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Genetic variation at the chromosome 9p21 risk locus promotes cardiovascular disease; however, it is unclear
how or which proteins encoded at this locus contribute to disease. We have previously demonstrated that
loss of one candidate gene at this locus, cyclin-dependent kinase inhibitor 2B (Cdkn2b), in mice promotes
vascular SMC apoptosis and aneurysm progression. Here, we investigated the role of Cdnk2b in atherogenesis
and found that in a mouse model of atherosclerosis, deletion of Cdnk2b promoted advanced development of
atherosclerotic plaques composed of large necrotic cores. Furthermore, human carriers of the 9p21 risk allele
had reduced expression of CDKN2B in atherosclerotic plaques, which was associated with impaired expres-
sion of calreticulin, a ligand required for activation of engulfment receptors on phagocytic cells. As a result of
decreased calreticulin, CDKN2B-deficient apoptotic bodies were resistant to efferocytosis and not efficiently
cleared by neighboring macrophages. These uncleared SMCs elicited a series of proatherogenic juxtacrine
responses associated with increased foam cell formation and inflammatory cytokine elaboration. The addition
of exogenous calreticulin reversed defects associated with loss of Cdkn2b and normalized engulfment of Cdkn2b-
deficient cells. Together, these data suggest that loss of CDKN2B promotes atherosclerosis by increasing the

size and complexity of the lipid-laden necrotic core through impaired efferocytosis.

Introduction

Traditional risk factors account for approximately half of an indi-
vidual’s lifetime risk of cardiovascular disease (1, 2). The balance,
therefore, is accounted for by a combination of unmeasured envi-
ronmental exposures and genetic factors. The recent advent of the
genome-wide association study (GWAS) platform has made it pos-
sible to investigate the heritable component of complex polygenic
disorders, such as atherosclerotic coronary artery disease (CAD).
Using this approach, a region on chromosome 9p21 has repeatedly
been identified in GWAS as the top locus for complex cardiovas-
cular disease (3, 4). Available data suggest that the risk-associated
polymorphisms (a) are very common, with as much as a fifth of
the world population carrying two copies of the risk allele (minor
allele frequency ~50%) (5); (b) are independent of all established
risk factors, suggesting a novel mechanism of action (6); (c) are
responsible for up to 21% of the attributable risk of myocardial
infarction (MI) (3); and (d) promote risk across a spectrum of vas-
cular diseases, including CAD, stroke, peripheral artery disease
(PAD), and abdominal aortic aneurysm (AAA) (7). Elucidating the
vascular biology of the 9p21 locus has become a priority for the
scientific community.

Because the most highly associated SNPs occur in a noncoding
region of the genome, a number of expression quantitative trait
locus (eQTL) and allelic expression imbalance (AEI) studies have
been performed in an attempt to identify the causal gene(s) that
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are dysregulated in carriers of the 9p21 risk variant. Though a
variety of associations have been reported (8-12), reduced expres-
sion of the nearby tumor-suppressor gene CDKN2B has now been
observed in several tissues from carriers of the risk allele, includ-
ing adipose tissue and circulating cells (8, 13), as well as in the
end organ, including atherosclerotic plaque and vascular SMCs
(14, 15). CDKN2B is a well-described cell cycle inhibitor that is fre-
quently lost during malignant transformation, but had not pre-
viously been implicated in vascular disease. We recently reported
that CDKN2B does play a role in vascular SMC physiology and that
Cdkn2b knockout mice develop advanced aneurysms related to
accelerated SMC apoptosis and medial thinning (16). Because the
mechanism(s) by which 9p21 promote coronary disease remain
unclear and the subject of debate (17-22), we hypothesized that
CDKN2B’s effects on programmed cell death contribute to the
development of CAD by stimulating the accumulation of necrotic
debris within the evolving plaque. In the experiments discussed
below, we continued to pursue the role of this candidate gene in a
murine model of atherogenesis, with a focus on its ability to regu-
late the clearance of apoptotic bodies (ABs) and the proatheroscle-
rotic consequences of failed phagocytosis.

