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The protein kinase Akt is activated by growth factors and promotes cell survival and cell cycle progression.
Here, we demonstrate that Akt phosphorylates the cell cycle inhibitory protein p21Cip1 at Thr 145 in vitro and
in intact cells as shown by in vitro kinase assays, site-directed mutagenesis, and phospho-peptide analysis.
Akt-dependent phosphorylation of p21Cip1 at Thr 145 prevents the complex formation of p21Cip1 with PCNA,
which inhibits DNA replication. In addition, phosphorylation of p21Cip1 at Thr 145 decreases the binding of the
cyclin-dependent kinases Cdk2 and Cdk4 to p21Cip1 and attenuates the Cdk2 inhibitory activity of p21Cip1.
Immunohistochemistry and biochemical fractionation reveal that the decrease of PCNA binding and regulation
of Cdk activity by p21Cip1 phosphorylation is not caused by altered intracellular localization of p21Cip1. As a
functional consequence, phospho-mimetic mutagenesis of Thr 145 reverses the cell cycle-inhibitory properties
of p21Cip1, whereas the nonphosphorylatable p21Cip1 T145A construct arrests cells in G0 phase. These data
suggest that the modulation of p21Cip1 cell cycle functions by Akt-mediated phosphorylation regulates endo-
thelial cell proliferation in response to stimuli that activate Akt.

The serine/threonine protein kinase Akt signals in response
to insulin and a variety of growth factors. These include plate-
let-derived growth factor, basic fibroblast growth factor (4, 20),
and, in endothelial cells, the angiogenic growth factors vascular
endothelial growth factor and angiopoietin 1 (16, 17, 22, 27).
Phospho-inositide 3-kinase (PI3K) mediates Akt activation fol-
lowing receptor stimulation (4, 20, 32). Thus, binding of PI3K-
derived 39-phosphorylated phosphoinositides to the pleckstrin
homology domain of Akt renders the activation sites Thr 308
and Ser 473 accessible for phosphorylation (for a review, see
reference 12). Akt targets a number of established substrates
for phosphorylation. These proteins mostly conform to the
consensus motif RXRXXS/T (the phospho-acceptor amino ac-
ids are underlined) required for efficient phosphorylation by
Akt kinase (1). Among the phosphorylation substrates of Akt
are glycogen synthase kinase 3 (11), as well as Bad (13, 14),
caspase 9 (5), IkB kinase (37), the endothelial NO synthase
(16, 22), and Forkhead transcription factors (28). Akt plays a
critical role in the regulation of cell survival (12), consistent
with the known apoptosis-regulating functions of the identified
target proteins. Akt also regulates cell proliferation (15, 24, 33,
34); however, the underlying mechanism(s) for Akt-dependent
cell cycle control is less well defined.

p21Cip1 is an inhibitor of cell cycle progression leading to G1

phase arrest. p21Cip1 inhibits cyclin-dependent kinase (Cdk)
activity with a certain selectivity for G1/S phase Cdk-cyclin
complexes (26). However, by promoting cyclin D-Cdk assem-
bly, p21Cip1 can also function as an activator of D-type Cdks
(Cdk4 and Cdk6) (for a review, see reference 43). Besides Cdk
regulation, p21Cip1 directly binds to PCNA (19). It thus inter-

feres with the requirement of PCNA for DNA polymerase d
function and inhibits DNA replication (45). The dual effect of
p21Cip1 on cell cycle regulatory proteins is mediated via distinct
interaction sites for cyclin-Cdk complexes (7) and PCNA (46)
that partially overlap. Besides the well-established transcrip-
tional regulation of p21Cip1 (18), recent studies provide evi-
dence that p21Cip1 function is additionally regulated on a post-
transcriptional level (8, 21, 38). PKC-dependent
phosphorylation of p21Cip1 at Ser 146 was shown to modulate
PCNA binding by p21Cip1 in insect cells (40). However, the
functional implications of p21Cip1 phosphorylation for its in-
teraction with cell cycle regulatory elements and for the pro-
liferative response in mammalian cells have not been eluci-
dated.

We have investigated the interaction between Akt and
p21Cip1 in human endothelial cells. Our results demonstrate
that Akt phosphorylates p21Cip1 at Thr 145, which abrogates
PCNA binding to p21Cip1, and attenuates the complex forma-
tion of p21Cip1 with Cdk2 and Cdk4, which results in endothe-
lial cell proliferation.

MATERIALS AND METHODS

Cell culture, immunoprecipitation, and immunoblotting. Human umbilical
vein endothelial cells (HUVEC) were purchased from Cell Systems/Clonetics,
Solingen, Germany, and were cultured as previously described (16). HUVEC
homogenates were obtained, separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), and transferred to polyvinylidene difluo-
ride membranes. Membranes were incubated with antibodies to c-myc, DNA
topoisomerase I, Cdk2, and Cdk4 (Santa Cruz Biotechnology); actin (Chemicon,
Temecula, Calif.); phospho-Akt substrate and Akt (Cell Signaling, Beverly,
Mass.); cyclins D1, D2, and D3 and p21 (BD PharMingen); and PCNA (Trans-
duction Laboratories). Immunoprecipitation was performed using either protein
A/G-agarose beads (Santa Cruz) or agarose-conjugated antibodies (Aminolink;
Pierce). Bound antibodies were detected by enhanced chemiluminescence (Am-
ersham).

