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The multifunctional Ca®*/calmodulin-dependent protein
kinase II (CaMKII) promotes vascular smooth muscle (VSMC)
proliferation. However, the signaling pathways mediating
CAMKII-dependent proliferative effects in vivo are poorly
understood. This study tested the hypothesis that CaMKIIo
mediates neointimal proliferation after carotid artery ligation
by regulating expression and activity of cell cycle regulators,
particularly at the G1/S checkpoint. Data herein indicate that 14
days after carotid ligation, C57Bl/6 mice developed a marked
neointima with robust CaMKII protein expression. In particu-
lar, only the CaMKII isoform 6 was increased as demonstrated
by quantitative RT-PCR. Genetic deletion of CaMKII & pre-
vented injury-induced neointimal hyperplasia and cell prolif-
eration in the intima and media. In ligated carotids of control
mice, the proliferative cell cycle markers cdk2, cyclin E, and
cyclin D1 were activated. In contrast, in CaMKII&~/~ mice,
we detected a reduction in proliferative cell cycle regulators
as well as an increase in the cell cycle inhibitor p21. This
expression profile was confirmed in cultured CaMKII§~/~
VSMC, in which cdk2 and cdk4 activity was decreased. Toward
understanding how CAMKII® affects p53, a transcriptional reg-
ulator of p21, we examined p53 pathway components. Our data
indicate that p53 is elevated in CAMKII&~/~ VSMC, whereas
phosphorylation of the p53-specific E3 ligase, Mdm2, was
decreased. In conclusion, CaMKII stimulates neointima prolif-
eration after vascular injury by regulating cell proliferation
through inhibition of p21 and induction of Mdm-2-mediated
degradation of p53.
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Smooth muscle proliferation contributes to vascular remod-
eling and obstructive vasculopathies such as atherosclerosis
and restenosis following percutaneous coronary interventions
(1). Therefore, understanding potential mechanisms to reduce
or inhibit neointimal hyperplasia is an important goal in cardio-
vascular medicine. Several reports have emphasized the role of
cell cycle regulation in proliferation after vascular injury. In
mammalian cells, cell cycle progression is tightly controlled by
cyclin/cyclin-dependent kinases (cdk)?> complexes and their
inhibitors, p21 and p27. Inhibiting positive cell cycle regulators
decreases neointimal proliferation as demonstrated by data in
which antisense cdk2 kinase oligonucleotides inhibit intimal
formation following vascular injury (2, 3). Additionally, p21
induction inhibits VSMC proliferation and limits neointimal
formation in vivo after balloon catheter injury (4). However, the
precise signaling pathways that initiate the changes in cell cycle
regulatory proteins remain unclear.

The multifunctional Ca*>*/calmodulin-dependent protein
kinase II (CaMKII) is strongly expressed in vascular smooth
muscle cells (VSMC) (5), where it is required for angiotensin-
II-mediated vascular smooth muscle hypertrophy (5) and force
maintenance in vascular smooth muscle cell contraction (6).
Accumulating evidence suggests that CaMKII is critical for in
vitro VSMC proliferation (7) and migration (8). For example,
depletion of CaMKII 82 with a specific shRNA inhibited
neointimal formation and adventitial thickening after balloon
injury of rat carotid arteries (9). However, the molecular mech-
anisms by which CaMKII regulates VSMC proliferation remain
are largely unknown.

Recent cancer biology studies have identified CaMKII and
CaMKII-dependent signaling pathways as regulators of the cell
cycle machinery. Cell cycle arrest in response to CaMKII inhi-
bition has been reported in both G1 (10, 11) and in G2/M phase
(7). Various effects of CAMKII inhibition on cell cycle progres-
sion have been reported in different models: decreased activity
of cdk2 and 4 in NIH 3T3 cells (11), decreased phosphorylation

2The abbreviations used are: cdk, cyclin-dependent kinase; CaMKIIS§, cal-
cium/calmodulin-dependent protein kinase Il isoform & Mdm2, mouse
double minute protein 2; VSMC, vascular smooth muscle cells; PI3K,
phosphoinositide-3-kinase; BrdU, bromodeoxyuridine; ARP, acidic ribosomal
phosphoprotein.
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and subsequent proteasomal degradation of the cell cycle
inhibitor p27 in colon cancer cell lines (12) and up-regulation of
the cell cycle inhibitor p21 with concomitant down-regulation
of the positive regulators cyclin D1, cyclin E, and ¢cdk2 in human
ovarian cell lines (13).

In light of these studies that document a role for CAMKII in
both neointimal formation as well as control of cell cycle regu-
lators, we hypothesized that CaMKII mediates VSMC prolifer-
ation and neointimal formation via regulation of G1 cell cycle
progression. Our data demonstrate that CaMKIIS deletion sig-
nificantly reduced neointimal formation after carotid artery
ligation in vivo and abrogated cell proliferation in the intima
and media after injury. The decreased proliferation was associ-
ated with increased expression of the cell cycle inhibitor p21. In
cultured aortic VSMC isolated from CaMKII§ /™ mice, a sim-
ilar anti-proliferative expression pattern was present with
increased expression of p21. p21 strongly associated with cdk2/
cyclin E and cdk4/cyclin D complexes in CaMKII8 /~ cells and
accordingly, the cdk kinase activities were decreased. Previous
studies report that CaMKII activates Akt in VSMC (14), and
inhibition of Akt decreases neointimal formation after vascular
injury through increased p21 expression (15). In our experi-
ments, CaMKIIS deletion led to decreased Akt activation and
increased p21 expression. p53, the transcriptional regulator of
p21, was up-regulated in CaMKII& '~ cells. In addition, the
phosphorylation of the Mdm?2, the E3 ligase that initiates ubiq-
uitination of p53, was decreased with CaMKII§ deletion. Over-
all, the results demonstrate for the first time that CaMKIId
regulates VSMC proliferation through the Akt pathway via
transcriptional regulation of p21.

