 mM EDTA. The cyclin D3
coimmunoprecipitates were then separated by 2D gel electrophoresis
and electroblotted for immunodetection using the phospho-
CDK4(T172) antibody (PT-172). Total CDK4 and CDK6 were then
detected from the same membrane using anti-CDK4 and anti-CDK6
antibodies. In the case of incubation with [**P]ATP, *?P labeling was
revealed by autoradiography after electroblotting (P-CDK6 and P-
CDK4 indicate the positions of phosphorylated forms of CDK6 and
CDK4 as detected by CDK4 and CDKG6 antibodies). Arrows indicate
the Thr172-phosphorylated form of CDK4 and the corresponding
phosphorylated (Thr177) form of CDKG6. In the bottom panel, the
cyclin D3 coimmunoprecipitates were assayed for pRb kinase activity
(PRb-780) after incubation with or without (o) CAK.

others were unable to phosphorylate and/or activate D-type
cyclin-CDK4 by CAK under conditions that efficiently allowed
the phosphorylation/activation of cyclin D3-CDK6 and cyclin
A-CDK2 (36, 60). Cyclin D3 complexes from serum-deprived
TI98G cells were incubated with a large amount of recombinant
cyclin H-CDK7-Mat1 complex in the presence of either 1 mM
ATP or 50 uM [**P]ATP. This induced the pRb kinase activity
of cyclin D3 complexes (Fig. 8). As detected by the phospho-
CDK4(T172) antibody (as reprobed with CDK4 and CDK6
antibodies) after 2D gel separation, incubation with CAK in
the presence of 1 mM ATP did increase the T-loop phosphor-
ylation of both CDK4 and CDKG6 in the cyclin D3 complexes
(Fig. 8). By contrast, under the conditions of lower ATP re-
quired for *?P incorporation, CAK phosphorylated CDK6 but
not CDK4, as shown by *?P autoradiography (Fig. 8). More-
over, the addition of 100 mM EDTA (in the presence of 15
mM Mg”>* and 1 mM ATP) during the incubation with CAK
prevented CDK4 phosphorylation but not CDK6 phosphory-
lation (Fig. 8).

CDK4 and CDK6 complexed to cyclin D3 in quiescent T98G
cells can thus be phosphorylated by CAK in vitro, indicating
that the CDK4/6 phosphorylating activity could have been rate
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limiting in these cells. Whereas both CDK4 and CDK6 bound
to cyclin D3 can be phosphorylated by a large amount of CAK,
only cyclin D3-CDKG6 could be phosphorylated by CAK under
more stringent conditions (low ATP concentrations or reduc-
tion of the Mg-ATP concentration by EDTA), reconciling the
divergent observations of Matsuoka et al. (53) and Kaldis et al.
(36), who used different ATP concentrations. This preference
of CAK for CDK6 over CDK4 under suboptimal in vitro
conditions contrasts with the regulation by serum in intact
cells, in the same cyclin D3 complexes, of the phosphoryla-
tion of CDK4 but not of CDKG6.

DISCUSSION

Despite the fact that it is required for CDK4 activity (41),
the activating Thr172 phosphorylation of CDK4 has been in-
frequently investigated because of lack of methodological
tools. We have recently shown that the high-resolution power
of the 2D gel electrophoresis allows one to separate several
phosphorylated and nonphosphorylated forms of CDKs and to
visualize their relative proportions (11, 12). In this study, we
have identified the main phosphorylated form 3 and minor
form 4 of CDK4 as comprising the activating Thr172 phosphor-
ylation, by the analysis of the CDK4 T172A mutant, in vitro
phosphorylation by recombinant CAK, as well as the utiliza-
tion of the first Thr172-phospho-specific antibody. These tools
were also useful for the analysis of the corresponding (Thr177)
phosphorylation of the much-related CDKG6.