Plasmids and transfection. A plasmid encoding the human p21Cip1 was cloned
by PCR into the pcDNA3.1-Myc-His vector (Invitrogen). The putative Akt site
(Thr 145 or Ser 146) was changed by site-directed mutagenesis (Stratagene). The
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plasmids encoding the bovine Akt and the truncated dominant negative Akt
construct were kindly donated by J. Downward and were subcloned into the
pcDNA3.1 vector as previously described (16). Clones with verified sequences
were used to transfect HUVEC (3.5 3 105cells/6-cm well; 3 mg of plasmid DNA
and 25 ml of Superfect) or COS-7 cells (3.8 3 105 cells/6-cm plate; 8 mg of
plasmid DNA and 30 ml of Superfect) as previously described (16). For combined
oligonucleotide and plasmid transfection, HUVEC were incubated with 1.5 mg of
sense p21Cip1 (59-GAGCCGCGACTGTGATGCGCT-39) or antisense p21Cip1

(59-AGCGCATCACAGTCGCGGCTC-39) oligonucleotide in the presence of
2.5 mg of vector (pcDNA3.1.) or active Akt (pcDNA3.1.-Akt T308D/S473D) with
Lipofectamine (Life Technologies).

p21Cip1 phosphorylation, phospho-site mapping, and kinase assay. After se-
rum starvation for 90 min in phosphate-free medium, COS cells were loaded with
[32P]H3PO4 (250 mCi) in the presence of 10% serum for 3 h. Endogenous p21
was immunoprecipitated with agarose-coupled (Aminolink; Pierce) anti-p21 an-
tibody (PharMingen). Following elution, p21 was digested with tosyl phenylala-
nine chloromethyl ketone (TPCK)-treated trypsin-agarose (Sigma). The super-
natant was loaded onto a Source 5RPC column (Amersham), and peptides were
eluted with acetonitrile with an Äkta explorer high-performance liquid chroma-
tography system (Amersham). Radioactivity of the fractions collected was de-
termined using an EasiCount system (Scotlab).

For detection of Akt phosphorylation of p21Cip1 in vitro, COS cells were
transfected with myc-tagged p21Cip1 constructs, and whole-cell lysates (1 mg/
sample) were immunoprecipitated with anti-myc antibodies. Active Akt kinase
was obtained by immunoprecipitation of overexpressed myc-tagged constitutively
active Akt (T308D/S473D). p70 S6 kinase was also obtained by overexpression
and immunopurification, whereas the recombinant catalytic subunits of protein
kinase A (PKA) and serum-glucocorticoid-stimulated kinase (SGK) were deliv-
ered from Calbiochem and Upstate, respectively. p21Cip1 immunoprecipitates
(substrates) and the respective kinases were incubated at 30°C in 30 ml of a
kinase reaction mixture containing 25 mM Tris (pH 7.5), 5 mM b-glycerophos-
phate, 0.1 mM Na3VO4, 2 mM dithiothreitol, 10 mM MgCl2, 10 mM MnCl2, 50
mM ATP, and 5 mCi of [g-32P]ATP for 30 min. The reaction was terminated by
the addition of SDS sample buffer, and samples were subjected to SDS–12%
PAGE and analyzed by phosphorimaging. For assessment of Cdk2 or Cdk4
kinase activity, endogenous Cdk2 or Cdk4 was immunoprecipitated, and kinase
activity was detected after incubation of the immunoprecipitates with histone H1
or retinoblastoma protein (pRb) and the kinase assay reaction mixture as de-
scribed above.

Immunostaining. Endothelial cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 10 min before incubation of the cells with
anti-myc antibody (1:70 in PBS–5% fetal calf serum [FCS]) and anti-mouse
fluorescein isothiocyanate (FITC)-linked secondary antibody (Dako) (1:20 in
PBS–5% FCS) followed by nuclear counterstaining with DAPI (49,69-dia-
midino2-phenylindole).

Cell cycle analysis. Thirty-six hours after transfection, HUVEC were washed
with PBS, trypsinized, and fixed in 70% ice-cold ethanol, followed by incubation
with RNase (100 mg/ml) and propidium iodide (4 mg/ml) in PBS. Cell cycle
phases were detected with a flow cytometer (FACSCalibur; Perkin-Elmer) with
CELLQuest and Modfit LT software. For detection of proliferation, cells were
incubated with 10 mM bromodeoxyuridine (BrdU) for 1 h, and incorporated
BrdU was detected by an enzyme-linked immunosorbent assay according the
instructions of the manufacturer (Roche). To analyze the effect of transfected
protein on endothelial cell proliferation, HUVEC were cotransfected with green
fluorescent protein (GFP) (1 mg) and the respective pcDNA3.1. constructs (2
mg). GFP-positive cells were isolated by a fluorescence-activated cell sorter
(FACS), air dried on cover slides, and fixed in 100% methanol for 10 min at 4°C,
which destroys the fluorescence of the GFP. Immunostaining was performed
using anti-Ki67 antibodies (1:50 in PBS–5% FCS; Dianova, Hamburg, Germany)
and FITC-linked secondary antibodies. Nuclei were counterstained with DAPI.
Alternatively, HUVEC were incubated with BrdU for 1 h before FACS sorting
and labeled by FITC-labeled anti-BrdU antibodies.

Statistics. Data are expressed as the mean 6 the standard error of the mean
(SEM) from at least three independent experiments. Statistical analysis was
performed with analysis of variance, followed by a modified least significant
difference test (SPSS Software).

RESULTS

Akt phosphorylates p21Cip1. The C-terminal amino acid se-
quence of human p21Cip1 from arginine 140 to threonine 145
matches the reported consensus motif for Akt-mediated phos-

phorylation (1). The sequence at this site of p21Cip1 is highly
conserved between various species (Fig. 1). We therefore ex-
amined whether p21Cip1 is a substrate for Akt kinase activity in
vitro. Transfected Akt was immunoprecipitated, and a kinase
assay with isolated p21Cip1 as a substrate was performed. Ac-
tive Akt kinase stimulates the phosphorylation of p21Cip1 in
vitro (Fig. 2A). To identify the phosphate acceptor amino acid,
the putative Akt site Thr 145 of p21Cip1 was replaced by ala-
nine (p21 T145A). Inactivation of Thr 145 markedly reduced
the Akt-dependent phosphorylation of p21Cip1 (Fig. 2A). This
suggests that Thr 145 serves as the Akt phosphorylation ac-
ceptor amino acid. Control experiments confirmed that kinase
inactive Akt (K179 M or T308A/S473A) did not induce p21Cip1

phosphorylation (Fig. 2A and data not shown). Previously,
PKA has been shown to specifically phosphorylate p21Cip1 at
Thr 145 (40). In vitro kinase assay analysis confirms that Akt
and PKA both phosphorylate p21Cip1 at the same site (Thr
145) (Fig. 2B). In contrast, other PI3K-dependent protein ki-
nases, such as SGK (35) and p70 S6 kinase (10) did not display
p21Cip1 phosphorylation activity in vitro (Fig. 2C and D).