EXPERIMENTAL PROCEDURES

Reagents—The following antibodies were used in this study:
anti-a-smooth muscle actin, anti-cyclin D, anti-cyclin E, anti-
p21, anti-PCNA, anti-Mdm?2, anti-GAPDH (Santa Cruz Bio-
technology), anti-BrdU (Invitrogen), anti-cdk2, anti-cdk4, anti-
cyclin D1, anti-p21, anti-p-Akt, anti-Akt, anti-p-Mdm?2 (Cell
Signaling Technology), anti-p27 (Milipore), anti-annexin V
(Abcam), anti-total CaMKII (5).

Mice—Male and female CaMKII § '~ (16), a kind gift by Dr.
Eric Olsen, University of Texas Southwestern Medical Center,
and C57Bl/6 wild-type littermate mice were used according to
the University of Iowa Institutional Animal Care and Use
Committee guidelines. All procedures were in compliance
with the standards for the care and use of laboratory animals
of the Institute of Laboratory Animal Resource, National
Academy of Science.

Carotid Injury Model—10-12-week-old wild-type C57Bl/6
mice and CaMKII§ /~ mice were anesthetized with ketamine
and xylazine (2 mg and 0.3 mg, respectively, intraperitoneal
(IP)). The left common carotid artery was ligated through a
midline neck incision (17). 7, 14, or 28 days after injury, all
animals were anesthetized and perfused with PBS, followed by
4% paraformaldehyde for 3 min. The carotid arteries were
excised and embedded in paraffin. Five micron cross sections
were taken starting at the carotid ligation site for Verhoeff-van
Gieson elastin and HE staining. Total vessel, luminal, intimal,
and medial areas were measured using NIH Image J. Intimal
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and medial VSM cells were counted after nuclear staining with
DAPL 1, 2, or 4 weeks after injury, some animals received two
subcutaneous injections of the thymidine analog BrdU (2 mg
per injection). These injections were given 12 h and 1 h before
the mice were sacrificed.

Immunohistochemistry—Mouse aorta and carotid arteries
were fixed in 4% paraformaldehyde and cryoprotected in 30%
sucrose/OCT and embedded in OCT. 10-um frozen sections
were collected on Superfrost Plus slides. Frozen sections were
washed in PBS and then preincubated in 5% goat serum for 30
min followed by incubation in primary antibodies for 1 h at
room temperature. After washes in PBS for 30 min at room
temperature, the primary antibody was detected with Alexa
568-conjugated secondary antibodies (Invitrogen). Sections
were counterstained with Vectashield containing DAPI (Vector
Labs) to visualize nuclei. Images were captured with Zeiss LSM
710m Laser scanning microscope. Densitometry for different
antigens was performed using NIH Image J.

Quantitative PCR—Total RNA was isolated per manufactur-
er’s recommendation, including digestion with proteinase K
and DNase I to eliminate genomic DNA contamination. cDNA
was transcribed from 1 pug RNA using Superscript III enzyme
(Invitrogen) and random nanomer primers. Message expres-
sion was quantified using an iQ Lightcycler (Bio-Rad) with
SYBR green dye and normalized to acidic ribosomal phospho-
protein (ARP) mRNA. Specificity and replication efficiency
were tested for each primer pair.

Cell Culture—Mouse aortic smooth muscle cells were iso-
lated by enzymatic dispersion (18). Briefly, mouse VSMCs were
used at passages 4—10. Cells were cultured in DMEM supple-
mented with 10% FBS, 100 units/ml penicillin, 100 pg/ml strep-
tomycin, 8 mm HEPES, and 2 mwm L-glutamine at 37°C in a
humidified 95% air and 5% CO, incubator. The purity of the
mouse VSMCs preparation in culture was confirmed by immu-
nocytochemistry for a-smooth muscle actin.

Cell Proliferation and DNA Synthesis Assay—For prolifera-
tion measurements, VSMCs were seeded in 6-well plates at 10°
cells/ml, and cultured in DMEM containing 10% FBS until
reaching 70% confluence. Cells were counted in triplicates for
three consecutive days using a Beckman Coulter automated
cell counter. For DNA synthesis measurements, VSMCs were
plated in 12-well plates at 5 X 10*cells/ml. At about 70% con-
fluence, the cells were growth-arrested in serum-free media for
24 h. Cells were then grown in media with 10% FBS in the
presence of 0.5 uCi [*H]thymidine/well for 24 h. The labeling
reaction was terminated by aspirating the medium and sub-
jecting cultures to washes with PBS containing 10% trichlo-
roacetic acid and ethanol/ether. Acid soluble [*H]thymidine
was extracted with 0.5 M NaOH, which was mixed with liquid
mixture and counted in scintillation counter as previously
described (19).