The 2D gel electrophoresis profiles of CDK4 and CDKG6 are
less complex than the 2D gel pattern of CDK2 phosphoryla-
tions (12), in part due to the absence in CDK4/6 of a phos-
phorylated threonine residue analogous to Thr14 of CDK2.
According to their relative isoelectric point shifts, the phos-
phoform 3 of CDK4 should contain only the Thr172 phosphor-
ylation, while the very minor phosphoform 4 might also contain
a second phosphorylation or another posttranslational modifi-
cation. In CHO cells, the T172A mutation did not unmask any
other abundant phosphorylated form of CDK4 which might
have comigrated with Thr172-phosphorylated form 3. Thus, in
the present cell systems and experimental conditions, no stoi-
chiometrically (biologically) significant phosphorylated form of
CDK4 (except the very minor form 4) could contain the un-
defined serine phosphorylation observed by Kato et al. (41)
and by Iavarone and Massagué (30) but not by Terada et al.
(87) or the inhibitory Tyr17 phosphorylation (30, 33, 87). In
IMR-90 fibroblasts, the lack of Tyrl7-phosphorylated CDK4
contrasts with the major phosphorylation of CDK2 on Tyr15
(12), implying that activation of the two CDKs must very dif-
ferently depend on Cdc25 phosphatases. Sherr’s group has also
failed to detect tyrosine phosphorylation of CDK4 (41, 74), in
agreement with the observation that CDK4, unlike CDK1 and
CDK?2, is not an in vitro substrate of the Weel CDK tyrosine
kinase (91). Moreover, the nature of the two nonphosphory-
lated forms of CDK4 (forms 1 and 2) remains unclear. CDK4
form 2 associates preferentially with pl6 but weakly with D-
type cyclins and thus might well constitute a nonactivatable
pool of CDK4. Its identification is complicated by the low
abundance of endogenous CDK4 and the very weak presence
of form 2 in overexpression systems.
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Thr172-phosphorylated CDK4 is associated with cyclins
and CDK inhibitors. We confirm here that the activity of
CDK4 critically depends on both binding to a D-type cyclin
and subsequent Thr172 phosphorylation, whereas the T172A
mutation of CDK4 does not affect its association with cyclin D3
(41). Consistently, the endogenous Thrl72-phosphorylated
CDK4 was markedly enriched in cyclin D1/D3 complexes of
stimulated human fibroblasts, dog thyrocytes (11), and T98G
cells. More unexpectedly, in the different cell systems used in
this study, the Thr172 phosphorylation of CDK4 was also as-
sociated with the two classes of CDK inhibitors that were
reported to prevent the activating phosphorylation of CDKs,
including CDK4, by CAK (cyclin H-CDK?7) (2, 34, 40, 66). It
might be argued that the inhibitors could have bound CDK4
after its phosphorylation by CAK within the D-type cyclin
complex. The observed accumulation of Thr172-phosphory-
lated CDK4 in the abundant inactive p16-CDK4 complexes of
serum-stimulated IMR-90 cells most likely resulted from a
reassociation of phosphorylated CDK4 with p16 after degra-
dation of more labile D-type cyclins. This possibility is less
likely to fully explain the strong enrichment of the phosphory-
lated form in CDK4 complexes containing p21 or p27 in all the
presently investigated cell systems. Indeed, more than 80% of
p27-bound CDK4 was phosphorylated in maximally stimulated
dog thyrocytes or in transduced Sf9 cells and transfected CHO
cells. In the present study, an inhibition of the activating phos-
phorylation of CDK4 by p27 was observed only in cotrans-
fected CHO cells and required cellular concentrations of p27
exceeding those that inhibited cyclin D3-CDK4 activity. We
thus conclude that Cip/Kip proteins do not prevent the acti-
vating phosphorylation of CDK4 in most cellular contexts.