To characterize p21Cip1 phosphorylation in vivo, we em-
ployed an antibody that binds to peptide sequences containing
phosphorylated Thr/Ser residues preceded by Lys/Arg at posi-
tions 25 and 23, thus specifically recognizing phosphorylation
at the Akt phosphorylation consensus motif. By immunoblot
analysis of endothelial cell lysates using this antibody, we were
able to detect a distinct band at 21 kDa that corresponded to
endogenous p21 identified by reprobing of the membrane (Fig.
3A). Treatment of the cells with Ly294002 markedly reduced
this band, suggesting that a PI3K-sensitive mechanism phos-
phorylates p21Cip1 in endothelial cells (Fig. 3A). Similar results
were obtained using a phospho-specific p21Cip1 antibody raised
against a peptide containing the phosphorylated Akt consensus
region of p21Cip1, NH2-CDSQGRKRRQpTSMT-CONH2

(data not shown).
To confirm that phosphorylation of p21Cip1 at Thr 145 oc-

curs in vivo, we labeled intact cells with [32P]orthophosphate.
Stimulation with serum induced the incorporation of 32P into

FIG. 1. Akt phosphorylation site of p21Cip1: sequence homology
and localization. Cy1 (amino acids [aa] 17 to 24) and Cy2 (aa 152 to
158), cyclin-binding motifs (6, 7); Cdk, Cdk-binding motif (7); PCNA
binding, PCNA binding site (aa 144 to 151) (23, 46).
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endogenous p21Cip1 (Fig. 3B). Inhibition of the PI3K pathway
with Ly294002 reduced radioactive labeling by about 90% (Fig.
3B). The phosphorylation of p21Cip1 was mainly due to incor-
poration of 32P into Thr 145, since inactivation of Thr 145

markedly reduced serum-dependent p21Cip1 phosphorylation
(85% inhibition; data not shown). Transfection of Akt stimu-
lated the incorporation of 32P in cells overexpressing the
p21Cip1 wild type (p21 wt), whereas radioactive labeling of the

FIG. 2. In vitro phosphorylation of p21Cip1. (A) myc-tagged p21Cip1 (p21 wt or the nonphosphorylatable T145A construct), active Akt
(T308D/S473D), or inactive Akt (K179 M) was overexpressed in COS-7 cells and immunoprecipitated with an anti-myc antibody. The immuno-
precipitates were combined, and kinase activity towards p21Cip1 was assayed as described in Materials and Methods. Phosphorylated proteins were
resolved by SDS-PAGE. The lower panels demonstrate the equal expression of the proteins by Western blot analysis (WB) with anti-myc
antibodies. (B) Comparison of Akt and PKA in vitro kinase activities towards p21 wt and Thr 145 constructs. (C) Lack of an effect of SGK in
phosphorylating p21Cip1 in vitro. As a positive control, histone phosphorylation by SGK is shown. (D) Lack of p21Cip1 in vitro phosphorylation
activity by p70 S6 kinase. Histone phosphorylation is shown as a positive control. Immunoblot analysis demonstrates p21Cip1 expression (top) and
p70 S6 kinase immunopurification (IP) (right). Representative autoradiographs out of at least three different experiments are shown (A through D).
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FIG. 3. In vivo phosphorylation of p21Cip1. (A) Detection of phosphorylated p21Cip1 by immunoblot analysis of HUVEC extracts using a
phospho-specific antibody against the Akt phosphorylation consensus motif. Right lane, effect of Ly294002 (10 mM) for 1 h before lysis. The lower
panel shows total endogenous p21Cip1 for comparison. (B) In vivo phosphorylation of p21Cip1 by a serum-induced, PI3K-sensitive mechanism.
HUVEC were labeled with 32P and starved for 1 h in FCS-free medium before the addition of 10% phosphate-free FCS and Ly294002 (10 mM)
for 30 min as indicated. Endogenous p21Cip1 was immunoprecipitated (IP) with anti-p21Cip1 antibodies. (C). In vivo phosphorylation of p21Cip1 by
Akt. COS-7 cells overexpressing myc-tagged p21Cip1 constructs and vector (pcDNA3.1) or Akt constructs were labeled with 32P for 3 h, and p21Cip1

was immunoprecipitated with anti-myc antibodies. In panels B and C, representative autoradiographs are shown: lower panels, expression of
p21Cip1 as a loading control. (D) Phospho-peptide analysis. (Top) Elution of the synthetic peptide QTSMTDFYHSK (where T is the phospho-
acceptor amino acid) corresponding to amino acids 144 to 154 of p21 from the reverse phase column. This peptide contains the putative Akt
phosphorylation site (145Thr) in p21 and would result from tryptic digestion of p21. (Middle) Endogenous p21 was immunoprecipitated from COS
cells, and tryptic p21 peptides were separated by reverse-phase chromatography. Note the peak corresponding to the peptide QTSMTDFYHSK.
(Bottom) Following serum starvation, COS cells were serum treated in the presence of 32P with or without Ly294002 (10 mM). Tryptic p21 peptides
were seperated as above, and fractions surrounding peptide QTSMTDFYHSK were collected for determination of radioactivity. A representative
result is shown. WB, Western blotting.
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T145A construct in response to Akt overexpression was mark-
edly lower (Fig. 3C). The basal phosphorylation of p21Cip1 in
vivo is most likely due to phosphorylation of p21Cip1 by another
kinase(s).