Results
Cdkn2b regulates atherosclerotic lesion size and features of plaque vulner-
ability in vivo. To study the effect of Cdkn2b on atherosclerosis in
vivo, we evaluated a total of 114 male and female Cdkn2b~~,ApoE~",
Cdkn2b"~-,ApoE~~, and Cdkn2b**,ApoE~~ mice that had been fed a
high-fat Western diet for 4, 8, or 12 weeks. Total atherosclerotic
burden was increased in male Cdkn2b~~,ApoE~~ animals as soon
as 8 weeks after initiating the high-fat diet, as measured by the
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Oil Red O-positive (ORO-positive) area within the aortic sinus
(35.1% increase, P = 0.02; Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI70391DS1). These differences persisted over time to the ter-
minal endpoint of 12 weeks (33.8% increase, P = 0.001), with
an intermediate phenotype observed for heterozygous animals
(P for trend < 0.001; Figure 1A). Similar changes in atherosclerotic
burden were observed in female mice (17.5% increase, P = 0.04;
Supplemental Figure 1B). At the terminal endpoint, lesions from
Cdkn2b~~,ApoE~~ mice displayed several features of plaque vulnera-
bility, including reduced lesional a-SMA content (34.0% reduction,
P <0.02; Figure 1B) and larger necrotic cores (37% increase, P < 0.03;
Figure 1C and Supplemental Figure 1C), with no change in Mac-3
staining (P = 0.26; Figure 1D) relative to lesions from control ani-
mals. We observed similar findings in the brachiocephalic artery, in
which Cdkn2b~-,ApoE~~ lesions displayed decreased collagen con-
tent (50.2% reduction, P < 0.05; Figure 1F), reduced a-SMA content
(34.1%, P < 0.02; Figure 1G), and thinning of the fibrous cap overlying
the necrotic core of the lesion (54.2% reduction, P < 0.04; Figure 1H).
We observed no change in macrophage content between genotypes
(P = 0.89; Figure 1I). At this terminal endpoint, very few TUNEL-
positive cells were present (~0-2/section), and we observed no dif-
ference in apoptosis between genotypes (38.5% increase in TUNEL-
positive cells, P = 0.54; Figure 1E). Conversely, Cdkn2b~/~,ApoE~~
mice infused with angiotensin II for 72 hours at an early time point
(4 weeks, Western diet) displayed a 97% increase in apoptotic cells
relative to controls (P = 0.06; Supplemental Figure 1D). The com-
pensatory expression of other 9p21 locus genes is provided in Sup-
plemental Figure 1E. We observed no difference in glucose or lipid
levels across the genotypes (Supplemental Figure 1F).

Reduced expression of CDKN2B is associated with reduced expression
of the phagocyte receptor ligand calreticulin in human coronary artery
atherosclerotic plaque, human vascular SMC, and mouse aorta; and eQTL
analysis confirms the association between 9p21, CDKN2B, and calreticu-
lin in buman carotid artery atherosclerotic plaque. To explain the larger
necrotic cores observed in the Cdkn2b~-,ApoE~~ mice, we next eval-
uated the expression of several pro- and antiphagocytic molecules
(known as “eat-me” and “don’t-eat-me” ligands, respectively) in 51
human coronary artery sections with and without atherosclerotic
lesions. We first evaluated the relationship between CDKN2B and
28 genes that have previously been implicated in the clearance
of apoptotic debris, a process known as efferocytosis. Weighted
gene coexpression network analysis revealed two modules of effe-
rocytosis gene expression (Supplemental Figure 2A). Eigengene
analysis revealed that the module containing CDKN2B had sig-
nificantly lower expression in samples with atherosclerotic lesions
than in those without atherosclerotic lesions (log, expression
0.16 vs. 0.27, for samples with and without lesions, respectively,
P=0.00000016; Figure 2A). We next used naive expression cluster-
ing ofall 20,226 transcripts annotated on the array into 51 modules
using weighted gene coexpression analysis to identify genes that
share local coexpression topology with CDKN2B (Supplemental
Figure 2, B and C). Of the candidate efferocytosis genes, only calre-
ticulin (CALR), a key phagocyte receptor ligand, was found in the
coexpression module to which CDKN2B was assigned (Figure 2B;
global gene and module summary provided in Supplemental
Table 1). CALR was positively correlated with CDKN2B expression
(r>=0.32, P = 0.02; Figure 2C, such that patients with impaired
vascular CDKN2B also had reduced expression of CALR in vivo.
Similar findings were observed in vitro in CDKN2B-deficient
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(siCDKN2B) human coronary artery SMCs (HCASMCs) at base-
line and during apoptosis (P < 0.01 each; Figure 2D and Supple-
mental Figure 2, D and E), and in vivo in Cdkn2b~/~ aortic and
kidney tissue (P < 0.01 each; Figure 2E). We also observed a gene-
dosage effect, with an intermediate reduction in Calr measured in
aortic tissue from heterozygous Cdkn2b"~,ApoE~~ animals relative
to Cdkn2b~~,ApoE~/~ knockout animals (Supplemental Figure 2F).
Semiquantitative immunostaining confirmed the downregula-
tion of CALR in atherosclerotic plaque from Cdkn2b~/-,ApoE~~
mice (Figure 2F).