Immunoblot and Immunoprecipitation—Whole tissue ex-
tracts from mouse aorta, carotid arteries or mouse VSM cells
were prepared in ice-cold RIPA lysis buffer and used for immu-
noblotting (5). For immunoprecipitation, 200300 ug of pro-
tein was precipitated with 2 ug of antibody in the presence
of dynabeads (Invitrogen) for 2 h at room temperature. Cell
lysates or tissue homogenates were centrifuged at 4 °C for 15
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min at maximal speed, and the supernatant was stored at
—80 °C for further analysis. Samples and prestained molecular
weight markers were separated in SDS-polyacrylamide gels
(4—-20%) and transferred to a polyvinylidene difluoride mem-
brane. After blocking with 5% BSA, the membranes were incu-
bated with different primary antibodies for 1 h or overnight.
The blots were then incubated with a horseradish peroxidase-
conjugated secondary antibody and developed by a chemilumi-
nescence detection system described by the manufacturer
(Santa Cruz Biotechnology).

Cdk2 and Cdk4 Kinase Activity Assay—C57Bl/6 and
CaMKII8 ™/~ VSMC were lysed at about 70% confluence. 200
g of protein was immunoprecipitated with anti-cdk2, anti-
cdk4 antibody or rabbit serum in the presence of dynabeads.
The precipitates were incubated with [**P]JATP and histone H1
or retinoblastoma protein (Rb) for 30 min at 30 °C and sepa-
rated on 12% polyacrylamide gels as described (20).

CaMKII Kinase Activity Assay—CaMKII activity of fresh cell
lysates from C57BI/6 and CaMKII§ '~ VSMC was measured
with syntide 2 as substrate as described (21).

Adenoviral Transduction—VSMC were incubated with ad-
enoviruses containing genes for Myc-tagged CaMKII82 or the
HA-tagged CaMKII peptide inhibitor CaMKIIN at MOI of 500
overnight. Subsequent experiments were conducted 72 h after
adenoviral transduction (5).

Statistical Analysis—Data are shown as mean = S.E. unless
noted otherwise. The SigmaPlot statistical package was used for
the quantitative analyses of parameters such as intima-medial
lesion area and intimal-medial SMC number (ANOVA and
Student’s ¢ test). A probability value <0.05 was considered
significant.

RESULTS

CaMKII Expression in the Neointima after Carotid Ligation—
We first sought to characterize the expression pattern of CAM-
KII following carotid ligation. As demonstrated in Fig. 1A,
CaMKII is expressed in the endothelium and media of unli-
gated carotid arteries from C57Bl/6 mice (left panel). We next
performed carotid ligation and found, 14 days after ligation
(17), intimal hyperplasia up to 2 mm proximal to the ligature.
Strikingly, a significant increase in CaMKII expression was
detected in the neointima and media of the ligated carotid
arteries as compared with unligated arteries (Fig. 1, A, right
panel and B). CaMKII isoforms y and & are reported to be
expressed in arteries (22, 23), therefore we performed qRT-
PCR to identify which isoforms are up-regulated after carotid
ligation. 14 days after surgery, CaMKII8 mRNA was increased
by 42.6%+3.6% (p < 0.05) whereas CaMKIly mRNA was
unchanged in response to ligation (Fig. 1C).

CaMKIIS '~ Mice Display Normal Vascular Morphology
and Blood Pressure Response—For further studies, we used
CaMKII8 /™ mice that lack functional CaMKII due to deletion
of the ATP binding site in exons 1 and 2 (16). First, we quanti-
fied the CaMKIIy and 6 mRNA expression to evaluate whether
CaMKIlvy is up-regulated to compensate for the absence of the
8 isoform. Whereas CaMKIId mRNA was not detectable,
CaMKIly was increased 1.7-fold in aortic RNA samples of
CaMKII§ /" mice (supplemental Fig. S1). We did not detect
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FIGURE 1. CaMKII expression after carotid ligation. A, cross section of an
untreated control carotid artery of a C57BI/6 mouse (left panel) shows CaMKII
immunoreactivity in the endothelium and media. 14 days of carotid ligation,
strong CaMKIl immunoreactivity (green) is seen in the neointima (smooth-
muscle actin red, DAPI blue). Inset: detail of the carotid media (control) and
neointima (ligated) at X63 magnification. Representative example is ~2.0
mm proximal to the ligation. Scale bar, 50 um. B, densitometric quantitation
of CaMKIl expression in the media of the untreated control and neointimaand
media of a ligated C57BI/6 mouse carotid artery 14 days after ligation. The
measurements are given in arbitrary units adjusted for area and background.
C, CaMKIl isoform mRNA expression in carotid arteries of C57BI/6 mouse 14
days after ligation by qrtPCR. Five carotids were pooled per measurement;
data are representative of three independent experiments (¥, p < 0.05).

