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Cell cycle progression requires changes in the activity or levels of a
variety of key signaling proteins. G protein-coupled receptor kin-
ase 2 (GRK2) plays a central role in G protein-coupled receptor
regulation. Recent research is uncovering its involvement in addi-
tional cellular functions, but the potential role of GRK2 in the cell
cycle has not been addressed. We report that GRK2 protein levels
are transiently down-regulated during the G2/M transition by a
mechanism involving CDK2-mediated phosphorylation of GRK2 at
Serine670, which triggers binding to the prolyl-isomerase Pin1 and
subsequent degradation. Prevention of GRK2 phosphorylation at
S$670 impedes normal GRK2 down-regulation and markedly delays
cell cycle progression. Interestingly, we find that endogenous GRK2
down-regulation is prevented on activation of the G2/M checkpoint
by doxorubicin and that stabilized GRK2 levels in such conditions
inversely correlate with the p53 response and the induction of
apoptosis, suggesting that GRK2 participates in the regulatory net-
work controlling cell cycle arrest and survival in such conditions.
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Cellular proliferation is regulated by specific membrane
receptors, including receptor-tyrosine kinases and G protein-
coupled receptors (GPCRs), among others. GPCRs initiate a
variety of intracellular signaling cascades that can modulate cell
division (1) involving both G protein-dependent and independ-
ent mechanisms. Regarding the latter, G protein-coupled
receptor kinases (GRKSs) and p-arrestins, first identified as key
molecules involved in the agonist-induced desensitization of
multiple GPCRs, are emerging as alternative signal transducers
with a direct or potential impact on cell growth and proliferation.
Whereas p-arrestins can bring different signaling molecules into
the receptor complex, (reviewed in ref. 2) a growing number of
non-GPCR substrates and interacting proteins are being identi-
fied for GRKs, particularly for the ubiquitous GRK2 isoform.
These include PDGF and EGF receptors, and a variety of pro-
teins involved in pathways controlling cell migration and pro-
liferation, such as p110-PI3K, p38Mapk, GIT, MEK, or AKT
(3). Consistently, GRK2 expression has been reported to have
distinct impacts on cell proliferation, depending on both the cell
type and the mitogenic stimuli analyzed. GRK2 inhibits TGF-
mediated cell growth arrest and apoptosis in human hep-
atocarcinoma cells (4). On the other hand, GRK2 attenuates
thyroid stimulating hormone- and PDGF-dependent pro-
liferation of thyroid cancer cell lines (5) and smooth muscle cells
(6), respectively, whereas it increases mitogenic signaling path-
ways in response to EGF in osteoblasts (7) or upon activation of
the Smoothened receptor in fibroblasts (8). Increased GRK2
levels also potentiate migration of epithelial cells toward fibro-
nectin and sphingosine-1-phosphate (9).

Interestingly, in addition to its reported alteration in car-
diovascular and inflammatory pathologies (3, 10), emerging data
indicate changes in GRK2 expression in certain tumors (11). The
fact that general but not cardiac-specific GRK2 knockout mice
are embryonic lethal (12) further supports the notion that this
protein could play a central, general role in key cellular processes
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as proliferation or migration. However, the potential involve-
ment of this kinase in the cell cycle has not been addressed.
Given that the control of the turnover of key kinases throughout
the cell cycle represents a major regulatory mechanism in cell
proliferation (13), we have explored whether GRK2 expression
was modulated during this process. We report that phosphor-
ylation of GRK2 by cyclin-dependent kinase 2 (CDK2) and
subsequent interaction with the Pinl prolyl-isomerase promotes
its transient down-regulation in the G2 phase, and that this event
is critical for adequate cell cycle progression and control.