We confirmed these associations in a validation cohort of 127
individuals who had undergone carotid endarterectomy and in
whom the representative 9p21 SNP rs1412829 was found to be
associated with reduced mRNA expression of both CDKN2B and
CALR in atherosclerotic plaque (P < 0.05 and P < 0.03, respec-
tively; Figure 2G). As observed in the human coronary artery sam-
ples, CDKN2B was significantly downregulated in atherosclerotic
lesions compared with that seen in nonatherosclerotic control
samples (log, expression difference -0.28, P = 0.0041), and CALR
and CDKN2B were again found to be positively correlated in carotid
artery plaque (72 = 0.74, P < 0.0001; Supplemental Figure 2G).

Calreticulin expression is regulated by a pathway that includes CDKN2B,
retinoblastoma, and E2F4. To investigate the molecular link between
CDKN2B and CALR, we next examined the CALR promoter for
putative transcription factor (TF) binding sites that might be
related to the CDKN2B pathway (Supplemental Figure 3A). E2F4,
an inhibitory TF downstream of TGF-, CDKN2B, and retinoblas-
toma (RB), was identified as a candidate transcriptional regulator
by several TF prediction algorithms (Table 1 and Supplemental Fig-
ure 3B). EMSAs revealed that the top E2F4 binding site within the
CALR promoter (-150 bp from the transcription start site [TSS];
Supplemental Figure 3C) bound nuclear proteins from HCASMCs
in vitro (Figure 3A, arrow). The binding pattern was similar to that
observed in a reaction containing a positive control E2F4 binding
site (Supplemental Figure 3D). Specificity of this binding reaction
was confirmed in competition with an unlabeled CALR promoter
probe included at x100 excess (Figure 3A, arrowhead). Subsequent
ChIP studies confirmed that this sequence specifically bound the
E2F4 TF in HCASMCs in vivo, with 3.7-fold enrichment compared
with IgG control (4.6 vs. 1.2% of input, P < 0.01; Figure 3B). Next, we
used luciferase promoter reporter assays to show that the activity
of the CALR promoter was dependent on both CDKN2B and RB, in
which HEK cells overexpressing these genes showed increased CALR
promoter activity (2.7- to 3.4-fold increase, P < 0.01; Figure 3C,
bottom), while HEK cells transfected with siCDKN2B displayed
reduced CALR promoter activity (37% reduction, P < 0.01; Figure 3C,
top). Finally, we showed that CALR expression could be increased
in response to TGF-f treatment in a dose-dependent manner
and that this expression was substantially inhibited when either
CDKN2B or RB signaling was impaired with siRNA (Figure 3D).
Taken together, these data suggest that CALR expression is regu-
lated by a cascade that involves the vascular cytokine TGF-f, the
9p21-related candidate gene CDKN2B, and the RB/E2F4 axis.

Reduced expression of CDKN2B renders SMCs resistant to efferocytic
clearance by both professional and nonprofessional phagocytes, without
altering the phagocytic capacity of neighboring SMCs. To explore the phys-
iological consequences of a loss of CDKN2B, we next performed a
series of efferocytosis assays to investigate the impact of this gene
on the “edibility” of ABs and the efferocytic capacity of phagocytic
cells. In these experiments, control or CDKN2B-deficient cells were
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Cdkn2b regulates atherosclerotic lesion size and growth of the necrotic core. (A) Compared with Cdkn2b++,ApoE~- control mice (n = 22),
Cdkn2b~-,ApoE-- (n = 22) mice developed significantly larger aortic sinus atherosclerotic plaques, as assessed by the ORO-positive area. An
intermediate phenotype was observed in heterozygous Cdkn2b+-,ApoE-- mice (n = 10). (B) These lesions displayed reduced a-SMA content
and (C) larger necrotic cores, with (D) no increase in macrophage burden. (E) Only a trend toward a higher rate of apoptosis could be detected in
Cdkn2b~-,ApoE~- animals at the terminal time point. (F) Brachiocephalic artery lesions in Cdkn2b--,ApoE~- mice displayed several features of
lesion vulnerability, including reduced plaque collagen content, (G) reduced a-SMA content and cap coverage, and (H) thinning of the fibrous cap
overlying the necrotic core. (I) No difference in macrophage burden was appreciated in the brachiocephalic lesions across genotypes. Original mag-
nification, x4 for all aortic sinus images, x10 for the Trichrome images in C, and x10 for all brachiocephalic images. *P < 0.05; tP < 0.03; **P < 0.001.