Roles of p27 in CDK4 complexes. Cip/Kip proteins have
been described as inhibitors of CDKs, including CDK4 (3, 4,
26, 38, 40) (although p21/p27-containing CDK4 complexes can
be active [83]) or as essential adaptors for the assembly and the
nuclear localization of the D-type cyclin-CDK complexes (1, 9,
44, 69, 93). Blain et al. (7) have interestingly suggested that
these opposite roles depend on the stoichiometry of p27 rela-
tive to a D-type cyclin (cyclin D2) in CDK4 complexes, as
initially shown for the dual action of p21 on cyclin A-CDK2
(94). Nevertheless, structural studies indicate that cyclin A-
CDK2 complexes can accommodate only one molecule of p21
or p27, which fully inhibits the activity (29, 45, 73). Finally,
Bagui et al. recently claimed that only the minor fraction of
cyclin D3-CDK4 complexes devoid of Cip/Kip proteins are
active (3, 4). In our experiments, the roles of p27 depended on
its expression levels relative to cyclin D3. When the p27 cellu-
lar concentration was limiting relative to the p27-binding ca-
pacity of cyclin D3-CDK4 complexes, as found in TSH-stimu-
lated thyrocytes and with diluted amounts of p27 expression
vectors in CHO and Sf9 cells, p27 supported the pRb kinase
activity to levels approaching those associated with cyclin D3.
At levels transiently increased by serum, p21 also supported
cyclin D1/D3-CDK4 activity in human fibroblasts (Fig. 2C) and
in T98G cells and thyrocytes (63). Conversely, excessive rela-
tive concentrations of p27 completely inhibited cyclin D3-
CDK4 activity by a mechanism independent of CDK4 phos-
phorylation, as observed in T98G cells and with large amounts
of p27 vectors in CHO and Sf9 cells. The CDK4-inhibitory
activity of p27 appears to be independent of its phosphoryla-



VoL. 26, 2006

tion status, since in the present experiments p27 was highly
phosphorylated, including at Serl0, at variance with earlier
studies using bacterially produced p27. Our results thus fully
support the “stoichiometric” model of Blain et al. (7, 60),
implying the existence of two types of cyclin D-CDK4-p27
complexes depending on relative p27 concentrations: the first
shows a low-stoichiometry binding of p27 and displays a pRb
kinase activity, and the second is inactive due to an additional
p27 molecule(s). A third stage of p27 binding to cyclin D3-
CDK4 complexes might be suggested by the inhibition of
CDK4 phosphorylation observed with even higher concentra-
tions of p27 exceeding those that sufficed to inhibit CDK4
activity (Fig. 3B and C). Whereas p27 is generally believed to
stably associate only with complexed cyclins and CDKs (25, 45,
79), we demonstrate here, with both Sf9 and CHO cells, that
p27 can avidly form binary complexes with CDK4 in the ab-
sence of a D-type cyclin. This is not an “overexpression arti-
fact,” since we also observed persistence of p27-CDK4 com-
plexes after the disappearance of labile D-type cyclins
provoked by protein synthesis inhibition (Fig. 2B). This asso-
ciation of p27 with cyclin-free CDK4 in intact cells is consistent
with the model of different p27-binding modes permitting the
association of several p27 molecules with D-type cyclin-CDK4
complexes.

At variance with the results of LaBaer et al. (44), we were
unable to detect any in vitro assembly activity of p27 with cyclin
D3 and CDK4 (negative data not shown), even under condi-
tions that allow the binding of p27 to preassembled cyclin
D3-CDK4 complexes (Fig. 3D). This is in agreement with
previous studies showing that abundant p27 in G, cells is un-
able to assemble ectopically expressed cyclin D3 into CDK4
complexes in serum-starved fibroblasts (54) and, conversely,
that some active cyclin D3-CDK4 and cyclin D1-CDK4 com-
plexes are formed in fibroblasts derived from p27-p21-null
mice (4, 85). On the other hand, consistent with similar con-
clusions by others (44, 69), the C-terminal NLS domain of p27
was crucial for the nuclear (trans)location of CDK4 (even in
the absence of cyclin D3) and cyclin D3 complexed to CDK4.
These results recapitulate our previous observations from the
physiological model of TSH-stimulated dog thyrocytes (11, 16),
in which p27 induced by TSH might facilitate the activation of
cyclin D3-CDK4 complexes, not as their still-elusive assembly
factor, but by determining their nuclear import.