Results
GRK2 Levels Are Dynamically Regulated Through the Cell Cycle.
GRK?2 protein levels were analyzed in HeLa cells arrested at
G1/S and released synchronously into the cell cycle (Fig. S14).
GRK?2 levels gradually declined over time during G2 progression,
attaining a maximal reduction of 58 + 7% 10 h after release from
the block (Fig. 14). GRK2 down-regulation was coincident with
cyclin Bl accumulation, which peaks at mitosis (10-12 h after
release). Consistently, GRK2 expression was also markedly re-
duced in HeLa cells upon nocodazol treatment (Fig. 1B). GRK2
protein levels were rapidly restored when cells progressed through
mitosis and entered into G1, whereas cyclin B1 protein was actively
degraded (Fig. 14). Importantly, a similar pattern of GRK2 ex-
pression changes during the cell cycle was observed in primary
human endothelial cells (HUVEC) (Fig. S1B), thus stressing the
notion that the transient down-regulation of GRK2 levels at G2/M
is a general physiological process. Translational shut-off experi-
ments indicated that GRK2 down-regulation was reflecting changes
in its degradation rate during cell cycle progression (Fig. S24).
Proline-directed phosphorylation plays a key role in the reg-
ulation of the stability and activity of several cell-cycle regulators
(14, 15). We have previously shown that phosphorylation of
GRK2 at residue S670 by MAPK enhances its proteasome-
dependent degradation (16). Phosphorylation of GRK2 at S670
was clearly detected throughout the S phase and G2, followed by
a sharp decrease at G2/M transition and during mitosis (Fig. 1C
and Fig. S2B). A similar apparent inverse correlation between
GRK?2 levels and phospho-S670 status was observed in primary
HUVEC cells (Fig. S1B). However, the pattern of MAPK acti-
vation during the cell cycle does not correlate well with that of
GRK2-S670 phosphorylation (Fig. S2C) (17, 18). Furthermore,
the fact that GRK2 down-regulation in G2/M occurs normally in
the absence of p-arrestins (Fig. S34), the scaffold function of
which is instrumental for the MAPK-dependent degradation of
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Fig. 1. Transient GRK2 down-regulation during G2 progression. HelLa cells were either synchronized at the G1/S boundary and released into the cell cycle for
the indicated times (A) or incubated in the absence (I) or presence (M) of nocodazol to block cells in mitosis (B). Cell lysates were subjected to immunoblot
analysis to determine GRK2 and cyclin B1 levels, and either CDK1 or actin expression as a control of equal protein loading. In A, GRK2 levels were normalized
for CDK1 expression and depicted as percentage of expression at 0 h. Data are mean + SEM of five independent experiments. *, P < 0.05; ***, P < 0.001 when
compared to values at 0 h. (C) Analysis of the phosphorylation status of GRK2 at S670 in the G2 phase. Cell lysates from HeLa cells progressing through the cell
cycle as in A were analyzed using a phospho-specific anti-pS670 GRK2 antibody followed by a polyclonal anti-GRK2 antibody after membrane stripping, and
actin expression used as loading control. Normalized total GRK2 levels (fold vs. 0 h) are shown above the gel. (D) CDK2 mediates GRK2 down-regulation.
Cellular lysates of wild-type and CDK2-deficient mouse embryonic fibroblasts (MEFs) synchronously cycling after G1/S arrest were analyzed for GRK2 and
pY15-CDK1 levels or actin as loading control. (E and F) GRK2 is phosphorylated by CDK2. Recombinant GRK2 was incubated for 15 min in the absence
(autophosphorylation control) or presence of purified CDK2-cyclin A with or without heparin under phosphorylation conditions as described in S/ Materials
and Methods, followed by SDS/PAGE and autoradiography. (G) GRK2 is phosphorylated on serine 670 by CDK2-cyclin A. Recombinant GRK2 was incubated
with CDK2 or vehicle as in E, and subjected to immunoblot analysis with a phospho-specific anti-pS670 GRK2 antibody. Blots were then stripped and probed

with a polyclonal anti-GRK2 antibody. Gels representative of three to four independent experiments are shown in all panels.

GRK?2 (16), strongly suggested the involvement of a different
proline-directed kinase. Interestingly, GRK2 down-regulation
was abrogated in the presence of GW8510 (Fig. S3B), a specific
inhibitor of CDK2, the more active cyclin-dependent kinase in S
and G2 phases (14). Consistently, CDK2-deficient mouse
embryonic fibroblasts (MEFs) displayed an increased GRK2
stability compared to control cells (Fig. S3C) and normal GRK2
down-regulation during the cell cycle was blocked (Fig. 1D),
further pointing to a role for CDK2 in such process.

CDK2-Cyclin A Phosphorylates GRK2 at Residue $670. In vitro kinase
assays carried out with purified proteins revealed that GRK2 is
clearly phosphorylated over its basal autophosphorylation levels in
the presence of CDK2-cyclinA (Fig. 1E), and robust phosphor-
ylation was observed also after addition of the GRK2 inhibitor
heparin (Fig. 1F and Fig. S44), thus ruling out an allosteric effect
of CDK2/cyclinA on GRK2 autophosphorylation. A detailed
kinetic analysis indicated that GRK2 was readily phosphorylated
by CDK2 with an apparent K,,, of ~8 nM (Fig. S4B).

