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Highlights
e p27 is dephosphorylated at Serl10 in mouse aorta preceding plaque development

o Defective p27-phospho-S10 enhances adhesion molecule expression in aorta and
endothelial cells

e Defective p27-phospho-S10 promotes leukocyte recruitment and early atherosclerosis

¢ RhoA/ROCK mediates the pro-atherogenic effects of defective p27-phospho-S10
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Highlights

e p27 undergoes rapid dephosphorylation at serine 10 (Ser10) in aorta of fat-fed apoE™
preceding development of macroscopically-visible lesions.

o Defective p27-phospho-Serl0 enhances the expression of adhesion molecules in aorta
of apoE™ mice and primary endothelial cell cultures.

o Defective p27-phospho-Serl0 augments endothelial-leukocyte interactions, leukocyte
recruitment and early atherosclerosis development.

¢ Pharmacological inhibition of RhoA/ROCK blunts the pro-atherogenic effects of defective
p27-phospho-Ser10.
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Abstract

Reduced phosphorylation of the tumor suppressor p27"* (p27) at serine 10 (Serl0) is a
hallmark of advanced human and mouse atherosclerosis. Apolipoprotein E-null mice defective
for this posttranslational modification (apoE”p27Ser10Ala) exhibited increased atherosclerosis
burden at late disease states. Here, we investigated the regulation of p27 phosphorylation in
Serl0 at the very initial stages of atherosclerosis and its impact on endothelial-leukocyte
interaction and early plaque formation. Hypercholesterolemia in fat-fed apoE” mice is
associated with a rapid downregulation of p27-phospho-Ser10 in primary endothelial cells (ECs)
and in aorta prior to the development of macroscopically-visible lesions. We find that lack of p27
phosphorylation at Serl0 enhances the expression of adhesion molecules in aorta of apoE™
mice and ECs, and augments endothelial-leukocyte interactions and leukocyte recruitment in
vivo. These effects correlated with increased RhoA/Rho-associated coiled-coil containing
protein kinase (ROCK) signaling in ECs, and inhibition of this pathway with fasudil reduced
leukocyte-EC interactions to control levels in the microvasculature of p27Serl0Ala mice.
Moreover, apoE”p27Ser10Ala mice displayed increased leukocyte recruitment and homing to
atherosusceptible arteries and augmented early plaque development, which could be blunted
with fasudil. In conclusion, our studies demonstrate a very rapid reduction in p27-phospho-
Serl0 levels at the onset of atherogenesis, which contributes to early plaque build-up through
RhoA/ROCK-induced integrin expression in ECs and enhanced leukocyte recruitment.



Introduction

Atherosclerosis and associated ischemic events are the leading cause of morbidity and
mortality in Western societies and are predicted to soon become the leading health problem
worldwide [1]. Several cardiovascular risk factors have been identified (dyslipidemia,
hypertension, diabetes, smoking, aging, sedentary life style, etc.), which promote a chronic
inflammatory state that leads to dysfunction of the endothelial cell (EC) monolayer lining the
inner arterial surface [2]. One of the earliest manifestations of atherosclerosis is the expression
of adhesion molecules by ECs, which triggers the recruitment of circulating leukocytes that
normally do not interact with the ‘healthy’ vessel wall [3-9]. Leukocytes are considered important
mediators of all phases of atherosclerosis, from the initiation and progression of asymptomatic
lesions to the establishment of complex vulnerable plaques that can rupture and provoke acute
ischemic events. Luminal recruitment appears to be the central route of leukocyte infiltration in
the subendothelial space during early atherosclerosis since at these stages no vasa vasora can
be detected, contrary to their reported abundance in late-stage atheromata [10]. Leukocytes roll
and adhere to the endothelium to finally extravasate, and monocytes (the predominant
leukocyte subset recruited in the damaged vessel wall) differentiate into macrophages that
critically contribute to plague development by secreting an array of inflammatory mediators [3-
9].

Studies in animals and humans have identified excessive neointimal cell proliferation as a
characteristic of atherosclerosis; consequently, regulation of hyperplastic growth of neointimal
cells by tumor suppressors has emerged as a prominent mechanism regulating plaque
development [11]. The oncosuppressor p27<** (p27) is a cyclin-dependent kinase inhibitor (CKI)
that attenuates the proliferation of both vascular smooth muscle cells and macrophages, and
also neointimal thickening in animal models of vasculoproliferative disease [11-16].
Interestingly, a micro-RNA-based strategy has been recently developed to selectively inhibit
vascular smooth muscle cell hyperplasia while preserving EC proliferation and function, which
attenuates restenosis post-angioplasty but allows complete reendothelialization [17].

Compelling evidence has emerged supporting a role for p27 beyond cell cycle control, including
modulation of actin cytoskeleton, cell motility, and gene transcription [18-22]. A number of
important functional aspects of p27 are regulated through its phosphorylation status [23-31]. We
recently reported that sparse phosphorylation of p27 at serine 10 (p27-phospho-Serl0), the
most common post-translational modification of p27 [23], is a hallmark of mouse and human
atherosclerosis [32]. Moreover, apolipoprotein E-null mice defective for this post-translational
modification (apoE’p27Ser10Ala) did not show alterations in neointimal cell proliferation, yet
they had an increased atherosclerosis burden at advanced disease states, at least in part due
to increased macrophage foam cell formation [32].