fluorescently labeled green, rendered apoptotic, then cocultured
with orange-labeled phagocytes prior to flow cytometric analysis.
We found that apoptotic siCDKN2B HCASMCs were cleared less
efficiently than apoptotic control-transfected (siCont) HCASMCs
by both professional and nonprofessional phagocytes (59.8% less
efferocytosis by PMA-transformed THP-1 macrophages, P < 0.01,
Figure 4A, and 20.0% less efferocytosis by untransfected nonap-
optotic neighboring HCASMCs, P < 0.02, Figure 4B, respectively).
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Phagocytosis competition assays confirmed that siCDKN2B ABs
were less likely to be engulfed than siCont ABs in a simultane-
ous coculture assay (19.1% fewer cleared cells per high-power
field [HPF], P < 0.02; Figure 4C). Importantly, knocking down
CDKN?2B in nonprofessional phagocytes (e.g., HCASMCs) had no
effect on their capacity to phagocytose cocultured ABs (P = 0.95;
Supplemental Figure 4, A and B). Replication assays with primary
Cdkn2b~/~, Cdkn2b*/~, and Cdkn2b”* aortic SMCs and thioglycol-
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Figure 2

Loss of CDKN2B is associated with reduced expression of the key
phagocyte receptor ligand calreticulin. Weighted gene coexpression
analysis of 51 HCA segments revealed that CDKN2B colocalizes with
CALR in (A) local coexpression topology with efferocytosis genes
that are downregulated in coronary artery samples with atheroscle-
rotic lesions compared with those without atherosclerotic lesions
(**P < 0.001), and (B) global module discovery in weighted gene coex-
pression analysis of 20,226 transcripts. Node color in network graph
corresponds to module assignment. Inset depicts module containing
CDKN2B and CALR identified via hierarchical clustering of the topo-
logical overlap between all transcript pairs. Node color in inset corre-
sponds to differential expression of module members in coronary artery
samples with atherosclerotic lesions versus those without atheroscle-
rotic lesions. (C) CDKN2B is directly correlated with CALR expression
in coronary artery sections. In all network diagrams, the edge width
corresponds to the topological overlap between linked nodes. (D) A
similar pattern was observed in vitro, as CDKN2B-deficient HCAMSCs
expressed lower levels of CALR than control-transfected HCASMCs
(siControl), both at baseline and during apoptosis. ¥P < 0.01. (E)
Cdkn2b~-,ApoE~mice also expressed less Calr than Cdkn2b++,ApoE~-
mice in both the kidney and aorta. (F) Semiquantitative immunostaining
confirmed the reduction of Calr expression in atherosclerotic plaque
from Cdkn2b--,ApoE-- animals. Original magnification, x4. IHC,
immunohistochemistry. (G) eQTL analysis of 127 human carotid artery
atherosclerotic plaque samples revealed that carriers of a representa-
tive 9p21 risk allele (“G” in red, relative to ancestral ‘A’ allele in black)
have simultaneous reductions in the expression of both CDKN2B (left
panel, *P < 0.05) and CALR (right panel, TP < 0.03).

late-stimulated i.p. macrophages confirmed that knockout cells
resisted engulfment (52.4% less efferocytosis, P < 0.01; Supplemen-
tal Figure 4C) and that heterozygous cells displayed an intermedi-
ate phenotype (Supplemental Figure 4D). Professional phagocytes
(e.g., RAW, PMA-transformed THP-1, and primary murine perito-
neal macrophages) had undetectable CDKN2B expression in vitro
at baseline or after LPS stimulation (data not shown). Qualita-
tive electron microscopic evaluation revealed that atherosclerotic
plaques from Cdkn2b~/-,ApoE~~ animals displayed several features
of failed efferocytosis, including large numbers of cells that had
progressed from apoptotic to necrotic bodies as well as ABs not
associated with an adjacent macrophage (Figure 4D and Supple-
mental Figure 4E). Conversely, plaques from Cdkn2*/*,ApoE~~ mice
had less extracellular necrotic debris and displayed substantial
numbers of phagocytes that had ingested multiple ABs, suggestive
of efficient clearance of dying cells.