any difference in the morphology of carotid arteries of
CaMKIIS /" mice or a difference in CaMKII expression by
immunohistochemistry (Fig. 24), likely due the compensatory
up-regulation of CaMKIIy expression. As CaMKII has been
postulated to mediate smooth muscle contraction and blood
pressure regulation, we determined basic hemodynamic
parameters of CaMKII§ '~ mice. No difference in systolic
blood pressure was detected at baseline by tail cuff measure-
ment (114 = 2.1 mmHg in CaMKII& /™ mice versus119 * 1.1
mmHg in wild-type littermates, ns). Under Ang-II infusion at
pressor dose, the increase in systolic blood pressure was com-
parable in controls and CaMKII8 ™'~ mice (16 versus 17 mm Hg
ns, supplemental Fig. S1B). These findings suggest CaMKILd
deletion does not result in obvious vascular pathology.
CaMKIIS ™~ Mice Are Protected against Neointimal Hyper-
plasia after Carotid Ligation—Interruption of carotid flow
caused significant neointimal formation in a majority of wild-
type mice after 14 days (Fig. 2B, upper panels), whereas only 2
out of 14 CaMKII& /™ mice (81% versus 14%, p < 0.01) devel-
oped a neointima. The neointimal area in control mice was
significantly greater than the CaMKII8 /™ mice 14 and 28 days
following carotid ligation (Table 1). Next, we compared cell
numbers in control and CaMKII& /" ligated arteries. As shown
in Table 1, CaMKII8 /"~ mice had reduced cell number in both
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FIGURE 2. CaMKII5 deletion decreases neointima formation and cell proliferation following carotid artery ligation. A, H&E staining of representative
sections of C57BI/6 littermate control and CaMKII8 ™/~ mouse carotid arteries. Inset: CaMKIl immunofluorescence (green) in the carotid media (smooth-muscle
actin-red, DAPI-blue, 63X). B, Verhoeff-van Gieson elastin staining of representative sections of C57BI/6 littermate control and a CaMKII5~/~ mouse carotid
arteries 14 and 28 days after total ligation. C, BrdU labeling in situ 14 days after ligation. D, quantitation of BrdU-labeled cells in the intima (left) and media (right).
E, representative annexin V staining of C57BI/6 littermate control and CaMKII&~/~ mouse carotid arteries 14 days after ligation Inset: no significant annexinV

labeling is detected (63X). *, p < 0.05.

TABLE 1
Morphometrical measurements in WT and CaMKII§~/~ mice
Measurement Group 0 Days 14 Days 28 Days
Intimal area (mm?) WT 0.0003 (0.00001) 0.0216 (0.0037) 0.0588 (0.0184)
CaMKII§ '~ 0.0003 (0.00001) 0.0039” (0.003) 0.02207 (0.0139)
Total cell # Intima WwWT n/a 82 (14) 373 (104)
CaMKIIs '~ n/a 18* (14) 1047 (63)
Medial area (mm?) WT 0.0249 (0.003) 0.0377 (0.002) 0.0333 (0.0040)
CaMKII§~/~ 0.0224 (0.0002) 0.0253% (0.0019) 0.0248° (0.0015)
Total cell # Media WT 97 (1) 132 (15) 127 (20)
CaMKII§ '~ 92 (2) 730 (4) 85" (11)
Area of stenosis (%) WT n/a 42.1 (6.8) 91.7 (4.1)
CaMKIIs '~ n/a 8.0 (6.5) 58.5 (14.8)

“Numbers in parentheses represent the S.E.
?p <0.05, WT vs. CaMKII§ /.

the intima and media compared with littermate controls at
both time points examined. Studies of cell proliferation dem-
onstrate that, in control mice, 14.2% of cells in the neointima
and 3.1% of cells in the media stained positive for BrdU 14 days
post-ligation, while 5.5% of neointimal and 0.6% of medial cells
from CaMKII8 /~ mice were BrdU-positive (Fig. 2, C and D).
This trend was maintained in the neointima at 28 days follow-
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ing ligation. These data strongly suggest that CaMKII8 medi-
ates neointimal formation by stimulating cell proliferation after
vascular injury by carotid ligation.

Because it has been shown that CaMKII mediates apoptosis
in cardiac myocytes (24), and that apoptosis may contribute to
neointima formation after carotid ligation (17), we investigated
the role of CaMKIIS in apoptosis following carotid ligation.
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FIGURE 3. CaMKII5 deletion affects the expression of cell cycle regulators after carotid artery ligation. A, ligated and contralateral unligated carotid
arteries were explanted 14 days after ligation. 10 ug of lysate was resolved by SDS-PAGE and blotted with antibodies as indicated. (n = 6 -8 mice per group).
B, quantitation of three independent experiments by densitometric analysis (¥, p < 0.05). C, cdk2, cyclinD1, and E, p21 immunofluorescence (green) in C57BI/6
littermate control and CaMKII8~/~ mouse carotid artery 14 days after ligation (smooth muscle-actin-red, DAPI-blue, scale bar 25 um). Inset: detail of the
neointima and media of a ligated control and of the media of a ligated CaMKII& /™ carotid artery. D, densitometric quantitation of cdk2, cyclinD1, and E, p21
in the neointima and media of the ligated control and in the media of the ligated CaMKII& /™ carotid artery, adjusted for area and background. Because no
measurable neointima developed after ligation in CaMKIIS /™ carotid arteries, no densitometry of the CaMKII§~/~ neointima is provided.

Using annexin V staining 14 days after carotid ligation, we did
not detect evidence for increased apoptosis in the neointima in
control or CaMKII§ /~ mice (Fig. 2E). Taken together, these
findings show that CaMKII$ deletion is associated primarily
with reduced VSMC proliferation in the intima and media
without significantly affecting apoptosis.