Since p27-phospho-Serl0 is involved in neointimal thickening by modulating proliferation-
independent processes, we hypothesized that it could also promote EC dysregulation, which is
thought to initiate and sustain atherosclerosis development [2, 5-7]. To address this issue, we
have used complementary approaches with primary ECs and genetically-engineered mice. Our
results demonstrate that loss of p27-phospho-Ser10 occurs rapidly in fat-fed apoE” mice and
promotes VCAM-1 expression in ECs and leukocyte adhesion in vivo. Further, this defect also
stimulates the formation of incipient atherosclerotic lesions through activation of the RhoA/Rho-
associated coiled-coil containing protein kinase (ROCK) pathway.



Material and methods

Mice and diets. apoE"p27Ser10Ala mice were generated by crossing nonphosphorylatable
p27Serl0Ala knock-in mice [30] with apoE” mice (The Jackson laboratory, Madison, WI).
Macrophage Fas-Induced Apoptosis (Mafia)-apoE™ mice [3] were generated by crossing Mafia
transgenic mice [33] (which express GFP in the myeloid lineage) with apoE™ mice. Mafia apoE™
p27Serl0Ala mice were generated by crossing Mafia-apoE”" mice with apoE”p27Ser10Ala
mice. All mice were on C57BL/6 background. Mice were maintained on a low-fat standard diet
(2.8% fat; Panlab, Barcelona, Spain). For studies of diet-induced atherosclerosis, mice were
placed on atherogenic high-fat diet (HFD) (10.8% total fat, 0.75% cholesterol, S4892-E010,
Ssniff, Germany) for the indicated periods of time. In vivo studies were performed with 3-month-
old mice. Care of animals was in accordance with institutional guidelines and regulations.

Blood and serum collection and cholesterol analysis. Mouse blood was extracted by
submadibular punction as described [34]. To obtain serum, 100 ul of blood was collected in
polypropylene tubes, the blood was allowed to clot by leaving it undisturbed at room
temperature for 30 minutes, and the clot was removed by centrifuging at 2000 x g for 15
minutes at 4°C. The serum was recovered and stored at -80°C until analyzed. Total and free
cholesterol levels were measured using the automated analyzer Dimension RxL Max Clinical
System (Siemens) in serum from mice which were starved overnight.

Mouse anesthesia and euthanasia. For intravital microscopy experiments (see below), mice
were anesthetized with a mixture of ketamine and medetomidine (50 mg/kg and 0.5 mg/kg,
respectively; intraperitoneal injection). Mice were euthanized by carbon dioxide inhalation.

Isolation and culture of mouse aorta endothelial cells (MAECs). mAECs from p27Ser10Ala
mice and wild-type counterparts (both on C57BL/6 background) were isolated as described [35].
Briefly, 8 mice (8 weeks of age) were culled and aortas were rapidly harvested. After removing
adipose tissue and adventitia layer, aortas were cut into 1 mm rings. Aortic rings were placed in
gelatin (0.5 %) pre-coated plates and incubated in mMAEC medium: DMEM:F12 (Lonza)
containing 1% of penicillin/streptomycin, L-glutamine, 10 mM Hepes, Fungizone, 10% fetal
bovine serum (FBS), 0.1 mg/ml of heparin (Sigma-Aldrich) and 50 ug/ml of endothelial cell
growth supplement (ECGS, BD). After 7-12 days, mAECs were selected with CD102 antibody
(Purified Rat Anti-Mouse CD102-ICAM-2 Monoclonal Antibody, BD Pharmigen) and with a
secondary antibody linked to magnetic beads (Dynabeads Sheep anti-Rat IgG, Invitrogen) using
a magnetic platform (DynaMag-15 Magnet, Life Technologies). These cells (passage 0) were
expanded in gelatin-coated plates containing mAEC medium. All cells used for assays were
between passages 4 and 7.

Isolation of bone marrow (BM) cells. BM cells were harvested from apoE”, apoE”
p27Ser10Ala and Mafia-apoE™ mice as described [36]. Briefly, femurs and tibiae were obtained
from mice after carefully removing the surrounding skeletal muscle and fat tissue. Both ends of
each bone were trimmed to expose the interior and the BM was flushed with Hank’s Balanced
Salt Solution (HBSS) containing 2 mM EDTA using a 1-ml insulin syringe with a 27G needle.
The collected BM was disaggregated by pipetting and red blood cells were eliminated by 5
minutes incubation with cold lysis buffer (KH4Cl 0.15 M, KHCO3 0.01 M, EDTA.N2 0.01 M, pH
7.4). After washing with PBS, BM nucleated cells were kept on ice until used.

Leukocyte adhesion in cremasteric vessels. Mice were anesthetized and the cremaster
muscle was dissected free of surrounding tissues and exteriorized onto an optical clear viewing
pedestal. The muscle was cut longitudinally with a cautery and held extended at the corners of
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the exposed tissue using surgical suture. To maintain the correct temperature and physiological
conditions, the muscle was perfused continuously with warmed Tyrode’s buffer. Four hours
before surgery, animals were injected with 100 yl of TNFa (0.5 ug in 0.3 ml saline) to promote
leukocyte-endothelial cell interactions. The cremasteric microcirculation was then observed
using a Leica DM6000-FS intravital microscopy with an Apo 40x NA 1.0 water-immersion
objective equipped with a DFC350-FX camera. LAS-AF software was employed for acquisition
and image processing. Five randomly-selected arterioles were analyzed per mouse, and
leukocyte adhesion was measured in 150-um vessel segments for 5 min. When indicated, 19gG
isotype control (AB-108-C, R&D Systems) or polyclonal anti-VCAM-1 antibodies (sc-1504,
Santa Cruz Biotechnology) were injected intravenously prior to intravital microscopy (100
Mg/mouse).