Macrophages exposed to CDKN2B-deficient SMCs downregulate the
ABCAI-dependent cholesterol efflux pathway, display accelerated rates of
foam cell transformation, and secrete proatherogenic cytokines. Because
the loss of efferocytosis ligand expression on an AB has previously
been shown to alter the behavior of the neighboring phagocyte
(23), we next assessed the juxtacrine effects of CDKN2B-deficient
ABs on cocultured macrophages. In particular, we focused on the
macrophages’ capacity to regulate lipid handling and inflamma-
tion, as these are processes known to be related to efferocytosis
(24, 25). RAW macrophages cocultured with apoptosing siCont
SMCs increased their expression of the key reverse cholesterol trans-
port molecule Abcal compared with baseline levels (15.9-fold increase,
P < 0.001; Figure 5A, gray bar), as previously described (26). How-
ever, those macrophages exposed to apoptosing CDKN2B-deficient
SMCs displayed a blunted increase (9.7-fold, P < 0.001; Figure 5A,
black bar). We confirmed this assay with primary Cdkn2b~/~ and
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Cdkn2b** aortic SMCs and RAW macrophages and observed a
26.5-fold increase in Abcal expression for macrophages cocultured
with knockout cells, which was blunted in comparison with the
39.5-fold increase we observed for macrophages cocultured with WT
cells (P = 0.01; Supplemental Figure 5). In vivo, we found that Abcal
expression was reduced in Cdkn2b~-,ApoE~~ aortic tissue relative to
that detected in control aortae (65% reduction, P < 0.01; Figure 5B).
To assess the physiological consequence of this reduction in Abcal,
we performed radioactive cholesterol efflux studies and found
that RAW cocultured with siCont ABs significantly increased their
efflux of [3H]-labeled cholesterol compared with baseline (4.7-fold
increase, P < 0.001; Figure 5C, gray bar), but that this change was
blunted when RAW cells were cocultured with siCDKN2B ABs
(2.9-fold increase, P = 0.02; Figure 5C, black bar). Consequently,
we also observed that cholesterol-loaded macrophages exposed to
CDKN2B-deficient SMCs were more likely to assume the foam cell
phenotype, as quantified by total ORO content compared with that
in macrophages cocultured with control ABs (2.9-fold increase in
ORO-positive area between conditions, P = 0.03; Figure 5D). Ulti-
mately, the downstream consequence of this failed efferocytosis and
accelerated foam cell formation was the assumption of a proathero-
genic profile, whereby macrophages cocultured with CDKN2B-defi-
cient SMCs secreted higher levels of TNF-a and lower levels of the
antiinflammartory cytokine IL-10 relative to macrophages cocul-
tured with control-transfected SMCs (14.2% increase and 24.4%
decrease, respectively, P < 0.01 for each; Figure 5, E and F).

Application of exogenouns CALR normalizes the Cdkn2b-dependent
defects in efferocytosis and foam cell formation. Finally, to investigate the
reversibility of the defects reported above, we repeated the in vitro
phagocytosis assays before and after the application of recombi-
nant CALR peptide. Using this approach, we observed a complete
normalization of the baseline difference in engulfment between
primary Cdkn2b~~ and Cdkn2b*/* ABs (baseline difference = 42.8%,
after CALR difference = 4.5%, P = 0.85; Figure 6A). Similarly, CALR
peptide normalized the baseline difference in Abcal expression by
macrophages exposed to Cdkn2b~~ and Cdkn2b** ABs (baseline
difference = 13.0-fold, after CALR difference = 4.4-fold, P = 0.27;
Figure 6B), and this in turn was associated with an amelioration in
foam cell formation across genotypes (baseline difference = 20.9%,
after CALR difference = 1.5%, P = 0.89; Figure 6C).