To further establish Thr 145 as the phospho-acceptor amino
acid by PI3K-dependent phosphorylation of p21Cip1 in intact
cells, we performed a phospho-site-mapping analysis. Follow-
ing in vivo radioactive labeling, p21Cip1 was immunoprecipi-
tated from cell lysates as described in Materials and Methods
(Fig. 3D, insert). Immunopurified p21Cip1 was then subjected
to trypsin digestion, and the resulting peptides were separated
by reverse-phase chromatography. Fraction 2 (Fig. 3D) corre-
sponded to the eluate of a synthetic peptide according to the
predicted peptide resulting from trypsin digestion containing
Thr 145 (144QTSMTDFYHSK154) (Fig. 3D). In contrast to the
adjacent fractions, fraction 2 contained radioactivity when cells
were stimulated with serum. Coincubation with the PI3K in-
hibitor Ly294002 abolished incorporation of radioactivity in
this specific peptide (Fig. 3D). These results indicate that se-
rum induces phosphorylation of the peptide 144QTSMTD-
FYHSK154, which contains the Akt site Thr 145, in a PI3K-
dependent manner. Taken together, the present data
demonstrate that Akt interacts with and phosphorylates
p21Cip1 in vitro and in vivo at Thr 145.

Thr 145 phosphorylation inhibits PCNA binding to p21Cip1.
The PCNA binding site of p21Cip1 overlaps with the Akt phos-
phorylation site (Fig. 1) (6, 25, 46). Therefore, we analyzed
whether p21Cip1 phosphorylation at Thr 145 affects PCNA
binding. p21 wt binds to PCNA as shown by coimmunoprecipi-
tation studies with anti-myc antibodies for immunoprecipita-
tion of myc-tagged p21 wt followed by Western blotting against
endogenous PCNA (Fig. 4A), as well as by immunoblot anal-
ysis of p21 bound to immunoprecipitates of endogenous PCNA
(Fig. 4B). Cotransfection of Akt substantially reduced PCNA
binding to p21 wt, whereas overexpression of kinase-inactive
Akt (Akt K179 M) did not interfere with the p21Cip1-PCNA
interaction (Fig. 4C), clearly demonstrating that Akt regulates
the complex formation between PCNA and p21Cip1.

To characterize the role of Thr 145 phosphorylation for
p21Cip1-PCNA complex formation, we used a phospho-mi-
metic p21Cip1 construct, where Thr 145 was replaced by aspar-
tic acid (p21 T145D). Simulated p21Cip1 phosphorylation at
Thr 145 completely prevented p21Cip1-PCNA binding, whereas
the nonphosphorylatable p21 T145A construct displayed no
change in PCNA binding compared to p21 wt (Fig. 4A and B).
In contrast to p21 wt, active Akt did not affect PCNA binding
to the phospho-acceptor-deficient T145A construct (Fig. 4C).
Reversible phosphorylation of an amino acid residue in the
vicinity close to Thr 145, Ser 146, has previously been shown to
regulate PCNA binding to p21Cip1 in Sf9 insect cells (40).
Therefore, we designed additional p21Cip1 constructs carrying
a mutation to an unphosphorylatable (S146A) or to a phos-
phomimetic amino acid (S146D) at position 146. Coimmuno-
precipitation experiments confirmed that in mammalian cells
stimulation of p21Cip1 phosphorylation at serine 146 indeed
decreases PCNA binding (Fig. 4D). However, phosphorylation
of p21Cip1 at the Akt phosphorylation site Thr 145 exerts a
more pronounced inhibition of complex formation with PCNA
than Ser 146 phosphorylation (Fig. 4D). Taken together, Akt

regulates p21Cip1-PCNA binding via specific phosphorylation
of the Thr 145 residue.

Effect of Akt-dependent p21Cip1 phosphorylation on Cdks.
Besides its interaction with PCNA, p21Cip1 forms complexes
with cyclins and Cdks and can inhibit Cdk activity (26). In close
proximity to the Akt-dependent phosphorylation site Thr 145,
p21Cip1 contains a cyclin-binding motif (Cy2), which has been
reported to play an important role in the Cdk inhibitory func-
tion of p21Cip1 (7). To explore the potential regulation of
p21Cip1-Cdk complex formation by Akt-mediated p21Cip1

phosphorylation, we characterized Cdk2 and Cdk4 binding to
various p21Cip1 constructs by coimmunoprecipitation studies.
Simulation of p21Cip1 phosphorylation at Thr 145 (T145D)
reduced Cdk2 binding in endothelial cells by 59% 6 15% (Fig.
5A) and affected complex formation with Cdk4 to a minor
degree (Fig. 5B), whereas both p21 wt and the T145A con-
struct complexed with Cdk2 and Cdk4 to similar extents (Fig.
5).

In addition to direct binding of Cdks by complex formation,
p21Cip1 affects Cdk function by promoting the assembly of
D-type cyclins with Cdk4 (30), thereby activating these Cdks
(8). We therefore analyzed the effect of Thr 145 phosphoryla-
tion of p21Cip1 on the regulation of cyclin D-Cdk4 assembly.
Interestingly, overexpression of p21 wt leads to an increase in
cyclin D protein levels (Fig. 6A). Accordingly, in cells overex-
pressing p21Cip1 the amount of cyclin D complexed with Cdk4
was increased, as assessed by immunoblot analysis of Cdk4-
immunoprecipitates with an antibody against cyclin D (Fig. 6A
and B). The Akt–phospho-mimetic p21Cip1 T145D construct
induced no further increase in cyclin D-Cdk4 assembly. How-
ever, prevention of p21Cip1 phosphorylation by Akt in cells
transfected with the p21Cip1 T145A construct resulted in a
significant decrease in cyclin D-Cdk complex formation (Fig.
6A and B). Overexpression of the p21Cip1 T145D and T145A
constructs had no effect on cyclin E-Cdk2 assembly (data not
shown).