Sequence analysis and in vitro phosphorylation experiments
with GST-GRK?2 fusion proteins pointed to S670 as the main
phospho-acceptor residue (Fig. S4C). To further confirm this
point, GRK2 phosphorylated by CDK2 was analyzed with the
phosphoS670-specific antibody. The presence of CDK2 clearly
enhances the extent of recognition by such antibody in an in vitro
kinase assay (Fig. 1G) and upon cellular coexpression of GRK2
and CDK?2 (Fig. S4D), whereas GRK2-S670 phosphorylation was
markedly reduced in CDK2-deficient MEFs during cell cycle
progression (Fig. S4E). Taken together, our data demonstrate
that CDK2 directly phosphorylates GRK2 on residue S670 in
vitro and in a cellular context.

Binding of Pin1 to GRK2 Phosphorylated at Ser670 Regulates Kinase
Turnover. Phosphorylation by proline-directed kinases has been
shown to create an optimal binding site for Pin1, a prolyl-isomerase
that specifically catalyzes the cis-trans conformational conversion
of phosphorylated S/T-proline bonds in many phospho-proteins
(15). Pin1 is known to interact with cellular phospho-proteins in
several phases of the cell cycle (17), including G2 and the G2/M
transition, when GRK2 is actively phosphorylated and down-
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regulated. We found (Fig. S5 A and B) that GRK2 directly inter-
acted, in a phospho-dependent manner, with the Pinl family
domain responsible for the phosphorylation-dependent recog-
nition of its targets (15).

Interestingly, pulse-chase assays in cells growing asyn-
chronously indicated (Fig.24) that Pin1 overexpression markedly
enhanced degradation of wild-type GRK2 (33 + 4% of GRK2
protein remaining at 1 h of chase versus 52 + 4% in the absence
of Pinl overexpression, P < 0,001) by a proteasome-dependent
pathway (Fig. S5C). Inhibition of either MAPK or CDK path-
ways attenuated Pinl-enhanced GRK2 degradation, whereas the
combined inhibition of both kinases completely abrogated the
Pin1 effect. Moreover, the turnover of a kinase mutant unable to
be phosphorylated at S670 (GRK2-S670A) was unaffected by
Pinl (44 + 4% and 51 + 6% of protein remaining at 1 h of chase
with and without extra Pinl, respectively) (Fig. 24). To further
confirm the specificity of the Pinl-dependent modulation of
GRK?2 stability, we examined the effect on GRK2 turnover of
Pinl mutants (18) that either fail to catalyze isomerization of the
pSer/Thr-Pro bond (Pin1-C109A) or to recognize pSer/Thr-Pro
motifs (Pinl-Y23A), as both activities are normally required for
Pinl functionality (19). In contrast to wild-type Pinl, neither
Pinl mutant was able to increase GRK2 degradation (Fig. 2B).

Interestingly, the rate of endogenous GRK2 degradation cor-
related with the cellular content of Pinl. Pinl is overexpressed in
human breast cancer and in malignant mammary epithelial cells
(20). GRK2 protein decay rate was high in transformed mammary
cell lines compared with nontransformed cells (Fig. 2C). Such
accelerated GRK2 turnover in MCF7 and MB-MDA-468 cells
correlates with elevated levels of Pinl and a higher steady-state
phosphorylation of GRK2 at residue S670 (Fig. 2C). In contrast,
the half-life and the steady-state expression of GRK2 were
increased in MEFs lacking Pinl compared to control cells (Fig. S5
D and E). In a cell-cycle context, absence of Pinl expression (Fig.
2D and Fig. S5F) or pharmacological inhibition of Pinl activity
(Fig. S5G) prevented the normal down-regulation of endogenous
GRK2 during G2 progression. Overall, our results strongly sug-
gested that Pinl was a physiological, phosphorylation-dependent
modulator of GRK?2 stability.
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Fig. 2.