Intravital imaging of carotid artery and rolling. Mice were anesthetized, the neck was
shaved, and animals were immobilized in decubitus position. The right carotid artery was
exposed and carefully dissected from the surrounding tissues [37]. to perform intravital imaging
as described [3]. In brief, sutures were used to maintain the salivary gland and adjacent
muscles away from the artery, and the right vague nerve was carefully separated from the
artery. Throughout the procedure, warm saline was applied to the tissues. The carotid artery
was stabilized and placed under the water-dipping objective of an epifluorescence microscope
with constant perfusion with warm saline buffer. Images were captured with an Apo 63x NA 0.9
water-immersion objective in cy3 channel. For analysis, luminal cells of the carotid artery were
labeled by intravenous (IV) injection of 50 pg of rhodamine 6G (Sigma), and the number of
rolling cells was determined by counting the number of rhodamine-positive leukocytes crossing
an imaginary line perpendicular to the vessel during at least 30 seconds. Several fields (typically
3-4) were imaged from the carotid artery, and each data point represents one field. Although the
appearance of plaques in the carotid artery is heterogeneous, for visualization we chose areas
from the carotid bifurcation, which is prone to plague development. Data were normalized to the
number of rolling cells per 1000 frames.

In vivo leukocyte homing. To study leukocyte homing into the aorta, apoE” p27Ser10Ala mice
and apoE” counterparts were injected twice for two days (IV) with five million nucleated BM
cells (in a 200 pL volume) from Mafia-apoE™ mice, to allow detection of GFP-positive myeloid
leukocytes (e.g. neutrophils and monocytes). After 48 hours, mice were killed, the aortic tissue
was perfused in situ with PBS, harvested and immediately frozen. GFP expression in aortas
was analyzed by gquantitative real-time PCR.

Atherosclerosis studies. For quantification of atherosclerosis burden of aortic sinus, mice
were sacrificed and the heart was harvested after in situ perfusion with PBS. Hearts were fixed
overnight with 4% paraformaldehyde/PBS at 4°C. An operator blinded to genotype quantified
the extent of atherosclerosis by computer-assisted morphometric analysis (ImageJ, National
Institutes of Health) of hematoxylin/eosin-stained cross-sections of heart tissue, as described
[38].

For quantification of infiltrated myeloid cells, Mafia-apoE’p27Ser10Ala mice and Mafia-apoE™
counterparts were used, allowing the detection of GFP-positive myeloid cells (e.g. neutrophils,
monocytes and macrophages). Mice were killed, the aortic tissue was perfused carefully in situ
with PBS, harvested and immediately frozen. VCAM-1 and GFP expression was by quantitative
real-time PCR (gPCR).

Macrophage detection in atheromata of aortic sinus was permormed by F4/80 inmunostaining.
After deparaffinization, antigen retrieval and blocking of non-specific interactions (5% horse
serum in PBS, 45 minutes), histological sections were incubated overnight at 4°C with anti-
F4/80-Alexa Fluor 488 antibody (1/500, MCA497A488-AbD, Serotec). Cell nuclei were stained
with DAPI (Invitrogen). Slides were mounted with Slow-Fade Gold Antifade reagent (S36936,
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Invitrogen) and images were acquired on a Leica TCS/SP2 confocal microscope with a 40X oil
immersion objective.

Fasudil administration. Animals were treated orally with a dose of 40 mg/kg/day of fasudil
dissolved in drinking water. In the leukocyte-adhesion experiments in cremasteric arterioles and
in the leukocyte homing assay in aorta, fasudil was administered daily, starting 4 days prior to
surgery or sacrifice, respectively. For atherosclerosis studies, fasudil treatment started 4 days
before putting mice on HFD and continued for 28 days.

Gene expression analysis by quantitative real-time PCR (gPCR). RNA from mouse aortic
tissue or mAECs was obtained using TRIzol Reagent (Invitrogen). RNA (0.5-1ug) was
retrotranscribed and amplified, respectively, with Superscript Il First Strand Synthesis Supermix
(Invitrogen) and Power Syber Green PCR Master Mix (Applied Biosystems). The following
primers (Forward: Fw; Reverse: Rv) were used (5> 3’sequences):

Selp_Fw GGTATCCGAAAGATCAACAATAAGTG
Selp_Rv GTTACTCTTGATGTAGATCTCCACACA
Sell_Fw AAACGAAAGGCAGCTCTCTG

Sell_Rv CCCGTAATACCCTGCATCAC
lcaml_Fw  GGACCACGGAGCCAATTTC
lcaml_Rv  CTCGGAGACATTAGAGAACAATGC
Vcaml_Fw GACCTGTTCCAGCGAGGGTCTA
Vcaml_Rv CTTCCATCCTCATAGCAATTAAGGTG
E-GFP_Fw CCAGGAGCGCACCATCTTCTT
E-GFP_Rv  GTAGTGGTTGTCGGGCAGCAG
Gapdh_Fw TGTGTCCGTCGTGGATCTGA
Gapdh_Rv  CCTGCTTCACCACCTTCTTGAT
Hprtl_Fw CCTAAGATGAGCGCAAGTTGAA
Hprtl_Rv CCACAGGACTAGAACACCTGCTAA
36b4_Fw ACTGGTCTAGGACCCGAGAAG
36b4_Rv TCCCACCTTGTCTCCAGTCT

Reactions were run on an ABI Prism 7500 Fast thermal cycler and results were analyzed with
SDS 2.3 software (Applied Biosystems). Gene expression in both genotypes was normalized to
the expression of the housekeeping genes Hprtl, 36b4 and Gapdh using Qbase software
(Biogazelle).