The D-type cyclin/p27 ratio clearly contributes to determin-
ing the cell responsiveness to mitogens (46) or growth-inhibi-
tory factors, which in turn act to modify this equilibrium to
levels that allow, or prevent, the concerted activation of CDKs
leading to S-phase entry. In some circumstances, such as in
quiescent dog thyrocytes, which express large amounts of cyclin
D3 (17) but low levels of p27 and p21, p27 (in response to
TSH) or p21 (in response to growth factors) (63) rather than
D-type cyclins may have to be up-regulated to facilitate CDK4
activation. Similarly in mammary gland and prostate of p27
null mice, epithelial cell proliferation was reported to be im-
paired, whereas p27 haplo-insufficiency accelerated cyclin D1-
dependent transformation, which is prevented by normal p27
expression (24, 57, 58).

Thr172 phosphorylation of CDK4 is regulated by extracel-
lular factors. We have previously found that assembly of
cyclin D3-CDK4-p27 holoenzyme (16, 17) and a subsequent
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phosphorylation of CDK4 that correlates with its activity
depend on kinetically distinct cAMP actions in dog thyro-
cytes (64). This phosphorylation is now identified as the
Thr172 phosphorylation. In thyrocytes, the activating phos-
phorylation of CDK4 thus integrates the opposite cell cycle
controls by cAMP and TGF-B after formation of cyclin
D3-CDK4 complexes. Similarly in T98G cells, serum
strongly stimulated the activity of constitutively formed cy-
clin D3-CDK4 complexes at least in part by directly stimu-
lating the Thr172 phosphorylation of CDK4. This general-
izes the new concept that Thr172 phosphorylation could be
the latest regulated step that determines the catalytic activ-
ity of CDK4, the phosphorylation of Rb family proteins, and
thus the passage through the G, phase restriction point.
Recent studies have also pointed out the Thr160 phospho-
rylation of CDK2 as a direct target of treatments that
prevent S-phase entry (10, 50, 59, 89). In some of these
studies, the activation of CDK4 (10, 59) and/or the in vitro
assayed activity of CDK7 (59, 89) remained unaffected,
leading their authors to suggest the involvement of distinct
CAK activities.

According to the generally accepted characteristics and sub-
strate specificity of CDK7 complexes, CDK4 Thr172 phosphor-
ylation could have been anticipated to depend on prior D-type
cyclin binding (53), to be prevented by CDK inhibitors (36, 40),
to occur in the nuclear compartment (86), and not to be subject
to upstream regulatory control by mitogens (13, 53, 86). Only
the first characteristic was verified in the present study, thus
plausibly arguing for an implication of other activating kinases.
At variance with nuclear cyclin H-CDK?7, the cytoplasmic mo-
nomeric Caklp of budding yeast (35) preferentially phosphor-
ylates monomeric CDK2 and CDKG6 in vitro, and CDK inhib-
itors do not block this activity (36). Several monomeric CAKs
with distinct substrate specificities coexist with CDK7 or-
thologs in plants (81). In Drosophila melanogaster, CDK7 is
required for the activation of CDK1 complexes but not for
phosphorylation and activation of CDK2-cyclin E (48). In hu-
man cells, a small distinct CAK activity was enriched (37), and
a candidate nuclear p42 CAK was recently cloned (52). The
only direct evidence that CDK7 is the sole or main CDK4-
activating kinase was based on the activation of cyclin D2-
CDK4 by CDK?7 immunoprecipitates and the presence in NITH
3T3 cell extracts of a CDK4-activating activity that could be
immunodepleted by a polyclonal CDK7 antibody (53). As most
often reported (13, 53, 86), we obtained no evidence of a
regulation of CAK (CDK?7) expression or activity in dog thy-
rocytes and T98G cells. Whereas CDK4 was phosphorylated in
response to serum in cyclin D3 complexes of T98G cells, the
much-related CDK6 was not. Nevertheless, the latter could be
more readily phosphorylated by recombinant CAK in the same
experiments, consistent with observations by others who suc-
ceeded in readily phosphorylating CDK2 and CDK®6, but not
different CDK4 preparations, by using purified human cyclin
H-CDK7-Matl (36, 60). At variance with the corresponding
phosphorylated Thr residues of CDK1, CDK2, and CDKG6, the
Thr172 of CDK4 is followed by a proline. Although CAK
(CDK7) can unambiguously phosphorylate cyclin D3-bound
CDK4 in vitro, another regulated (proline-directed?) CDK4-
activating kinase(s) might thus remain to be discovered.
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