CaMKII8 Determines the Expression of Cell Cycle Regulatory
Proteins—Data in Figs. 1 and 2 identified CaMKII as a regulator
of VSMC proliferation in response to carotid ligation injury.
We next sought to understand how CaMKII mechanistically
promotes neointima growth. CaMKII controls various cell
cycle regulators of the G1 phase (11, 13). Therefore, we hypoth-
esized that CaMKII6 induces VSMC proliferation after carotid
ligation through regulation of key cell cycle proteins.

To assess how CaMKII affects expression of these cell cycle
regulatory proteins, carotid arteries were harvested from wild-
type or CaMKIIS /™ mice 2 weeks after ligation. As expected,
in wild-type mice, positive regulators of cellular proliferation,
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cyclin E and cdk2, were markedly up-regulated after injury
compared with uninjured arteries (Fig. 3, A and B). Cyclin D
expression was slightly elevated after ligation injury, and the
cell cycle inhibitor p21 was expressed at low levels in the wild-
type mice. In contrast, CaMKII8 /" mice showed little to no
increase in c¢dk2 and cyclin E, whereas the cell cycle inhibitor
p21 was significantly elevated after ligation. The p27 and cyclin
D expression levels remained unchanged after ligation and
were comparable to wild-type mice. These results indicate that
CaMKIIS coherently regulates expression of cell cycle-related
proteins in vascular injury. After deletion of CaMKII$, the cell
cycle enhancing regulators cdk2 and cyclin E are decreased
whereas the inhibitor p21 is strongly expressed. Overall, this
expression pattern favors cell cycle arrest.

Immunoblots of carotid lysates give an integrated read-out of
the carotids without making distinctions between cell types.
Hence, we examined localization of cell cycle proteins by
immunofluorescence. The highest expression of cdk2, cyclin E,
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FIGURE 4. Characterization of VSMC isolated from CaMKII&~/~ aortas.
A, immunoblots for total CaMKIl. The lower band (~52 kDa) represents
CaMKII§ and is absent in CaMKII&™/~ cells. The lowest band is most likely
unspecific. B, CaMKll activity was measured as a function of [*?P]JATP incorpo-
ration into a synthetic substrate (syntide-2). C, [*Hlthymidine uptake assays.
[PH]thymidine incorporation is displayed as cpm. D, cell counts of CaMKII§
and wild-type VSMCs that were plated at low density and grown in media
with 10% FBS. Three samples were counted in duplicate. (*, p < 0.05).

and cyclin D1 was detected in smooth-muscle actin-positive
cells within the neointima of injured carotid arteries (Fig. 3, C
and D). This region is where the greatest degree of cell prolif-
eration occurred (Fig. 2D). However, significantly reduced
expression of the positive cell cycle regulatory proteins was
detected in the media of CaMKII§ '~ mice following carotid
injury compared with control mice (Fig. 3, C and D). The cell
cycle inhibitor p21 was virtually absent in control mice but
detectable in the media of CaMKII& /~ mice. These data sug-
gest that CaMKII promotes expression of positive cell cycle
regulators and negatively regulates p21 expression in the media
following vascular injury.

CaMKII6 Deletion Decreased VSMC Proliferation but Not
Overall CaMKII Activity—To further characterize the signal-
ing pathways by which CaMKII regulates cell cycle regulator
expression, we isolated aortic smooth muscle cells from
CaMKIIS /™ mice and littermates controls. Similar to our find-
ings in uninjured arteries, CaMKIIy mRNA was increased
by 47 + 11% compared with wild-type mice while CaMKIId
mRNA was undetectable in CaMKII§ '~ VSMC (supplemen-
tal Fig. S2). In immunoblots with a pan-CaMKII antibody, we
detected two specific bands in lysates from wild type VSMC,
one at 54kD that corresponds to CaMKIIy and one at 52 kDa
representing CaMKII§ (9). In CaMKII§ '~ VSMC, the lower
band representing CaMKII8 was missing as expected (Fig. 4A4).
However, the band at 54 kDa was more prominent than in the
wild-type cells, which may account for the increased CaMKIIy
mRNA copy numbers in CaMKII§ '~ VSMC. A lower band at
50 kDa was also seen. The identity of this band is not entirely
clear, but it is likely unspecific. Next, we investigated if genetic
deletion of CaMKII® affected total CaMKII activity. We did not
detect a significant difference in total Ca>"/CaM-dependent
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CaMKII activity in the two cell types (Fig. 4B, 85% in
CaMKII8 '~ cells versus 100% in control cells, ns).

Data in Fig. 2 and Table 1 demonstrate that CaMKII expres-
sion controls proliferation of the neointimal cell population.
We confirmed that CaMKII§ '~ VSMC are have impaired cell
growth by [°’H]thymidine incorporation. Specifically, CaMKIIS
deletion reduced DNA synthesis under growth conditions
by 51 + 3%, (Fig. 4C, p < 0.05), and the rate proliferation of
CaMKII§ '~ VSMC was significantly lower compared with
wild-type cells (Fig. 4D). These data confirm that CaMKIIé
deletion decreases VSMC proliferation, and this phenotype is
not compensated by increased expression of CaMKIIy.