Pin1 modulates GRK2 stability. (A) Pin1 overexpression promotes degradation of GRK2 in a phosphorylation-dependent manner. HEK-293 cells were

transiently cotransfected with either wt-GRK2 or GRK2-5670A and Pin1 or empty vector, in the absence or presence of MEK1/ERK (PD98059) and CDK (olomoucine)
inhibitors as indicated in the figure. The turnover of GRK2 proteins was assessed by pulse-chase experiments as described in S/ Materials and Methods. (B) Both the
ability of Pin1 to interact with phosphorylated proteins and the prolyl-isomerase activity are required for modulating GRK2 stability. GRK2 turnover was analyzed in
HEK-293 cells cotransfected with Pin1-wt or mutants displaying impaired phospho-protein binding (Pin1-Y23A) or catalytic function (Pin1-C109A). In A and B,
comparable expression levels of GRK2 and Pin1 constructs was assessed in cell lysates by immunoblotting. (C) Pin1 levels correlate with endogenous GRK2 deg-
radation rate. Turnover of endogenous GRK2 was assessed in transformed (MCF7 and MDA-MB468) and nontransformed (MCF10A and 184B5) mammary epithelial
cells. Levels of Pin1, total ERK1/2, and of activated phospho-ERK1/2 were determined in cellular lysates by immunoblotting, while the relative extent of phospho-
S670-GRK2 was analyzed in GRK2 immunoprecipitates. (D) GRK2 down-regulation in the G2 phase is prevented in cells lacking Pin1 expression. Cell lysates from
synchronized wild-type and Pin1-deficient MEFs were subjected to immunoblot analysis with anti-GRK2, anti-actin and anti-pY 15-CDK1 antibodies. Data in all
panels are the mean + SEM of three to four independent experiments. *, P < 0.05; **, P < 0.01 for the indicated comparisons. Representative gels are shown.

GRK2 Phosphorylation at Ser670 Is Critical for GRK2 Down-Regulation
During G2 Phase and for Adequate Cell Cycle Progression. To spe-
cifically explore whether CDK2-induced, Pinl-mediated down-
regulation of GRK2 during the cell cycle was a functionally
relevant regulatory event, we generated different HeLa cells
transfectants (Fig. S64) stably overexpressing wild-type GRK2,
the GRK2 mutant unable to be phosphorylated at S670 (GRK2-
S670A) or a mutant mimicking such modification (GRK2-
S670D). In cells overexpressing similar levels (3-fold over
endogenous protein) of wild-type kinase (HeLa-wt3 line) or the
S670D mutant (HeLa-D10 line), GRK2 levels fluctuate during
the cell cycle (Fig. 34), as does the endogenous kinase in
parental HeLa cells. In contrast, the levels of the GRK2-S670A
mutant, again expressed at comparable amounts (HeLa-A3 line)
remained essentially constant through the cell cycle. As an
additional approach, HeLa cells were stably transfected with a C-
terminal construct of GRK2 (aa 436-689) to compete the
interaction of CDK2 and Pinl with the endogenous GRK2.
Expression of this construct inhibits GRK2-S670 phosphor-
ylation and also prevents down-regulation of the protein during
cell cycle progression compared to mock-transfected cells (Fig.
3B). Interestingly, the interaction of endogenous GRK2 with
GST-Pinl detected upon G2 arrest with etoposide is blocked in
this condition (Fig. 3C and Fig. S6B), as is also the case for the
GRK2-S670A mutant (Fig. S6C). A similar defective GRK2/
Pinl interaction was also observed in MEFs lacking CDK2 upon
G2 blockade (Fig. S6D). Overall, these results indicated that
phosphorylation of GRK2 at residue S670 is critical to drive Pinl
binding in situ and subsequent down-regulation.

Importantly, GRK2-S670A stabilization during cell cycle was
accompanied by the absence of cyclin B1 accumulation at G2/M
transition, while levels of this cyclin were normally enhanced in
HeLa-wt3 (Fig. 3D). Similar defects in cyclin B1, as well as in the
activation of the mitotic CDK1, were observed in HeLa-A3 cells
arrested at mitotic prometaphase (Fig. SOE). Stabilization of
endogenous GRK2 triggered by the GRK2-436-689 construct
also delays CDK1 activation (Fig. 3E).

Overall, these results strongly suggested that CDK2 and Pin-
mediated GRK2 down-regulation would be needed for the adequate
progression of the cell cycle. We therefore compared the pro-
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liferation rate of parental HeLa cells with that of transfectants
expressing wild-type GRK2, GRK2-S670A, or GRK2-S670D at dif-
ferent levels. Expression of extra wild-type GRK2 or GRK2-S670D
did not significantly alter cell proliferation, whereas GRK2-S670A
had a marked inhibitory effect (Fig. 44). The impaired proliferation
of these cells was also confirmed by a lower *H-thymidine uptake
through the S phase (Fig. 4B), which indicates a deficit in cell cycle
progression. It is worth noting that a similar trend in cell pro-
liferation was observed in HeLa cells stably expressing comparable
levels of GRK2-K220R, a catalytically inactive GRK2 mutant (Fig.
S7 A-C). Interestingly, this mutant, previously reported to display
an intrinsically retarded degradation compared to the wild-type
kinase and a deficient S670 phosphorylation-dependent turnover
(16, 21), also fails to be down-regulated in G2 (Fig. S7D). In con-
trast, knock-down of endogenous GRK2 levels in HeLa cells leads
to an early cyclin B expression and CDK1 activation (Fig. S84 and
B). Thus, timely attenuation of GRK2 levels/functionality below a
certain threshold is mandatory for an efficient cell cycle progression
in HelLa cells.