Discussion
Understanding how the 9p21 cardiovascular risk locus potenti-
ates disease has proven challenging. The present study provides a
hypothesis for how CDKNZ2B, a gene that may be dysregulated in car-
riers of the 9p21 risk allele, contributes to this risk. These data sug-
gest that CDKN2B regulates the clearance of apoptotic debris and
thus may alter the composition and size of the developing plaque.
First, we show that loss of Cdkn2b is associated with advanced
atherosclerotic lesions composed of large, lipid-laden necrotic
cores. Interestingly, a disease phenotype is observed even in
heterozygous animals, which presumably reflect the modest
reduction in CDKN2B thought to occur in human carriers of the
9p21 risk allele. Second, we show that CDKN2B-deficient apoptotic
SMCs resist phagocytic clearance, providing a potential explana-
tion for the observed acceleration in plaque growth. Third, we show
that TGF-f signals through an RB-dependent cascade to initiate a
phagocyte recognition signature, but that loss of CDKN2B impairs
the expression of the key phagocyte receptor ligand calreticulin.
Using an eQTL approach, we confirm the association between
Volume 124 March 2014
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Calreticulin expression is regulated by a cascade that includes CDKN2B and the RB/E2F4 axis. (A) EMSAs revealed specific binding of a
y-32P-ATP-labeled CALR promoter oligonucleotide probe containing the top predicted E2F4 binding site (from Table 1) to nuclear extracts har-
vested from HCASMCs. Arrow indicates shifted complex (lane 2), which was no longer observed in a competition reaction containing x100 unla-
beled probe (lane 3, arrowhead). (B) ChlP studies revealed significant enrichment of E2F4 protein on the CALR promoter in human HCASMCs
in vivo. (C) Overexpression and siRNA knockdown studies with dual-luciferase promoter reporter assays demonstrated that CALR expression
is dependent on both CDKN2B and RB. (D) CALR expression was increased by TGF-f3 in a dose-dependent manner in control-transfected cells
(gray bars). CDKN2B-deficient cells (black bars) displayed significantly less CALR reporter activity at baseline, and were unable to initiate CALR
transcription in response to TGF-f3. A similar pattern was observed in RB-deficient cells (white bars). #P < 0.01; TP < 0.03.

9p21 and this proposed mechanism by documenting a coordinated
reduction in the expression of both CDKN2B and CALR in athero-
sclerotic plaque from carriers of the risk allele. Fourth, we show that
these changes contribute to pathological downstream crosstalk
with neighboring macrophages, reduce reverse cholesterol trans-
port, and promote inflammation and foam cell generation. Finally,
we confirm the reversibility of these defects and show that Cdkn2b-
dependent efferocytosis can be normalized by exogenous calreticu-
lin in vitro. Taken together, these findings provide potential mech-
anistic insights into the heritable component of cardiovascular
disease, may explain how the top GWAS hit promotes risk indepen-
dently of classical risk factors, and may serve as a platform for novel
translational therapies directed against atherosclerotic disorders.
It has been estimated that as many as one million cells undergo
programmed cell death per second each day in the human body
(27). Despite the frequency of this event, apoptotic cells are rarely
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observed in vivo, even in organs with high basal turnover rates
such as the BM or thymus. This observation is attributed to the
fact that ABs are rapidly and efficiently cleared by both profes-
sional (i.e., macrophage) and nonprofessional (i.e., neighboring
cell) phagocytes. Previously considered an obligate homeostatic
event, the process of efferocytosis (from the Greek, meaning “to
carry the dead to the grave”) (28) is now known to occur as the
result of highly orchestrated juxtacrine and paracrine signaling
between the AB and its potential phagocyte. During programmed
cell death, apoptosing cells secrete chemotactic “find-me” ligands,
upregulate cell-surface “eat-me” ligands, and repress inhibitory
“don’t-eat-me” signals (27). Remarkably, this process occurs in an
immunologically silent manner (28, 29), whereby the successful
execution of the engulfment process triggers an antiinflammatory
cytokine profile from the phagocyte, presumably as a signal that
no further immune activation is required. Conversely, apoptotic
Volume 124
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TF binding site prediction algorithms identify several putative E2F4 binding sites within the CALR promoter

Algorithm TF Predicted sites (n)
Match 1.0 E2F4 4

Patch 1.0 E2F4 1

P-Match E2F 19
TRANSFAC E2F + p107 7
Matlnspector E2F4, p107/p130 4
Matlnspector E2F4/DP-2 2

cells that evade clearance rapidly become secondarily necrotic and
induce an inflammatory danger response (25) as they release toxic
and antigenic intracellular content that was previously seques-
tered. Impaired efferocytosis is now recognized as a major driver
of autoimmune, inflammatory, and malignant disorders, in which
failed immune surveillance is thought to result from an imbalance
in the pro- and antiphagocytosis signatures on target cells.