Western blot analysis. Proteins from cultured mAECs and mouse aorta were extracted in an
ice-cold lysis buffer containing 50 mM Tris-Cl, pH 7.2, 1% (w/v) Triton X-100, 0.1% (w/v) SDS,
500 mM NaCl and 10 mM MgCl,, supplemented with phosphatase and protease inhibitors
(Roche). Polyacrylamide gel-electrophoresis and western blot analysis of whole cell extracts
prepared in lysis buffer were performed as reported[39] and detection of proteins was carried
out with the following antibodies: anti-p27 (610242) from BD Transduction Laboratories; anti-a-
tubulin (sc-8035), anti-a-actin (sc-32251), anti-p-actin (sc-130657), and anti-VCAM-1(sc-1504)
from Santa Cruz Biotechnology; anti-ERM (3142) and anti-phospho-ERM (3149) from Cell
Signaling Technology; anti-mCD54 ICAM (BEO0020-1) and anti-CD62P P-selectin (clone
RB40.34) from BioXcell and anti-p27-phospho-S10 (ab62364) from Abcam. HRP-conjugated
secondary antibodies were from Santa Cruz Biotechnology. Immunocomplexes were detected
with Luminata Forte Western HRP substrate (Millipore).



For the preparation of cytoplasmic lysates, mAECs were incubated for 15 minutes in ice-cold
buffer containing 50 mM Tris-HCI (pH 7.5), 0.5% Triton X-100, 137.5 mM NacCl, 10% Glycerol,
1mM sodium vanadote, 50 mM sodium fluoride, 10 mM sodium pyrophosphate, 5 mM EDTA,
and protease inhibitors (ImM PMSF, 10 ug/ml aprotinin, 10 ug/ml leupeptin). Lysates were
centrifuged at 3000 rpm for 5 minutes, and the supernantant was stored at -80°C until western
blot analysis.

Flow cytometry analysis. White blood cells were stained for Mac-1 (CD11b-APC (M1/70),
TOMBO Biosciences), VLA-4 (CD49d-biotin (PS/2)/Streptavidin-APC, in-house and
eBioscience, respectively), L-Selectin, and PSGL1 (CD62L-APC (MEL-14) and PSGL1-PE
(2PH1), respectively, both from BD Biosciences). Mafia-p27Ser10Ala apoE™ mice and Mafia-
apoE™ counterparts were used to discriminate GFP+ myeloid cells and GFP- lymphocytes. The
anti-Ly6G antibody (clone 1A8, BioXcell) was used to discriminate GFP+ Ly6G+ neutrophils and
GFP+ Ly6G- monocytes. The anti-Ly-6G antibody was labeled using DyLight 405 Antibody
Labeling Kit (ThermoScientific). Cytometric analyses were performed using a FACS Canto flow
cytometer equipped with DIVA software (BD Biosciences). Data were analyzed with FlowJo
software (Ashland, OR). Experiments were conducted at the CNIC-Cellomics Unit. White blood
cell populations in mice were analysed using the Abacus junior 30 system (Diatron Group).

Statistical analysis. Data are presented as meantSEM. In experiments comparing two groups,
statistical significance was evaluated using unpaired Student's t-test. For multigroup
comparisons, a two-way ANOVA with Bonferroni's post-hoc test was performed. The GraphPad
Prism 5 software was used for all statistical analyses. P values below 0.05 were deemed
significant.

Results

Diet-induced hypercholesterolemia causes a rapid loss of p27 phosphorylation at Ser10
in ECs and aorta that precedes atheroma formation

It is well established that dyslipidemia causes endothelial dysfunction/activation, triggering the
very first steps of atherogenesis [2, 5-7]. To examine whether hypercholesterolemia influences
the phosphorylation status of p27 at Ser10, we challenged apoE” mice with a high-fat diet
(HFD) for a very short period (9 days). Under these conditions, fat-fed apoE” mice developed
hypercholesterolemia (Figure 1A) but, similar to control mice fed standard chow, they did not
present grossly visible atheromata (data not shown). Consistent with the absence of
atherosclerotic plaques, qPCR analysis did not revealed changes in the expression of the
leukocyte-specific L-selectin in aorta of control and fat-fed apoE™ mice (Figure 1B). Likewise,
expression of adhesion molecules associated with endothelial activation was unchanged when
comparing aorta from control and fat-fed mice, with the only exception of VCAM-1 (p=0.0353,
Figure 1B). Notably, short term exposure of apoE™ mice to HFD caused a marked loss of p27
phosphorylation at Serl10 in the aortic arch, as revealed by western blotting using anti-p27-
phospho-Serl0 (Figure 1C). In agreement with this result, primary mAECs treated with serum
from mice fed HFD for 4 days showed a significant reduction of p27 phosphorylation compared
with cells treated with control serum (Figure 1D). Of note, both free and total cholesterol levels
in serum of mice fed HFD for 4 and 9 days were undistinguishable from those observed after
longer exposure to HFD (Supplementary Figure S1). These results demonstrate that, preceding
the appearance of macroscopically detectable lesions, high levels of cholesterol in blood are
associated with a rapid decrease in p27-phospho-Ser10 in mAECs and aorta of apoE™ mice.