We next assessed the kinetics of cell cycle progression by flow
cytometry analysis of DNA content. HeLa-A3 cells displayed a
markedly delayed G2/M transition and a postponed G1 re-entry,
as compared to control HeLa cells without signs of enhanced
apoptosis, thus leading to a lengthening of the cell cycle (Fig.4C).
Consistently, HeLa-A3 cells growing asynchronously displayed a
notable accumulation of cells with a 4n DNA content (52% of
the cellular population) in contrast to control HeLa or HeLa-wt3
cells (32% and 28%), respectively) (Fig. S8C), which suggests that
impairment of GRK2 degradation at G2 phase promotes an
inefficient cell cycle progression rather than a cell cycle arrest.

Activation of the G2/M Checkpoint Prevents GRK2 Down-Regulation.
Because activation of CDK2 is physiologically prevented at G2
phase upon DNA damage-induced cell arrest (22), we analyzed
GRK2 levelsin HeLa cells upon activation of the G2/M checkpoint
by the DNA-damaging agent doxorubicin. The down-regulation of
endogenous GRK2 protein that takes place in G2 during “normal”
cell cycle progression was inhibited in doxorubicin-treated cells
(Fig. 54), consistent with the doxorubicin-induced decrease in
GRK2-S670 phosphorylation (Fig. 5B). Such GRK2 stabilization

Penela et al.


http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig06
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig06
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig06
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig06
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig06
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig07
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig07
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig07
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig08
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig08
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=sfig08
http://www.pnas.org/cgi/data/0905778107/DCSupplemental/Supplemental_PDF#nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.0905778107

L T

\

BN AS  PNAS D)

A Time after

0 2 4 6 8 10 12 14 release (hr) = BHela-GRK2 36 ¢4
GRK2 | Hok W Hela-Ctrl
———————— |- |
Hela A3 ! | i ﬁ |_’c Time after release (hr)
[ —=<Actln 2= il B I 02 46 8101202 4 6 81012
35
| —— - "l‘GRKZ % s v = ’I v | m v |=GRK2,ge670
Hela D10 =l B N/ 4 [rewe ~] < GRK2
i ——— YT ge Y = V] U el LT Sy ————
: 2 A ;I T —
Helawiz| [ === = - —]<GRk2 0 2 4 6 8 10 12 —pEacpo HELA-ctrl
=¥ ——‘|<Actin Time after release (hr) - 436-689 -ctri
C KD: GST-Pin1__ GST _ Lysate input D Time after release (hr) 16 E:Etz'gﬁrzm-m . %
Bho/-388 E ] <GRKZseen0 02 468101214 _ g 18 :
™ . —<cRk2 [ < GRK2 ~<CyclinB1 & 7
T F -+ - + - Eto ; Hela A3 K
Sl ==
. s < 23
o g ¢ o o 2808
P P \e@\@,o 3 02
R 0 4
0 2 4 6 8 10 12
Time after release
(hr)