We then examined whether the observed modulation of
Cdk2 binding and cyclin D-Cdk4 complex formation by Akt-
dependent phosphorylation of p21Cip1 does indeed change
Cdk activity. Overexpression of p21Cip1 significantly reduced
the kinase activity of Cdk2 (35% 6 6% of vector-transfected
cells; P , 0.001). However, cells transfected with the Akt–
phospho-mimetic p21Cip1 T145D construct displayed reduced
inhibition of Cdk2 activity compared to cells overexpressing
either p21 wt or the p21Cip1 T145A construct (Fig. 6C). p21Cip1

overexpression also inhibited the kinase activity of Cdk4,
though to a lesser extent than Cdk2 (data not shown). How-
ever, no difference in Cdk4 activity was determined by com-
paring the different p21 contructs (data not shown). Taken
together, Akt-dependent phosphorylation of p21Cip1 amelio-
rates the Cdk2 inhibitory function of p21Cip1, presumably by
interfering with p21Cip1-Cdk2 complex formation, whereas
Cdk4 activity remained unchanged.

Thr 145 phosphorylation and subcellular localization of
p21Cip1. Since the nuclear translocation sequence of p21Cip1 is
localized within the PCNA binding site, we tested whether the
functional effects of Akt-dependent p21Cip1 phosphorylation
on PCNA and Cdk binding may be caused by an effect on the
subcellular localization of p21Cip1. Immunocytochemical stain-
ing of endothelial cells demonstrates that p21 wt, the nonphos-
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phorylatable T145A, and the phospho-mimetic T145D con-
struct localize to both the nucleus and the cytoplasm (Fig. 7A).
About one-third of the cells revealed strong cytoplasmic stain-
ing of p21Cip1, whereas a predominant nuclear localization was
detected in 70% of the endothelial cells (Fig. 7A). The num-
bers of cells with cytoplasmic staining were similar in cells

expressing p21 wt, T145A, and T145D (Fig. 7A and data not
shown). Immunoblot analysis of subcellular fractions confirms
that p21Cip1 is indeed located in the cytoplasm as well as in the
nucleus (Fig. 7B). Interestingly, protein levels of the phospho-
mimetic p21Cip1 T145D construct appeared even slightly
higher in the nuclear fraction than p21 wt and the T145A

FIG. 4. Regulation of PCNA binding by Akt-dependent phosphorylation of p21Cip1. (A) Coimmunoprecipitation of p21Cip1-PCNA complexes.
myc-tagged p21Cip1 constructs were expressed in COS-7 cells and immunoprecipitated (IP) with an anti-myc antibody followed by Western blotting
(WB) against PCNA (n 5 4 different experiments). (B) Endogenous PCNA was immunoprecipitated from COS-7 cells overexpressing the various
myc-tagged p21Cip1 constructs followed by Western blot analysis using an anti-myc antibody (n 5 3). (C) COS-7 cells were cotransfected with
myc-tagged p21Cip1 and vector, active Akt (T308D/S473D), or kinase-inactive Akt (K179 M). Then, PCNA was detected by immunoblot analysis
of anti-myc immunoprecipitates (n 5 3). (D) COS-7 cells were transfected with p21Cip1 constructs mutated at Thr 145 and/or Ser 146. Again,
endogenous PCNA was detected from anti-myc immunoprecipitates. Right lane, anti-myc antibody without cell lysate. Expression of p21Cip1

constructs and endogenous PCNA is shown in the lower panels (A through D). Similar results were obtained using HUVEC.
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construct, such that both localize in almost equal amounts to
the nuclear and cytoplasmic fractions (Fig. 7C). Consistently,
the PI3K inhibitor Ly294002 decreases the protein amount of
endogenous p21Cip1 in the nuclear fraction, whereas cytoplas-
mic p21Cip1 levels remain largely preserved (data not shown).
Active Akt mainly localizes to the nucleus of endothelial cells
under serum-containing conditions, thus confirming data that
were obtained with another cell type (2), with no difference
between cells overexpressing the various p21Cip1 constructs
(Fig. 7D). These data suggest that, in endothelial cells, Akt-
mediated phosphorylation modulates the cell cycle regulatory
functions of p21Cip1 not via promoting nuclear export and/or
interfering with the nuclear translocation of p21Cip1, but rather
via inducing a conformational change of the C terminus of
p21Cip1 following Thr 145 phosphorylation.

PI3K-Akt-dependent regulation of endothelial cell cycle pro-
gression. Since Akt-dependent phosphorylation interferes with
the cell cycle regulatory functions of p21Cip1, we explored the
functional consequences of p21Cip1 phosphorylation by Akt on
cell cycle progression of endothelial cells. In the presence of
serum, about 13% of endothelial cells are in S phase (Fig. 8A
and B). The PI3K inhibitor Ly294002 significantly reduced the
percentage of cells in S phase to about 5% (Fig. 8A and B),
which is similar to the effect of serum starvation (Fig. 8B).
Thus, PI3K-dependent mechanisms are involved in the regu-
lation of endothelial cell proliferation. To assess the contribu-
tion of Akt kinase to cell cycle progression, endothelial cells
were cotransfected with GFP and various Akt constructs, GFP-
positive cells were isolated by FACS, and proliferating cells
were identified by immunostaining against the proliferation-
associated antigen Ki67, which is only expressed in active
phases of the cell cycle, but not in G0 phase (39). Overexpres-
sion of active Akt increased endothelial cell proliferation and,
importantly, almost entirely compensated for serum depletion-
induced cell cycle arrest (Fig. 8D). Consistently, the dominant

negative Akt construct markedly suppressed endothelial cell
proliferation (Fig. 8D). Proliferation assessment by the BrdU
incorporation assay revealed similar results (active Akt, 187%
6 0.5%, and dominant negative Akt, 59% 6 0.6%, compared
to vector-transfected cells). These data demonstrate that the
PI3K/Akt pathway plays an important role in the regulation of
endothelial cell cycle progression.