Lack of p27 phosphorylation at Serl0 enhances expression of endothelial adhesion
molecules

To further investigate the role of p27-phospho-Ser10 during early atherogenesis, we generated
apoE’p27Ser10Ala mice homozygous for a knock-in alanine substitution at Ser10 that blocks
phosphorylation in this residue [30]. These mice exhibit increased atherosclerosis at advanced
stages of disease progression [32]. Western blot analysis confirmed the lack of p27-phospho-
Serl0 in the aorta of apoE’p27Ser10Ala mice (Figure 2A). The results of gPCR analysis
showed elevated L-selectin, P-selectin, ICAM-1, and VCAM-1 expression in aortas of apoE"'
p27Serl0Ala mice fed control diet compared with apoE™ littermates, which reached statistical
significance for L-selectin, ICAM-1 and VCAM-1 (Figure 2B). These results suggest that
endothelial dysfunction develops in apoE’p27SerlOAla mice even in the absence of a
proatherogenic dietary challenge.

We next cultured mAECs from p27Serl0Ala and wild-type mice to assess whether impaired
p27-phospho-Serl0 was causally linked to early endothelial dysfunction. Western blot analysis
confirmed the absence of p27-phospho-Serl0 in mAECs from p27Serl0Ala mice (Figure 2C,
left). Results from gqPCR analysis showed no differences in P-selectin or ICAM-1 mRNA
expression between cells from both genotypes, however, VCAM-1 mRNA expression was
significantly increased in p27Serl0Ala mAECs compared with controls (Figure 2C, right). This
change in VCAM-1 expression was not accompanied by significant alterations in the protein
level of adhesion molecules in different subsets of circulating leukocytes (Figure 2D, top).
Likewise, lack of p27-phospho-Ser10 did not alter the number of circulating leukocytes in apoE™
(Figure 2D, bottom) and wild-type (Supplementary Figure S2) backgrounds.

Lack of p27 phosphorylation at Serl0 in endothelial cells increases VCAM-1 protein
expression and RhoA/ROCK signaling

We next explored what mechanisms might produce increased VCAM-1 expression in mAECs
with defective p27-phospho-Serl0. Given that loss of this phosphorylation activates
RhoA/ROCK-dependent signaling in aorta [32], and that this pathway promotes the activation of
integrins [40], we examined whether RhoA/ROCK could modulate VCAM-1 overexpression in
p27Serl0Ala mAECs. We evaluated by western blotting the phosphorylation status of the
erzin/radixin/moesin proteins (ERM), a reliable marker of RhoA/ROCK signaling [41]. We found
an increased phospho-ERM-to-ERM ratio in p27Serl10Ala mutant mAECs relative to wild-type
cells (Figure 3A). In accord with mRNA expression studies, we also found increased VCAM-1
protein in p27Serl0Ala mAECs (Figure 3B) without changes in ICAM-1 and P-selectin (Figure
3C). Since RhoA/ROCK induces VCAM-1 expression [40], these findings suggest that defective
p27-phospho-Serl0 enhances the expression of VCAM-1 via RhoA/ROCK-dependent signaling
in mMAECs.

Lack of p27 phosphorylation at Serl0 stimulates leukocyte-endothelium interaction in
arterioles and atherosusceptible arteries via RhoA/ROCK activation

The above findings suggested that leukocyte-EC interactions might be enhanced upon loss of
p27-phospho-Serl0. Consistent with this notion, expression of the leukocyte marker, L-selectin,
was increased in the aorta of apoE’p27Serl0Ala mutant mice (Figure 2B). To assess the
impact of defective p27-phospho-Serl0 on leukocyte-EC interactions in vivo, we next performed
intravital microscopy in the cremaster muscle. These studies demonstrated a significant
increase in the number of adhered leukocytes in cremasteric arterioles of p27Serl10Ala mice
compared with wild-type littermates (Figure 4A).



We next assessed whether higher VCAM-1 expression induced by p27Serl0Ala expression is
required for increased leukocyte-EC interactions. To this end, we performed intravital
microscopy experiments in mice treated with either control IgG or anti-VCAM-1 antibodies.
These experiments revealed that anti-VCAM-1 antibody but not control IgG blunts the excess of
leukocyte-EC interactions in p27Serl0Ala mice (Figure 4B). Because p27Serl0Ala mAECs
displayed greater VCAM-1 expression, and RhoA/ROCK-dependent signaling induces VCAM-1
expression and promotes leukocyte-EC interactions [42-45], we also investigated the impact of
RhoA inhibition. Treatment of p27Ser10Ala mice with the selective RhoA/ROCK inhibitor fasudil
significantly reduced leukocyte adhesion to the levels seen in wild-type controls (Figure 4A).

Luminal recruitment appears to be the major route of leukocyte infiltration in the subendothelial
space, which precedes early atheroma build-up [3-9]. Using high-speed intravital fluorescent
microscopy and rhodamine 6G labeling in vivo [3], we quantified leukocyte rolling within carotid
arteries of apoE’p27Ser10Ala and apoE” mice fed either control diet or HFD for 2 weeks. As
expected, high-fat feeding significantly increased leukocyte rolling activity in apoE” mice
expressing either wild-type or mutant p27, but we noted greater rolling in p27Ser10Ala mice fed
either type of diet compared with their wild-type counterparts (Figure 5A).