Expression of Cell Cycle Regulators in Proliferating
CaMKIIS~™'~ VSMC—Consistent with data in arterial sec-
tions, p21 protein expression was significantly increased in
CaMKII§ '~ VSMC compared with wild-type control cells
(2.1-fold, p < 0.05) without any significant changes in p27 pro-
tein levels. Cyclin E and to a lesser degree cyclin D1 protein
expression were significantly diminished with deficiency of
CaMKIIé (0.32- and 0.67-fold, p < 0.05), whereas cdk2 and -4
and PCNA expression was not affected by CaMKIIé deletion
(Fig. 5, A and B). Comparison of mRNA in CaMKII§ /™ and
control VSMC revealed a 2.55-fold increase in p21 mRNA lev-
els and decreased mRNA levels of cyclin D1 and E in cells lack-
ing CaMKIIS (0.83- and 0.64-fold, p < 0.05; Fig. 5C). The
mRNA expression of p27 and PCNA was not affected by
CaMKIIé deletion (data not shown). It has been shown that p21
is targeted for degradation by the ubiquitin-proteasome path-
way (25), but after treatment with the cycloheximide, we did
not detect a difference in protein stability in CaMKII§ '~ cells
or controls (data not shown). In summary, these data indicate
that CaMKIIS regulates the expression of cell cycle markers at
the transcriptional level.

CaMKII$ Deletion Increased Association of p21 with cdk2
and -4—Because of the elevated expression of p21 in
CaMKII§ '~ VSMC, we hypothesized that the association of
p21 with cdk2/cyclin E and cdk4/cyclin D1 complexes is also
increased, which would lead to decreased kinase activity. As
shown in Fig. 5D, p21 co-immunoprecipitated with both cdk2
and cdk4 in lysates from wild-type VSMC. In CaMKII§ '~
cells, the association of p21 with cdk2 and 4 was increased 1.6-
and 2.3-fold, respectively, compared with control samples (p <
0.05). In addition, the association of cyclin D1 with cdk4 (0.78-
fold) and of cyclin E with cdk2 (0.53-fold) was significantly
decreased with CaMKII& deletion (Fig. 5D), suggesting that p21
sequesters the cyclin-dependent kinases away from their cog-
nate cyclins. The increased association of the inhibitor p21 with
cdk2 and 4 should therefore result in decreased kinase activity
in CaMKII8 /™ cells. Indeed, we detected decreased cdk2 and 4
kinase activity in CaMKII§ /" cells compared with controls
(Fig. 5E). These data strongly suggest that CaMKII8 deletion
leads to decreased cell proliferation by reducing the cdk2 and -4
activity in proliferating VSMC.

Akt Phosphorylation Is Decreased with CaMKII$ Deletion—
p21 expression is regulated by p53, and it has been shown that
p53 degradation leads to decreased p21 expression and occurs
through a signaling cascade that involves activation of Akt. Of
note, Akt activation has been reported to be CaMKII-depen-
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FIGURE 5. CaMKII& regulates the expression of cell cycle regulators in VSMCs. A, CaMKII8~/~ and wild type VSMC were lysed at 70% confluence. 20 ug of
protein was separated and blotted with indicated antibodies. A representative blot of three independent experiments is shown. B, densitometry of three
independent experiments. C, quantitative real time PCR for cell cycle regulators in CaMKII&~’~ and wild-type aortic VSMC. D, cell lysates of CaMKII§~/~ and
wild-type VSMC were incubated with anti-cdk2 or cdk4 antibodies, and the immunoprecipitates analyzed by immunoblotting with p21, cyclin D1, and cdk4 or
cyclin E and cdk 2 antibodies. Middle and right panels: quantitation of cyclin D1, E, and p21 co-immunoprecipitation from three independent experiments.
E, cdk2 and -4 kinase activity assays were performed with histone H-1 or Rb as substrate as described. Samples were separated by SDS-PAGE and analyzed by
autoradiography. A representative blot of three experiments is shown (¥, p < 0.05).

dent in vascular smooth muscle cells (14). Because the expres-
sion of the cell cycle inhibitor p21 is strongly increased in
CaMKII& '~ cells (Fig. 5, A and B), we systematically examined
expression and phosphorylation of the pathway components
that might lead to CaMKII-dependent p21 regulation. The
phosphorylation of Akt at Ser-473 was significantly decreased
in CaMKII§& /™ cells (Fig. 6, 4 and B). Incubation of VSMC with
the Akt inhibitor triciribine increased p21 expression (Fig. 6C).

Mdm?2, the E3 ligase that targets p53 for ubiquitination and
subsequent proteosomal degradation, is activated by Akt phos-
phorylation at Ser-166 (26). Our data demonstrate that Mdm2
phosphorylation at Ser-166 was significantly decreased in
CaMKII&§/~ VSMC, while Mdm?2 protein was up-regulated
(Fig. 6D). An example of the phosphorylation time course for
Akt and Mdm?2 is given in Fig. 6F. Furthermore, loss of
CaMKIIS blocked Mdm-2-mediated p53 degradation as evi-
denced by the high expression of p53 in CaMKII§/~ VSMC
compared with controls (Fig. 6D). Our data demonstrate that
loss of CaMKIIS directly correlates with decreased Akt and
Mdm-2 phosphorylation and increased p53 levels. To assess
whether the increase in p53 in CaMKII§ '~ VSMC is caused by
mechanisms other than post-transcriptional regulation, we also
examined p53 and Mdm2 mRNA expression by qRT-PCR. We
detected significantly increased p53 mRNA expression in
VSMC lacking CaMKII§ '~ (2.88-fold, p < 0.05), whereas
Mdm2 mRNA levels were not significantly increased (Fig. 6G).
Collectively these results implicate CaMKII-mediated activa-
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tion of the Akt/Mdm2/p53 signaling nexus as the mechanism
by which CaMKII promotes proliferation in VSMC.