Effect of p21Cip1 Thr 145 phosphorylation on endothelial
cell proliferation. To examine the specific contribution of
p21Cip1 phosphorylation, we cotransfected endothelial cells
with GFP and either p21 wt or the mutated constructs and
analyzed endothelial cell proliferation in GFP-positive cells.
Overexpression of p21 wt led to a minor reduction of cell
proliferation (Fig. 9A). In contrast, the Akt–phospho-mimetic
p21Cip1 construct (T145D) induced an increase in the number
of proliferating cells, whereas the nonphosphorylatable p21Cip1

construct (T145A) further reduced endothelial cell prolifera-
tion to levels similar to those caused by serum withdrawal or
the effect of the dominant negative Akt construct (Fig. 9A).
Similarly, inhibition of PI3K with Ly294002 inhibited prolifer-
ation in cells transfected with p21 wt but not in cells that were
overexpressing p21Cip1 T145D. In accordance with the cell
cycle effects, cells overexpressing the T145D construct showed
no significant decrease in Cdk2 kinase activity in response to
Ly294002 treatment, and these cells were largely resistant to
pRb dephosphorylation when compared to p21 wt (Fig. 9B).
Then, we analyzed whether Akt-dependent phosphorylation of
p21Cip1 mediates the proliferative effects of PI3K. In p21 wt-
transfected cells, Ly294002 treatment markedly reduced the
number of Ki67-positive endothelial cells, whereas cells trans-
fected with the phospho-mimetic p21Cip1 T145D construct are
partially resistant to the cell cycle arrest induced by Ly294002
or serum depletion (Fig. 9A and data not shown). Similar
results were obtained when proliferation was assessed by BrdU
incorporation. To examine whether the proliferative effect of
Akt indeed depends on p21Cip1, endothelial cells were trans-
fected with p21Cip1 antisense oligonucleotides to inhibit endog-
enous p21Cip1 expression (Fig. 9C). p21Cip1-depleted cells dis-
played significantly increased proliferation, as detected by
BrdU incorporation (Fig. 9D), consistent with a recent report
of a similar effect in p21Cip1-null hematopoietic stem cells (9).
To assess the dependency of Akt-induced cell proliferation on
the availability of p21Cip1, cells were simultaneously trans-
fected with sense or antisense oligonucleotides to p21Cip1,
GFP, and Akt or mock transfected, and transfected cells were
isolated by fluorescence sorting. Cotransfection of Akt stimu-
lated the proliferation of p21Cip1 sense-transfected endothelial
cells, whereas p21Cip1-deficient cells were not responsive to
Akt-induced cell proliferation but showed even decreased pro-
liferation when Akt was overexpressed (Fig. 9D).

DISCUSSION

We have shown that Akt phosphorylates p21Cip1 specifically
at Thr 145 in vitro and in vivo, which results in the release of
PCNA from p21Cip1 and regulates the mode of Cdk inhibition
by p21Cip1. As a functional consequence, phosphorylation of
p21Cip1 abrogates the inhibitory effect of p21Cip1 on cell cycle
progression, thereby mediating the proliferative effect of Akt
signaling in endothelial cells.

FIG. 5. Effect of p21Cip1 phosphorylation at Thr 145 on Cdk bind-
ing. COS-7 cells were transfected with p21Cip1 constructs, and endog-
enous Cdk2 (A) or Cdk4 (B) was detected from anti-myc immunopre-
cipitates (IP) by immunoblot analysis (n 5 4 experiments). The
expression of the constructs is shown in the lower panel.
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The data of the present study provide evidence that Akt
specifically phosphorylates p21Cip1 at Thr 145 in vitro and in
intact cells. Akt overexpression leads to the incorporation of
32P into p21 wt, but not into the phosphorylation site-deficient
T145A construct. Moreover, serum-induced phosphorylation

of endogenous p21Cip1 was reduced by a PI3K inhibitor. These
data indicate that Akt can stimulate p21 phosphorylation at
Thr 145. However, a recent study by Scott et al. identified Thr
145 within p21Cip1 as a PKA phosphorylation site in an insect
cell line (40). Consistent with these data, Akt and PKA dis-

FIG. 6. Regulation of Cdk function by p21Cip1 phosphorylation at Thr 145. (A) Effect of p21Cip1 phosphorylation at Thr 145 on cyclin D-Cdk4
assembly. Endogenous cyclin D was detected in Cdk4 immunoprecipitates (IP) from HUVEC overexpressing the various Thr 145 constructs of
p21Cip1 (n 5 4). The lower panel shows endogenous cyclin D expression in HUVEC transfected with vector or p21Cip1 constructs. (B)
Densitometric analysis of cyclin D expression and binding to Cdk4 in p21Cip1-transfected HUVEC. Data are mean 6 SEM, n 5 4, *P , 0.05. (C
and D) Cdk2 kinase activity. Immunoprecipitated Cdk2 from HUVEC overexpressing p21Cip1 constructs was incubated with histone H1 as an in
vitro substrate. A representative autoradiograph is shown in panel C. The quantitative analysis is shown in panel D (n 5 4, *, P , 0.05 versus the
wild type). WB, Western blotting.
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played equal kinase activities towards Thr 145 in our in vitro
experiments. However, PKA inhibitors affected serum-induced
cell cycle progression in endothelial cells much less than the
PI3K inhibitor Ly294002 or overexpression of dominant neg-
ative Akt (S. Dimmeler, unpublished data).This suggests that,
in endothelial cells, Akt phosphorylation of Thr 145 of p21Cip1

represents a proliferation signal of potential physiological
and/or pathophysiological importance, whereas the functional
implications of PKA-dependent p21Cip1 phosphorylation re-
main to be defined.