After rolling, leukocytes adhere firmly to the endothelium and rapidly change their morphology
and redistribute specific receptors [3-9]. At later stages, leukocytes crawl on the endothelium in
search of areas permissive for extravasation, and are finally recruited into the intima of the
artery [3-9]. To assess whether increased leukocyte rolling upon loss of p27-phospho-Serl0
was accompanied by augmented leukocyte recruitment into atherogenic arteries, we performed
adoptive transfer experiments using bone marrow-derived leukocytes from Mafia-apoE” mice,
which express GFP in myeloid cells [3, 33]. Thus, cells were transferred into apoE”
p27Ser10Ala and apoE” mice, and GFP expression in the aorta was determined as a metric of
homing of Mafia-apoE™ leukocytes. qPCR analysis demonstrated significantly greater GFP
expression in aorta from apoE” p27Serl0Ala relative to apoE”mice, and this difference was
abolished upon treatment with fasudil (Figure 5B).

Lack of p27 phosphorylation at Ser10 accelerates early atherosclerosis development via
RhoA/ROCK activation

The in vivo studies presented thus far were performed in mice fed standard chow or challenged
with HFD for very short periods of time; consequently, mice did not exhibit significant plague
build-up. To investigate whether increased leukocyte recruitment upon loss of p27-phospho-
Serl0 accelerates early atherosclerotic lesion development, Mafia-apoE™ and Mafia-apoE™
p27Serl10Ala mice were challenged with HFD for 4 weeks, and aortic sinus cross-sections were
analyzed. Under these conditions, both groups of mice presented early lesions consisting of
fatty streaks containing predominantly F4/80-immunoreactive macrophages (Supplementary
Figure S4). Importantly, atherosclerosis burden was significantly augmented in Mafia-apoE”
p27Serl0Ala mice compared with controls (Figure 6A, top). Moreover, aortic VCAM-1
expression and the accumulation of GFP+ leukocytes were increased in fat-fed Mafia-apoE™
p27Serl0Ala mice (Figure 5B, top). In agreement with our earlier findings, fasudil treatment
blunted the increase of atherosclerosis (Figure 6A, bottom) and aortic VCAM-1 expression and
GFP+ leukocyte accumulation (Figure 6B, bottom) associated with loss of p27-phospho-Ser10.
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Discussion

Previous studies have demonstrated a protective role of p27 in the development of advanced
atherosclerotic plaques in apoE” mice through proliferation-dependent and proliferation-
independent mechanisms [12, 13, 16, 32]. However, whether p27 regulates atherosclerosis
development at initial stages when neointimal cell proliferation is not yet prominent, was
unknown. Therefore, examining p27 proliferation-independent functions, including those
regulated through posttranslational modifications, are of interest in this particular context. In the
present study, we investigated the role of p27-phospho-Serl0 in early atherosclerosis by
challenging apoE™ mice with HFD for different periods of time: very short exposure (4, 9 days),
which was sufficient to cause maximum hypercholesterolemia but failed to induce the
appearance of macroscopically visible lesions; short exposure (14 days) to quantify leukocyte-
EC interactions in vivo in very incipient plagues; and long exposure (28 days) to quantify
atherosclerosis burden at early stages of disease progression. We initially observed that
hypercholesterolemia induced by short-term exposure (9 days) to HFD was associated with a
reduction in p27-phospho-Ser10 in the aorta of apoE” mice. This loss occurred very rapidly,
preceding both the upregulation of adhesion molecules that trigger leukocyte recruitment and
also the development of macroscopically visible lesions. Downregulation of p27 phosphorylation
was also observed in mAECs challenged with serum from apoE™ mice fed HFD for 4 days,
suggesting that hypercholesterolemia may be a factor contributing to p27 dephosphorylation.
Importantly, our findings in mMAECs and aorta expressing the non-phosphorylated form of p27
establish a causal relationship between defective p27-phospho-Serl0 and EC activation since
expression of VCAM-1, a key positive regulator of leukocyte-endothelium interactions in
atherosclerotic arteries [3-9], is increased in p27Ser10Ala aorta and mAECs.

The finding that defective p27-phospho-Ser10 leads to increased expression of VCAM-1 and of
the leukocyte marker L-selectin (CD62L) in the aorta of apoE’p27Ser10Ala mutant mice,
prompted us to examine whether loss of this post-translational modification increases leukocyte
infiltration. In vitro adhesion assays, in vivo intravital microscopy in carotid artery and cremaster
muscle arterioles, and in vivo homing studies in aorta revealed augmented leukocyte-EC
interactions and leukocyte recruitment upon expression of p27Serl0Ala. It is noteworthy that
the increase in leukocyte rolling in the carotid artery induced by defective p27-phospho-Serl10
expression was diminished in apoE”p27Ser10Ala and apoE” mice challenged with HFD, when
compared with identical groups fed standard chow. This is presumably due to the loss of p27-
phospho Ser10 that occurs rapidly in fat-fed apoE” mice. The pathological relevance of
increased aortic VCAM-1 expression and leukocyte-EC interaction upon loss of p27-phospho-
Ser10 is underscored by the observation that apoE”p27Ser10Ala mice fed HFD for 4 weeks
exhibited larger macrophage-rich fatty streaks. This increase in macrophage accumulation
correlated with enhanced aortic VCAM-1 expression, and augmented GFP+ myeloid leukocyte
homing into the aortic arch of apoE”p27Ser10Ala-Mafia mice. The use of the Mafia GFP-
reporter mouse in adoptive transfer studies allowed us to demonstrate a causal relationship
between p27Serl0OAla expression and increased recruitment of leukocytes into early fatty
streaks since transfer of GFP+ myeloid cells was significantly increased in aorta of recipient
apoE’p27Ser10Ala mice.