CaMKII$ Overexpression Decreases p21 and p53 Expression
in CaMKIIS’~ VSMC—We hypothesized that the effects
we describe were due to lack of CaMKII8, not the augmented
expression of CaMKIIy. Therefore we overexpressed
CaMKII82 by adenoviral transduction in CaMKII§ /~ VSMC
and found that overexpression of CaMKII§2 strongly decreased
the expression of p21 (Fig. 7, A and B). The CaMKII peptide
inhibitor CaMKIIN can also be used to block the activation of
all CaMKII isoforms. The overexpression of CaMKIIN in con-
trol VSMC did not significantly increase p21 protein levels (Fig.
7, A and B). The overexpression of CaMKII82 in CaMKII§ '~
VSMC decreased p53 expression, whereas CaMKII inhibition
with CaMKIIN in wild-type cells resulted in elevated p53
expression (Fig. 7C). The association of Mdm2 with p53 paral-
leled the expression of p53 (Fig. 7, C and D).

In summary, CaMKII regulates p21 protein levels through
transcriptional and post-transcriptional mechanisms. With
CaMKIIé deletion, Akt phosphorylation is decreased, which in
turn results in decreased activation of p53 degradation. In addi-
tion, p53 mRNA levels are increased in CaMKII§ '~ VSMC.
Akt inhibition ultimately results in increased p21 mRNA tran-
scription (Fig. 8), suggesting that Akt is a mediator of the
growth response to CaMKII in VSMC by regulation of p21
expression.
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independent experiments is shown. E, quantitation of phosphorylated Mdm2 and total Mdm2 expression. Three independent experiments are shown. F, time
course of Akt and Mdm2 phosphorylation in response to DMEM with 10% FBS after serum starvation. G, p53 and Mdm2 mRNA expression in proliferating
CaMKII8~/~ and wild-type VSMC. Cells were lysed at 70% confluence (p < 0.05).
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FIGURE 7. p21 and p53 expression are regulated by CaMKIIé. A, adenoviral
overexpression of the CaMKIl inhibitory peptide CaMKIIN in control cells and of
CaMKII82 in CaMKII§ ™/~ VSMC. Immunoblots for p21, CaMKIl, c-Myc, HA, and
GAPDH. Representative blot of three independent experiments. B, quantitation
of p21 expression from three independent experiments. C,immunoprecipitation
of p53in 200 pg of lysate of control VSMC transduced with adenovirus express-
ing CaMKIIN or CaMKII§ ™/~ VSMC transduced with adenovirus expressing
CaMKII82. The blots were stripped and reprobed for Mdm?2. D, quantitation of
p53 expression and Mdm2 co-precipitation in control and CaMKII§™/~ VSMC
from three independent experiments as described in C (p < 0.05). Equal amount
of protein were used for p53 immunoprecipitation.

DISCUSSION

In this study, we show that CaMKIIS deletion significantly
reduced in vivo neointimal formation after carotid artery liga-
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FIGURE 8. Model of mechanism for CaMKII& function in neointima forma-
tion. CaMKIl activates Akt, which then phosphorylates Mdm2. Phosphory-
lated Mdm2 associates with p53, the master regulator of p21 mRNA transcrip-
tion, which results in p53 degradation. Under CaMKII deletion, Akt
phosphorylation is decreased and p21 mRNA transcription is increased,
which results in stronger association of p21 with cdk complexes and thereby
decreased cdk kinase activity and lack of proliferation.

tion and abrogated cell proliferation in intima and media after
injury. After vascular injury, CaMKII8 was strongly expressed
in neointima and media. In CaMKII8 /"~ mice, the expression
of the cell cycle inhibitor p21 in VSMC in the media was
strongly increased. In contrast, in wild-type mice, the cell cycle
promoters cdk2, cyclin E and D were strongly increased. In
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proliferating cultured VSMC from CaMKII§ /~ mice, mRNA
and protein levels of the cell cycle inhibitor p21 were signifi-
cantly elevated. The association of p21 with cyclin E/cdk2 and
cyclin D/cdk4 complexes was increased in CaMKIIS '~ cells
and resulted in decreased cdk2 and 4 kinase activity. CaMKIL8
deletion diminished activation of Akt and Mdm?2, the ubiquitin
ligase for p53, a master regulator of p21 transcription. Taken
together, our data define the pathway by which CaMKII pro-
motes proliferation of VSMC following vascular injury.