PI3K-derived 39-phosphorylated phospholipids are capable
of activating a number of cellular signaling pathways, including
tyrosine kinases, GTPase-activating proteins for small G pro-
teins, and a variety of serine/threonine protein kinases such as
SGK and the p70 S6 kinase (36). Therefore, a PI3K-coupled
mechanism beyond Akt could account for the observed effects
of the PI3K inhibitor in endothelial cells. Although we dem-
onstrate that the PI3K-dependent kinases SGK and p70 S6
kinase display no kinase activity towards p21Cip1 in vitro, we
cannot formally rule out that other kinases downstream of Akt
mediate the phosphorylation as well as the biological effect of
p21Cip1 in response to PI3K-Akt-coupled stimuli in vivo.

Recognizing p21Cip1 as a phosphorylated protein implies the
possible existence of posttranslation mechanisms regulating
p21Cip1, the functional control of which was so far merely
attributed to the regulation at the transcriptional level. Post-
translational regulation has previously been reported to regu-
late protein stability of p21Cip1 and for another cell cycle in-
hibitor, p27Kip1 (21, 41, 42). Here we demonstrate that
phosphorylation of p21Cip1 at Thr 145 provides a novel regu-
latory mechanism to modulate p21Cip1 function by inducing the
release of PCNA from complexes with p21Cip1 and by regulat-
ing Cdk2 and Cdk4 complex formation and activity. A previous
study has shown that binding of the human papillomavirus type
16 E7 oncoprotein to a sequence overlapping with the PCNA
binding site of p21Cip1 interferes with the inhibition of PCNA-
dependent DNA replication by p21Cip1 (23). This suggests that
the release of PCNA from p21Cip1 enables PCNA to exert its
essential function for the process of DNA replication (44). In
addition, a broader spectrum of functions is mediated by
PCNA beyond DNA replication (for a review, see reference
44). Taking into consideration that p21Cip1 competes with the
endonucleases Fen1 and XPG as well as with the DNA methyl
transferase Dnmt1 for PCNA binding, these effects could po-

FIG. 7. Subcellular distribution of p21Cip1 in dependency on Thr 145 phosphorylation. (A) Immunostaining of human endothelial cells
transfected with p21 wt or the Thr 145 constructs. Immunocytochemistry was performed using anti-myc antibody and counterstained with DAPI
(n 5 4). Due to the limited transfection efficiency, not all cells reveal FITC staining. (B) Immunoblot analysis of p21Cip1 protein levels in the nuclear
versus cytoplasmic fraction of HUVEC overexpressing p21 wt and Thr 145 constructs. (C) Densitometric analysis of four individual experiments
as in panel B. Data are mean 6 SEM; *, P , 0.05 versus the wild type and T145A. (D) Relative subcellular distribution of Akt in nucleus and
cytosol of HUVEC transfected with p21Cip1 constructs or vector. A representative result of three individual experiments is shown. In the results
shown in panels B and D, immunoblots were reprobed with anti-topoisomerase antibody to verify separation of the nuclear fraction and as a
loading control. WB, Western blotting.
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tentially also be regulated by Akt-dependent phosphorylation
of p21Cip1 and warrant future investigations on this topic.

In contrast to the complete reversal of PCNA binding,
p21Cip1 phosphorylation at Thr 145 only partially inhibited
complex formation with Cdk2 and Cdk4 (Fig. 5). This is con-
sistent with previous findings showing that both the cyclin
inhibitory sites Cy1 and Cy2, which are located at the N- and
C-terminal parts of p21Cip1, respectively (Fig. 1), are necessary
for the complete inhibition of Cdk binding (7). Still, the phos-
pho-mimetic mutation of Thr 145 markedly ameliorated the
Cdk2 inhibitory activity of p21Cip1. Also, overexpression of the
p21Cip1 Thr 145 construct in endothelial cells is associated with
a less-compromised phosphorylation of the in vivo Cdk2 sub-
strate, pRb, compared to p21 wt. This suggests that Thr 145

phosphorylation of p21Cip1 has a dual effect on the cell cycle:
liberation of PCNA to fulfill its task for DNA replication plus
reduction of the amount of inactivated Cdks to manage G0/
G1/S-phase transition processes. As the underlying molecular
mechanism, growth factor-induced Akt-dependent phosphor-
ylation of p21Cip1 at Thr 145 may induce a conformational
change of the PCNA and cyclin-binding domain to modulate
the cell cycle inhibitory effects of p21Cip1. Alternatively, Thr
145 phosphorylation of p21Cip1 may create binding sites for
other proteins competing with PCNA and/or Cdk binding.

The inhibition of serum-induced endothelial cell cycle pro-
gression by overexpression of a dominant negative Akt con-
struct demonstrates a key role for Akt in the regulation of
human endothelial cell proliferation. Consistently, stimulation

FIG. 7—Continued.
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of the PI3K/Akt pathway was previously shown to promote cell
cycle progression in other cell types (15, 24, 33, 34). Interest-
ingly, simulation of phosphorylation of p21Cip1 at Thr 145 not
only reduces its cell cycle inhibitory effect but even slightly

stimulates cell cycle progression. This observation could help
to explain the surprising finding that platelet-derived growth
factor, a potent activator of the PI3K/Akt pathway, does re-
quire the presence of p21Cip1 to stimulate vascular smooth