Atherosclerosis is a condition in which apoptosis is dramatically
accelerated (30, 31). Complicating this is the fact that efferocytosis
may be reduced by approximately 20-fold as the human athero-
sclerotic plaque develops (32). The reasons for this defect are not
clear, but are likely related in part to competition for phagocyte
receptors by oxidized LDL, inflammation-induced degradation of
phagocytosis signals, accelerated loss of efferocytes in response to
oxidative stress, and/or generation of autoantibodies that mask
important cell surface ligands on the AB (23, 25, 30, 33, 34). Cur-
rently, it is difficult to explicitly quantify efferocytosis in the blood
vessel wall or experimentally separate the engulfment-modifying
properties of a given gene from its other plaque-modifying prop-
erties during lesion development. Nevertheless, atherosclerosis
can be accelerated in murine models by reducing the expression
of putative “eat-me” ligands in vivo, and these lesions display
advanced necrotic cores replete with apoptotic corpses (23, 35-37).
Theoretically, impaired efferocytosis would be predicted to influ-
ence the clinical consequences of atherogenesis (38), given that
delayed clearance of dying SMCs promotes both vascular inflam-
mation (25) and matrix destabilization (39) and that residual
necrotic debris frequently localizes to regions of the lesion most
susceptible to rupture (40). The fact that loss of Cdkn2b in mice
increases the size of the plaque and its lipid core while reducing
the thickness and stability of the fibrous cap may partially explain
the simultaneous association in humans between 9p21 and both
total CAD burden and acute clinical events, such as MI.

Impaired efferocytosis may also promote atherosclerosis second-
arily through the phagocyte. Emerging evidence has revealed that
the phenotype of the apoptosing cell can have a dramatic impact on
the behavior of the nearby macrophage and its ultimate capacity to
maintain lipid homeostasis. Under physiological conditions, mac-
rophages that have successfully engaged an AB upregulate trans-
membrane export pathways downstream of LRPI and a variety of
nuclear receptors, presumably in preparation for the impending
doubling of their intracellular content (24, 27). A key effector mol-
ecule in this pathway is ABCAI (41), which promotes reverse cho-
lesterol efflux and phagocyte survival (42) and limits the local accu-
mulation of cholesterol in the fatty streak. In the current study,
macrophages presented with CDKN2B-deficient ABs failed to acti-
vate this pathway and could not process oxidized lipids efficiently.
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Highest score Location Consensus sequence
0.882 1350 (+) ctTCCCGe
0.875 881 (-) CTTGGCGGG
1.000 1385 (+) TTTGGcaa

N/A 1105 (+) GCGA
0.988 999 (-) tcgagGCGGgaccagge
0.779 1362 (-) atccaGCGGgaagtcca

Mechanistically, this likely occurred because CDKN2B-deficient
cells express low levels of CALR, which is a well-described ligand
for the LRPI receptor (43, 44). As a consequence, we observed that
these otherwise healthy macrophages displayed a blunted increase
in Abcal expression and were more likely to differentiate into foam
cells — a maladaptive and proatherosclerotic process (45). Thus,
while the efferocytic capacity of the phagocyte is not altered by its
basal CDKN2B expression (Supplemental Figure 4B), its ultimate
participation in the atherogenesis process is highly dependent on
whether it encounters a normal AB or one that has been rendered
“inedible” due to a lack of CDKNZ2B (Figure 7).

These data suggest that CDKN2B mediates its phagocytic effects
through calreticulin. Calreticulin is an evolutionarily conserved
46-kD chaperone protein that regulates a variety of cellular func-
tions including calcium homeostasis, cell adhesion, wound heal-
ing, immunity, fibrosis, and the response to stress (28, 46). Addi-
tionally, CALR is a major regulator of efferocytosis and a critical
engulfment ligand that is absolutely required for phagocytic clear-
ance (28). During apoptosis, CALR colocalizes to the surface of
the AB with exposed phosphatidylserine and activates LRPI on the
surface of the adjacent macrophage (28, 46). Interestingly, prior
studies have shown that mice deficient in this Calr receptor phe-
nocopy several aspects of the Cdkn2b-deficient mouse, including
the propensity to develop large aortic aneurysms and advanced
lipid-laden atherosclerotic plaques, with no difference in plasma
lipoprotein levels (reviewed in ref. 43). Further, CALR has also been
identified as a key regulator of tumor surveillance and the clear-
ance of malignant cells (47, 48). It is therefore tempting to spec-
ulate whether CDKN2B, a well-described tumor-suppressor gene,
regulates cancer not only by inhibiting the G1-S transition but
also by maintaining the appropriate balance of pro- and antieffe-
rocytosis antigens presented by a dysplastic cell.