Decreased cell proliferation after CaMKII inhibition has
been reported in VSMC (7) and a variety of cell lines (11-13,
27). In this study, we identified p21 as important target of CaM-
KII regulation in VSMC. p21 is up-regulated in human osteo-
sarcoma and ovarian adenocarcinoma cells in response to
CaMKII inhibition (13, 27). Our data demonstrate increased
p21 mRNA and protein levels in proliferating CaMKII§ '~
VSMC and in the neointima of CaMKII8 ™/~ mice. Akt activa-
tion by Ser-437 phosphorylation is mediated by CaMKII and
has been proposed as upstream signaling event in VSMC pro-
liferation (14). p53 expression and corresponding activity is
intricately regulated at both the transcriptional and post-trans-
lational levels (28). At the post-translational level, active, phos-
phorylated Akt regulates the degradation of p53, a strong tran-
scriptional activator of p21, through phosphorylation of the
intermediate p53-regulatory protein Mdm?2 (13). Mdm?2 targets
p53 for degradation by acting as an E3 ubiquitin ligase (29).
Mdm?2 phosphorylation on serines 166 and 168 by Akt is a pre-
requisite for its E3-ligase activity (26, 30). Decreased Mdm2
phosphorylation with CaMKII$ deletion would result in
decreased p53 degradation, increased p21 transcription, and
cell cycle arrest. Interestingly, we observed significantly higher
p53 mRNA levels in CaMKII§ /™ cells which points toward a
second regulatory function for CaMKII, but this mechanism
remains unclear and may be through modulating p53 transcrip-
tion or mRNA stability.

In CaMKII§ '~ cells, cyclin E and D mRNA and protein
levels were moderately decreased (Fig. 5, A—C). Whereas the
underlying pathways remain to be elucidated, several studies
provide evidence for potential mechanisms of CaMKII regula-
tion. Cyclin D is transcriptionally induced by NF«kB (31) and
AP-1, which is comprised by c-Jun and c-Fos (32). CaMKII has
been reported to activate the NF«B signaling pathway at several
steps (33, 34). Furthermore, CaMKII induces c-Jun expression
in proliferating VSMC through HDAC4 phosphorylation and
MEF2 derepression (35). It is notable that our immunoblots in
CaMKII§ /~ VSMC showed decreased cyclin D levels. In con-
trast, in CaMKII§ '~ carotid arteries, the decrease was more
apparent by immunofluorescence than by immunoblots, which
may be due to differences in sample preparation. This finding
may warrant further investigation. Cyclin E expression is
strongly controlled by E2F, and CaMKII inhibition is associated
with decreased phosphorylation of retinoblastoma protein and
E2F transactivation (27). Further studies are warranted to
understand the precise mechanism by which CaMKII controls
expression of these positive cell cycle regulatory proteins.

Decreased apoptosis has been reported as contributor to
neointimal formation after carotid ligation (17, 36). In this
study, however, we detected low apoptotic activity without a
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difference in CaMKIIS /~ mice 14 days after ligation compared
with wild-type littermates. CaMKII mediates apoptosis in car-
diac myocytes (24), however, whether CaMKII regulates VSMC
apoptosis remains to be investigated.

CaMKII is expressed in VSMC (5) and promotes migration
(8), proliferation (7), hypertrophy (5), and contraction (6) in
vitro. Unfortunately, our understanding of its function in the
vasculature in vivo has been hampered by a lack of relevant
models. Most data to date rely on administration of the CaMKII
inhibitor KN-93 (5, 37) that has clear CaMKII-independent
effects (38). To our knowledge, this is the first study to take
advantage of the recently developed CaMKII§ /'~ mice to study
CaMKII isoform-specific effects in the vasculature (16, 39, 40).

Our results raise the question whether the decrease in
neointimal formation, cell proliferation, and change in cell
cycle regulation are CaMKII&-specific or due to decreased total
CaMKII activity. In both aorta and VSMC from CaMKII§ ™/~
mice, we detected a robust anti-proliferative phenotype despite
up-regulation of CaMKIIy expression (supplemental Figs. S1
and S2). In addition, the total Ca®>"/calmodulin-dependent
CaMKII activity was not significantly lower in CaMKII§ '~
VSMC compared with controls (Fig. 4B). Our data favor the
theory that CaMKII isoforms in smooth muscle cells have spe-
cific functional targets. We believe that the antiproliferative
effects we detected are explained by absence of the CaMKII5
isoform rather than increases in CaMKIIly expression in
CaMKII§ '~ mice. This is based on three observations in this
study: 1) we detected increased transcription of CaMKII§, but
not v, after carotid ligation of wild type arteries that display
strong total CaMKII expression in the neointima (Fig. 1C), 2)
the adenoviral overexpression of CaMKII§ in CaMKII§ '~
VSMC reverses the changes in p21 expression (Fig. 7A), 3) the
decrease in Akt phosphorylation (Fig. 6A4) negates the possibil-
ity that the effects we found are due to increased compensatory
CaMKIlvy kinase activity.

In summary, this study provides in vivo and in vitro evidence
that CaMKIIS controls VSMC proliferation through modu-
lation of cell cycle regulators. CaMKIIS deletion caused
decreased VSMC proliferation, neointimal formation, and pro-
grammatic changes in cell cycle control, including increased
p21 protein expression and decreased cdk activity. These data
provide novel insights into the mechanisms involved in VSMC
growth and raise questions regarding whether CaMXKII inhibi-
tion could decrease VSMC proliferation in clinical settings,
such as neointimal formation after angioplasty, arteriosclerosis,
and transplant-associated arteriopathy.
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