FIG. 8. Regulation of endothelial cell proliferation by the PI3K/Akt pathway. (A and B) Serum-stimulated HUVEC were incubated with the
PI3K inhibitor Ly294002 (10 mM) or starved for 24 h in serum-free medium plus 1% bovine serum albumin. Cell cycle phases were detected by
FACS (data are mean 6 SEM; n 5 4). (C) HUVEC were incubated with Ly294002 (10 mM) for 24 h, and cell proliferation was assessed by
measuring BrdU incorporation via enzyme-linked immunosorbent assay (data are mean 6 SEM; n 5 4). (D) HUVEC were cotransfected with
GFP (1 mg) and the respective pcDNA3.1 constructs (2 mg) and incubated for 20 h. During the last 12 h, cells were starved in FCS-free medium
plus 1% bovine serum albumin. GFP-positive cells were isolated, and proliferating endothelial cells were identified by immunostaining against the
proliferative marker protein Ki67. Nuclei were counterstained with DAPI. Ki67-positive cells were counted, and values were calculated as the
number of Ki67-positive cells/the number of DAPI-stained nuclei 3 100 (data are mean 6 SEM; n 5 3).
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FIG. 9. Effect of p21Cip1 Thr 145 phosphorylation on endothelial cell proliferation. (A) HUVEC were cotransfected with GFP (1 mg) and the
respective pcDNA3.1 constructs (2 mg) and incubated for 20 h. Then, cells were treated with Ly294002 (10 mM) for 12 h. GFP-positive cells were
isolated by FACS, and proliferative endothelial cells were identified by immunostaining against the proliferative marker protein Ki67 (data are
mean 6 SEM; n 5 3 to 4). (B) (Top) Western blot analysis (WB) of pRb phosphorylation in intact cells; the upper band corresponds to
hyperphosphorylated pRb and the lower band corresponds to hypophosphorylated pRb in HUVEC overexpressing p21 wt or T145D in the absence
or presence of Ly294002. In the second panel from the top, expression of p21Cip1 constructs is shown; in the third panel, an autoradiograph of in
vitro-phosphorylated pRb in a Cdk2 kinase assay is shown. The bottom panel shows a Western blot of Cdk2 immunoprecipitates from the
respective lysates. (C) HUVEC were transfected with p21Cip1 antisense or sense oligonucleotides, and p21Cip1 protein expression was detected by
Western blot analysis using an antibody against endogenous p21Cip1. A representative blot of three individual experiments is shown. (D) Effect of
Akt in p21Cip1 antisense-transfected HUVEC that were cotransfected with p21Cip1 antisense or sense oligonucleotides, GFP, and active Akt
(T308D/S473D) or vector. Eighteen hours after transfection, the proliferation of GFP-positive cells was assessed by BrdU staining, followed by
counterstaining with DAPI. Representative photomicrographs are shown (data are mean 6 SEM, n 5 3; P , 0.05 versus p21 sense plus vector).
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muscle cell proliferation (47) as well as seemingly paradoxical
pro-proliferative effects of p21Cip1 revealed by knockout stud-
ies, in which cytokine treatment reduced rather than stimu-
lated the proliferation of p21Cip1-null cells (9, 31). Our findings
that Akt did not additionally stimulate proliferation of p21Cip1

antisense-transfected cells confirm these data. Previous studies
of the mechanisms by which the PI3K/Akt pathway controls
proliferation have focused on cell cycle regulators other than
p21Cip1. As illustrated in Fig. 10, Akt was shown to transcrip-
tionally down-regulate p27Kip1 expression by inhibition of
Forkhead transcription factors and to stabilize cyclin D protein
levels via glycogen synthase kinase 3b inhibition (15, 24, 33,
34). Therefore, Akt appears to affect additional signaling path-
ways, which in concert regulate cell cycle progression (Fig. 10).
The importance of the individual signaling pathway may de-
pend on the specific cell type examined and the stimulus used
for induction of proliferation. In addition, the cellular differ-
entiation status importantly determines the differential activa-
tion of downstream signaling pathways (49).

Accumulating evidence indicates that Akt plays a key role in
angiogenesis regulation both in vitro and in vivo (17, 29).
Given that p21Cip1-null mice do not have an obvious endothe-
lial phenotype, the specific contribution of p21Cip1 phosphor-
ylation in mediating Akt-dependent endothelial cell prolifera-
tion in vivo has yet to be proven. However, the lack of an overt
endothelial phenotype in the absence of p21Cip1 under basal
conditions does not negate the potential importance of Akt-
dependent p21Cip1 phosphorylation in a disease model. In-
deed, recent studies of p21Cip1-null mice showed that p21Cip1 is
essential for the regulation of stem cell cycling (9) as well as for
the maintenance of progenitor cells (31). Since bone marrow-
derived endothelial progenitor cells importantly contribute to
neovascularization of ischemic tissue (3), Akt-mediated
p21Cip1 phosphorylation and functional modulation could con-
tribute to the mobilization and maintenance of endothelial
progenitor cells to warrant timely stem cell cycling. Indeed,
preliminary findings indicate that the PI3K/Akt pathway reg-
ulates endothelial progenitor cell number and is essential for
endothelial progenitor cell function (S. Dimmeler, unpub-
lished). However, further studies are required to investigate
whether p21Cip1-null mice are defective in the Akt-mediated
angiogenic response to ischemia.

During the preparation of the present manuscript, we no-

ticed the electronic prepublication of Zhou and coworkers that
characterizes the interaction of Akt and p21Cip1 in cancer cells
(48). To a large proportion, the results of Zhou et al. are in
consistence with our data on the specific phosphorylation of
p21Cip1 Thr 145 by Akt as well as the functional importance of
p21Cip1 phosphorylation for the proliferative effect of Akt ki-
nase. However, in contrast to fibroblasts and cancer cells used
in that study, in endothelial cells Akt-mediated phosphoryla-
tion does not induce cytoplasmic relocalization of p21Cip1,
which Zhou et al. postulated as the underlying mechanism for
Akt-mediated proliferation.

In summary, we show that the PI3K/Akt pathway is in ad-
dition to the established survival function also involved in the
regulation of endothelial cell cycle progression. Phosphoryla-
tion of p21Cip1, therefore, mediates at least in part the prolif-
erative effect of Akt. We provide evidence that the functional
modulation of p21Cip1 by Akt-dependent phosphorylation in-
volves major alterations in PCNA binding and Cdk complex
assembly. These findings characterize a novel pathway by
which Akt regulates endothelial cell proliferation.
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