During vascular inflammation, the VCAM-1 integrin is one of a plethora of induced adhesion
molecules (e.g. selectins, chemokines, integrins) that differentially mediate interactions during
the distinct phases of recruitment [8]. We have shown here that treatment with anti-VCAM-1
antibody blunts the excess of leukocyte-EC interactions in cremasteric arterioles of
p27Serl0Ala mice. Activation of the RhoA/ROCK pathway has been linked to vascular
inflammation, leukocyte recruitment, and expression of adhesion molecules in ECs, particularly
those involved in the slow rolling and arrest phases [40, 42-44, 46-49]. Disruption of
RhoA/ROCK signaling, using pharmacological inhibitors or through genetic ablation of individual
components of the pathway, significantly reduces neointimal thickening in rat and mouse
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models of atherosclerosis, balloon angioplasty and artery ligation [45, 50-53]. We demonstrate
here that the absence of p27-phospho-Serl0 leads to an increase in the phospho-ERM/ERM
ratio in MAECs. The increase in this bona fide marker of RhoA/ROCK signaling coincided with
higher levels of VCAM-1 expression and enhanced adhesion of leukocytes to p27Serl0Ala
MAECs in vitro and in cremaster muscle arterioles in vivo. These differences were abolished
after treatment with the RhoA/Rock inhibitor fasudil. Similarly, fasudil abolished the increase of
aortic VCAM-1 expression, leukocyte homing and atherosclerosis burden in apoE”
p27Serl0Alamice.

Regarding the mechanism through which lack of p27-phospho-Serl0 leads to increased
RhoA/ROCK-dependent signaling, it has been shown that p27 interacts directly with RhoA and
inhibits its function [18, 54]. Moreover, lack of p27-phospho-Serl0 in several cell types restrains
p27’s exit from the nucleus to the cytoplasm leading to reduced level of this tumor suppressor in
the cytoplasm [24, 25, 27, 31, 32, 55], where the interaction p27-RhoA occurs. This could
explain, at least in part, the enhancement of RhoA/ROCK activity in cells expressing
p27Serl0Ala. Consistent with this possibility, we found less accumulation of p27 in the
cytoplasm of mAECs lacking p27-phospho-Serl0 (Supplementary Figure S3). Taken together,
these results suggest that reduced level of cytoplasmic p27 in p27Serl0Ala mAECs may
enhance RhoA/ROCK activity and the ensuing VCAM-1 induction by diminishing the interaction
between p27 and RhoA. However, further studies are required to ascertain the exact
mechanism by which p27 phosphorylation at Ser10 modulates the RhoA/ROCK pathway.

In summary, our findings establish for the first time a causal link between defective p27
phosphorylation and RhoA/ROCK activation that promotes EC dysregulation, leukocyte
recruitment and the development of early atherosclerotic lesions. These observations extend
the results of previous studies by others demonstrating that p27 regulates the RhoA/ROCK
pathway [18]. They also build on our recent studies showing that loss of p27-phospho-Serl0
exacerbates advanced atherosclerosis in apoE”p27Ser10Ala mice coinciding with augmented
foam cell formation owing to increased RhoA/ROCK activity in macrophages [32]. It is also
important to note that our present findings, taken together with previous studies in apoE™ mice
lacking p27[12, 13, 16] or p27-phospho-Serl0 [32], demonstrate that p27 affects all stages of
plague formation: from the early fatty streaks to complex plaques, through cell cycle-dependent
and cell cycle-independent mechanisms that operate in different cell types (vascular smooth
muscle cells, macrophages and ECs). These properties could therefore be exploited to develop
versatile therapeutics targeting p27 to inhibit atherogenesis at all stages of lesion development.

Conclusions

p27 undergoes rapid dephosphorylation at SerlO in aorta of fat-fed apoE” preceding
development of macroscopically-visible lesions. Defective p27-phospho-Serl0 enhances the
expression of adhesion molecules in aorta of apoE™ mice and endothelial cells, and augments
endothelial-leukocyte interactions, leukocyte recruitment and the development of early
atherosclerosis development. Treatment with the RhoA/ROCK inhibitor fasudil blunts the pro-
atherogenic effects of defective p27-phospho-Ser10.
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Figure legends

Figure 1. Hypercholesterolemia in apoE” mice is associated with reduced
phosphorylation of p27 at Ser10. (A, B) apoE™ mice were fed either control diet (CD, n=6) or
a high-fat diet (HFD, n=5) for 9 days. (A) Serum cholesterol level. (B) gPCR analysis of
adhesion molecules in the aortic arch. (C) Representative western blot of aortic arch (tissue
essentially free of atheroma and pooled from 6 mice of each group). The relative p27-phosho-
S10/p27 ratio is indicated below (mean = SEM of 3 blots performed with the same pools).
Results are normalized to control diet (=1). p27 serl0-P: p27 phosphorylated in Serl0. (D)
Representative western blot of serum-starved mAECs treated for 30 min and 6 h with medium
containing 10% of serum from apoE” mice fed CD or HFD for 4 days. The graph shows the p27
serl0-P/p27 ratio averaged from two independent experiments (each using serum pooled from
two mice in each condition).