Fig.3. Phosphorylation at Ser670 is required for GRK2 down-regulation and for proper cyclin B induction and CDK1 activation during G2/M progression. (A)
GRK2 protein decay in G2 is absent in cells expressing GRK2-S670A. Cells expressing similar levels of extra GRK2-wt, GRK2-S670A, or GRK2-S670D were
synchronized at G1/S, released into the cell cycle and lysates collected at the indicated times to analyze GRK2 and actin protein levels. (B) The C-terminal
domain of GRK2 hampers S670 phosphorylation and down-regulation of endogenous GRK2. Cells stably expressing GRK2(436-689) or an empty vector were
synchronized as above and lysates analyzed with the indicated antibodies. GRK2 levels were normalized to the CDK1 loading control. *, P < 0.05 and **, P <
0.01, when compared to values at 0 h in each cell type; T, P < 0. 05, when compared to control Hela cells. (C) Interference of 5670 phosphorylation by
overexpression of the competitor construct GRK2,36 ¢g0 abrogates Pin1 binding to endogenous GRK2. HeLa cells stably transfected with GRK2436 g9 OF an
empty vector (HeLa-Ctrl) were arrested in G2 phase with etoposide as described in S/ Materials and Methods or maintained in exponential growth. Lysates
were incubated with either GST or GST-Pin1. Precipitated proteins were subjected to SDS/PAGE and analyzed by immnublotting with an anti-GRK2 antibody.
pS670-GRK2, GRK2, and actin protein levels were assessed in a 2% volume of input lysates. Equal loading of GST fusion proteins was confirmed by Ponceau
staining of the blots (Fig. S6B). (D and E) Impairment of $670 phosphorylation prevents both cyclin B up-regulation and CDK1 activation. Cell lines expressing
GRK2-wt (HeLa-wt3), GRK2-S670A (HeLa-A3), the competitor construct GRK2,36_¢g0, Or an empty vector (HeLa-Ctrl) were synchronized and cell lysates ana-
lyzed by immunoblotting with anti-cyclin B or anti-pY15-CDK1 antibodies. After stripping, blots were probed with either anti-CDK1 or anti-actin antibodies as
loading controls. Activation of CDK1 was monitored as a decrease in the extent of the inhibitory Y15 phosphorylation. In all panels, data are the mean + SEM
of three to four independent experiments and gels are representative of al least three independent experiments.

also takes place in HeLa cells stably overexpressing wild-type  p53 response and the induction of apoptosis. Doxorubicin-
kinase, leading to higher levels of steady-state GRK2 expression  triggered p53 phosphorylation (Fig. 5D) and up-regulation (Fig.
compared to parental HeLa cells upon doxorubicin-triggered arrest ~ S94) is lower in wt-GRK2 overexpressing versus parental HeLa
in G2 (Fig. 5C). Such pattern of sustained GRK2 levels appears to  cells. In doxorubicin-arrested cells, poly(ADP-ribose) polymerase
be inversely related to the ability of genotoxic insults to trigger the  cleavage (an apoptotic marker) (Fig. SE) and the expression of the
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Fig. 4. Effect of GRK2 phosphorylation on cell cycle progression and cell proliferation. (A and B) Expression of the phosphorylation-defective mutant GRK2-
S670A reduces cellular proliferation. Proliferative capacity of HelLa cells with different levels of extra GRK2wt, GRK2-5670A, or GRK2-S670D was analyzed by
using either a nonradioactive proliferation assay (A) or a H3-thymidine uptake assay (B). Data are mean + SEM of three to four independent experiments. **, P <
0.01; ***, P < 0.001 when compared to unstimulated serum-starved cells; f P<0.05 comparison between control and HeLa-A1 cells. (C) The presence of GRK2-
S670A causes a delay in G2/M progression. Control and HelLa cells stably expressing GRK2-S670A (HeLa A3) synchronized as in Fig. 1 were analyzed by flow
cytometry. Cells in G1, S, and G2/M were quantified by curve-fitting FACScan profiles and reported as percentage of total cells.
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Fig. 5. Doxorubicin-triggered GRK2 stabilization correlates with the extent of induction of p53 and apoptosis in the G2 checkpoint response. (A) Degra-
dation of endogenous GRK2 is prevented in cells arrested in G2 upon doxorubicin treatment. Two hours after release from the block at G1/S, synchronized
Hela cells were exposed to doxorubicin (0.8 uM) or vehicle for the indicated times and the protein levels of GRK2, actin, total and phospho-CDK1, and
phospho-p53 were analyzed with specific antibodies. (B) Phosphorylation of GRK2 at S670 in the G2 phase decreases upon doxorubicin treatment. Lysates as
in A were analyzed by immunoblotting with an anti-pS670 GRK2 antibody as described in Fig 1. In A and B, data are mean + SEM from three to four
independent experiments. *, P < 0.05; **, P < 0.01, when compared to untreated samples. (C) Increased steady-state GRK2 expression upon doxorubicin-
triggered arrest in G2 in cells with higher GRK2 levels. Parental and HeLa wt5 cells were synchronized and treated with doxorubicin as in A and GRK2 protein
analyzed as above. (D-F) Accumulation of GRK2 in G2 restrains the induction of p53 and the apoptotic response upon DNA damage, but strengthens CDK1
inactivation. Synchronized cells with or without extra wild-type GRK2(Helawt5) or mutant GRK2-S670A (HelaA1) were exposed to doxorubicin or vehicle and
levels of total and pS15-p53 (D), the p85 kDa fragment of poly(ADP-ribose) polymerase (E), or of total and pY 15-CDK1 (F) were immunodetected with specific
antibodies and quantified. p53 densitometry values were corrected for actin expression, while phospho-p53 and phospho-CDK1 band densities were nor-
malized to cognate total p53 and CDK1 values. Data in D and F are mean + SEM from two to three independent experiments. */*, P < 0.05; **/™, P < 0.01; ***
P < 0.001 for the indicated comparisons. Representative gels from three to four independent experiments are shown in all panels.