Figure 2: Lack of p27 phosphorylation at Ser10 increases adhesion molecule expression
in aorta and primary endothelial cells. (A, B) apoE” and apoE” p27Ser10Ala mice were fed
standard chow. (A) Aortic arch tissue essentially free of atheroma was obtained from 3 mice of
each genotype and analyzed by western blot. A representative blot of one aorta of each
genotype is shown. (B) gPCR analysis of adhesion molecule expression in aortic arch (n=2
pools from 2-3 mice). (C) Wild-type and p27Serl10Ala mAEC protein extracts were assessed by
western blot (left) or gPCR (right, n=2 pools from 8 mice). (D) TOP: Flow cytometry analysis of
adhesion molecule expression: L-Selectin (CD62L), Mac-1 (CD11b), VLA-4 (CD49d) and
PSGL-1 in total white blood cells (WBC) and in different leukocyte subsets from Mafia-apoE™
and Mafia-apoE”p27Ser10Ala mice (n=5-6 mice). MON: monocytes; NEU: neutrophils; LYM:
lymphocytes. BOTTOM: Total number of WBC and percentage of monocytes, neutrophils and
lymphocytes in blood of apoE™ (n=9) and apoE” p27Ser10Ala (n=7) mice.

Figure 3: Lack of p27 phosphorylation at Serl0 increases RhoA/ROCK signaling and
VCAM-1 expression in primary endothelial cells. Protein was extracted from wild-type and
p27Serl0Ala mAECs and levels of the indicated proteins were assessed by western blot. Two
independent cultures of MAECs were obtained for each genotype. Each culture was prepared
from a pool of 6 aortas (pool 1 and pool 2) and was analyzed in 2 western blots which were
guantified as follows. Each blot included lanes loaded with samples prepared from each of the
two wild-type cell pools and each of the two p27Serl0OAla pools, so that conditions were
replicated within the blot. In addition, the blot was repeated with the same samples, giving
methodological replicates between the duplicate blots. Mean values were first calculated for the
methodological replicates from the corresponding lanes in blot 1 and blot 2 (e.g. wild-type pool 1
from blot 1 and wild-type pool 1 from blot 2). These values were then used to calculate the
overall mean value for each condition (=the mean of the mean values for pool 1 and pool 2) with
its error bars, as shown in the graph. The bands shown in A and B belong to the same gel but
lanes were reorganized for easier comprehension.

Figure 4: Lack of p27 phosphorylation at Serl0 promotes the adhesion of leukocytes in
arterioles through a mechanism mediated by RhoA/ROCKand VCAM-1. Intravital
microscopy of cremaster muscle from p27Serl0Ala or wild-type mice to quantify leukocyte-
arteriole wall interactions 4 hours after TNFa injection. (A)The experiment was performed in
animals untreated (n=11 wild-type and n=10 p27Ser10Ala arterioles from 4 animals each group)
or treated with fasudil (n=21 wild-type and n=21 p27Serl0Ala arterioles from 7 animals each
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group). Results are represented relative to control wild-type mice (=1). (B) The experiment was
performed in animals treated with either IgG isotype control (n=12 arterioles from 4 wild-type
mice and n=9 arterioles from 3 p27Serl0Ala mice) or a-VCAM-1 antibody (h=12 arterioles from
4 mice of each genotype). The images show representative fields with leukocytes adhered to
endothelium identified with white arrows.

Figure 5: Lack of p27 phosphorylation at Serl0 promotes the adhesion of leukocytes in
atherosusceptible arteries through RhoA/ROCK signaling. (A) High-speed intravital
fluorescent microscopy to quantify leukocyte recruitment into carotid artery during early
atherogenesis. Three-month-old apoE” and apoE”p27Serl0Ala mice were fed HFD for 2
weeks and were injected with rhodamine 6G to label blood cells prior to intravital microscopy.
Images show representative fields with leukocytes rolling on the endothelium at the level of the
carotid bifurcation. Scale bar: 25 ym. The graph shows the number of rolling leukocytes in the
carotid bifurcation (n=7-21 fields from 5 mice in each group). (B) GFP+ myeloid leukocytes
isolated from bone marrow of apoE”Mafia mice were intravenously injected into d apoE™ or
apoE’p27Ser10Ala mice to study their homing into aorta. Two days after adoptive transfer, the
level of GFP mRNA in the aortic arch of recipient mice was quantified by gPCR. Experiments
were performed in untreated an in fasudil-treated mice (n=4-6 mice).

Figure 6: Lack of p27 phosphorylation at Serl0 accelerates early atherogenesis through
RhoA/ROCK signaling. Mafia-apoE™ and Mafia-apoE’p27Ser10Ala mice were fed HFD for 4
weeks to quantify early atherosclerosis. Mafia background was used to quantify the
accumulation of GFP+ myeloid cells in aorta. TOP: control mice; BOTTOM: mice treated with
fasudil during HFD. (A) Representative images of atherosclerotic aortic sinus cross-sections
stained with hematoxylin/eosin and quantification of atherosclerosis burden (n=9 control and
n=10-11 fasudil-treated mice). (B) gPCR analysis of VCAM-1 and GFP expression in aorta
(n=4-5 control and fasudil-treated mice).
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Figure 3
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Figure 4
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Figure 5
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Figure 6

Figure 6
B VCAM-1 GFP
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