proapoptotic p53-target genes PUMA and Noxa (Fig. S9B) is also  several cellular conditions (9, 16), we find that CDK2, and not
strongly attenuated in G2 in wt-GRK2 overexpressing cells com- MAPK, is the key enzyme involved in the phosphorylation and
pared to control HeLa cells. Moreover, cells expressing GRK2-  subsequent turnover of GRK2 at G2/M transition. Our discovery
S670A (intrinsically stabilized during cell cycle) (Fig. 5D) or the  that Ser670 is also a direct target for CDK2/cyclin A activity
competitor GRK2 436-689construct (leading to stabilization of indicates that different signaling routes can converge in the
endogenous GRK?2) (Fig.S9 4 and C) display even a more reduced  phosphorylation of this residue to control GRK2 protein stabil-
p53 induction and a negligible apoptotic response (Fig. 5E). ity, depending on its context-dependent activation state and/or
Interestingly, despite a lower expression of p21 in HeLa-wt5 (Fig.  GRK2 localization.

S9B), monitoring of CDK1 activation shows that doxorubicin trig- The CDK2-dependent phosphorylation of GRK2 drives the
gers a more potent arrest at G2/M in such cells (Fig. 5F). Overall,  recruitment of the prolyl-isomerase Pinl, an event required for
these results strongly suggest that stabilization of GRK2 by dox-  the efficient down-regulation of GRK2 throughout G2/M. Pin1 is
orubicin would potentiate the cell cycle arrest protraction and  a critical cell cycle regulator that modulates the function of many
survival process that operates in the G2/M checkpoint in response ~ phosphorylated proteins during G2/M transition. Regulation of

to DNA damage. protein degradation is an important consequence of Pinl activity,
. . that triggers either enhanced protein turnover as described for
Discussion cyclin E (23), the transcription factor CF2 (24), and c-myc (25)

In this article we describe how GRK2, a key GPCR regulatory  or protein stabilization as reported for Emi (26) or cyclin D (27).
kinase, establishes a complex network of functional interactions ~We find that Pinl over-expression stimulates the proteasome-
during the cell cycle, leading to a transient down-regulation of its ~ dependent degradation of GRK2 but not of the GRK2-S670A
expression levels, which appears critical for adequate cycle pro-  mutant. Moreover, turnover rate of endogenous GRK2 is inver-
gression. GRK2 protein levels progressively decay during G2asa  sely correlated with the cellular content of Pinl in different cell
result of a degradation process triggered by the CDK2-dependent  lines, and Pinl knock-down prevents endogenous GRK2 down-
phosphorylation of GRK2 at residue S670. Inhibition of endoge-  regulation in cells progressing into G2.
nous GRK2 phosphorylation by CDK2 or expression of a mutant Interestingly, the degradation rate of GRK2 in the presence of
unable to be phosphorylated at this residue (GRK2-S670A) extra Pinl resembles that determined for GRK2-S670D, a mutant
completely prevents GRK2 down-regulation and delays cell cycle  mimicking permanent S670 phosphorylation (16), which suggests
progression. Importantly, such “default” down-regulation is that the role of Pinl could be to preserve the pS670-GRK2 status,
blocked upon activation of the G2 checkpoint, and the resultant  perhaps stabilizing a more suitable prolyl conformer or keeping
accumulation of GRK2 protein levels inversely correlates with the ~ away phosphatases to allow an efficient degradation of phosphory-
extent of activation of the p53-dependent apoptotic responses. lated GRK2. It is known that Pin1 modulates the phosphorylation-
We have previously reported that GRK2 is rapidly degraded  dependent ubiquitination of several cell-cycle modulators driven by
by the proteasome system in response to GPCR stimulation by  proline-directed kinases via E3-ligases complexes, such as SCF FP%7,
means of protein phosphorylation at tyrosine (Y13/86/92) and ~ SCF>*P2 or SCF“*** (15), thus pointing to a possible participation of
serine (S670) residues by c-Src and MAPK kinases, respectively  such ligases in the degradation of GRK2. Alternatively, Pin1 could
(16, 21). Although GRK2-S670 is phosphorylated by MAPK in  stabilize or provide additional protein-protein interaction surfaces
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in a catalytic-dependent manner, thereby favoring the interaction of
GRK2 with other E3 ligases. In this regard, we have recently
described that the E3-ligase Mdm?2 is involved in GRK2 ubiquiti-
nation and degradation (28). Therefore, it is possible that Pinl
binding could induce a conformational change that either unmasks
Mdm?2 recognition motifs in GRK2 or helps to bring the kinase in
close proximity to the ligase, as has been recently suggested for the
ERK-triggered degradation of FOXO3a by Mdm?2 (29). Future
research should address the identity of the E3-ligase involved in the
recognition and targeting to degradation of pS670-GRK2 during
G2. On the other hand, our data also open the door for investigating
a potential modulatory role of Pin1 in other well-established GRK2-
dependent cellular processes.

Overall, our data put forward the unique notion that transient
changes in GRK2 protein levels and its phosphorylation at serine
670 can influence cell cycle progression by modulating the G2/M
transition in a receptor-independent manner, which reveals an
unforeseen role for GRK2 in cell growth control. Both cell cycle
entry and progression beyond the restriction point in the late G1
phase require the presence of proliferative signals acting through
receptor tyrosine kinases and GPCRs that can be regulated by
GRK?2 in different ways (30). In addition, our data put forward
that, when mitogens are no longer essential for cell cycle pro-
gression, changes in the phosphorylation status and protein
levels of GRK2 may play a central role in G2 in diverse patho-
physiological contexts. It has been reported that GRK2 interacts
with MEK, p38, Mdm2, PI3K, or c-Src (3), which are known to
be implicated in several phases of the cell cycle. It is tempting to
suggest that CDK2-triggered GRK2 down-regulation would
allow cell cycle progression in normal conditions by preventing
untimely functional interactions of GRK2 with pathways that
regulate cyclin B1 accumulation and thus CDKI1 activation,
apparently in a kinase-independent manner, as accumulation of
the catalytically inactive GRK2-K220R protein also impairs cell
cycle progression. On the other hand, in the presence of DNA,
damaging agents that trigger cell cycle arrest in G2, such as
doxorubicin, the “default” GRK2 protein decay in G2 is pre-
vented. In cells with higher steady-state levels of the kinase,
increased stabilized GRK2 levels in such conditions inversely
correlate with the p53 response and the induction of apoptosis,
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strongly suggesting that GRK2 contributes to orchestrate G2/M
checkpoint mechanisms, helping to restrict the apoptotic fate of
arrested cells by mechanisms yet to be defined. Because we have
reported that GRK2 is up-regulated in the context of oncogenic
signaling (28), it is tempting to suggest that inhibition of GRK2
expression might sensitize cells to drug-induced DNA damage.
The mechanisms involved in translating GRK2 accumulation
during G2 into altered cell cycle progression are being actively
investigated by our group.

Materials and Methods

Cell-Cycle Analysis and Cell Synchronization. Hela cells and MEFs were
synchronized at G1/S transition using a thymidine-aphidicolin double block
and primary HUVEC cells arrested in GO as detailed in the S/ Materials and
Methods. For metaphase arrest, cells were treated with 5-uM nocodazol for
24 h. To examine the G2 phase, cells were incubated in the presence of 5-uM
etoposide for 20 h. Expression profiles of cylin B, cyclin A, and cyclin D were
determined in cellular extracts by immunoblotting to confirm cell cycle
progression of synchronized cells and cellular quiescence.

Cell Proliferation. Parental and Hela cells stably expressing GRK2-WT or the
mutant constructs GRK2-S670A and GRK2-5670D were plated in 96-well cell
culture plates. Cell proliferation was measured 24, 48, and 72 h after plating
using the CellTiter96AQueaous Non-Radioactive Cell Proliferation Assay
according to the manufacturer’s protocol (Promega). In parallel, DNA syn-
thesis rates were determined by [*H]thymidine uptake analysis as detailed in
the SI Materials and Methods.

Protein Degradation Assays. Metabolic labeling and pulse-chase experiments
were performed as described (21), and detailed in S/ Materials and Methods.
Other detailed methods are available in S/ Materials and Methods.
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