Future studies are needed to determine whether efferocytosis
can be induced as a means to slow plaque growth or potentially
stimulate regression of the necrotic core. The fact that the simple
application of exogenous CALR peptide is sufficient to normal-
ize Cdkn2b-dependent efferocytosis in vitro suggests that this may
be a viable translational target. Several agents, including HMG-
CoA reductase inhibitors (statins), have been shown to augment
phagocytosis, but likely not to the level required for restoration of
physiologic cell processing (39, 49). More potent antibody-based
approaches are being actively pursued in the oncology field, with
the hopes of triggering the removal of cells that have evaded the
reticuloendothelial system (50, 51). Because the 9p21 locus pro-
motes risk independently of all classical risk factors, it is possible
that a therapy that promotes efferocytosis could provide incre-
mental benefit beyond antihypertensive, antidiabetic, and lipid-
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Figure 4

Loss of CDKN2B renders apoptotic SMCs “inedible.” (A) Flow cytometry-based phagocytosis assays revealed that apoptotic CDKN2B-deficient
SMCs were significantly less likely to be cleared by primary macrophages than control ABs. (B) Apoptotic CDKN2B-deficient HCASMCs were also
resistant to efferocytic clearance by neighboring SMCs, which are known to function as nonprofessional phagocytes in conditions such as athero-
sclerosis. (C) Efferocytosis competition assays revealed that control-transfected ABs were more likely to be phagocytosed than CDKN2B-deficient
ABs when cocultured with phagocytes in equal numbers. Original magnification, x10. (D) Qualitative electron microscopy images revealed evidence
of SMC necrosis in plaques from Cdkn2b--,ApoE~- mice, as indicated by cells with condensed chromatin and disrupted plasma membranes (black
arrow) and extracellular lysosomes, suggestive of cellular rupture (black arrowhead). Conversely, plaques from Cdkn2b++,ApoE~- mice harbored
little necrotic debris and were populated by phagocytes that had each engulfed numerous ABs, suggesting more robust efferocytic clearance (white
arrow). Original magnification, x1,200. Additional representative images are provided in Supplemental Figure 4. *P < 0.01; TP < 0.03.

lowering therapies. Additionally, the contribution of other 9p21  other efferocytosis pathways should also be investigated, particu-
locus genes to phagocytic clearance should be queried, given that  larly to design therapies that will normalize clearance of dying cells
compensation of apoptosis and atherosclerosis-regulating genes ~ without inducing off-target phagocytosis of healthy cells. Our
in this locus can occur in response to stress (19, 52). Crosstalk with  data suggest that CDKN2B specifically mediates its effect through
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siCDKN2B siControl

Macrophage biology is perturbed by interactions with apoptotic CDKN2B-deficient SMCs. (A) Macrophages cocultured with siCont ABs (gray bar)
upregulated Abca1, a key reverse cholesterol transport gene, relative to baseline (white bar). This homeostatic pathway was significantly blunted
when macrophages were cocultured with sSiCDKN2B ABs (black bar). (B) Aortic expression of Abca1 was also reduced in Cdkn2b~-,ApoE-- mice
relative to that in Cdkn2b*+,ApoE-- control mice. (C) Similarly, macrophages cocultured with Cdkn2b++ ABs (gray bar) displayed the expected
increase in tritium-labeled cholesterol efflux relative to baseline (white bar), but a blunted response was observed for macrophages cocultured
with Cdkn2b~- ABs (black bar). (D) As a result, foam cell formation was accelerated when oxidized LDL—loaded (OxLDL-loaded) macrophages
(M¢) were cocultured with Cdkn2b-- ABs (black bar) compared with that seen in Cdkn2b++ ABs (gray bar). Original magnification, x20. (E and F)
Macrophages cocultured with sSiCDKN2B ABs secrete less antiinflammatory IL-10 and more proinflammatory TNF-a (black bars) relative to
macrophages cocultured with siCont ABs (gray bars). #P < 0.01; TP < 0.03.

the LRPI/cholesterol efflux pathway, as loss of Cdkn2b on the
ApoE*3Leiden transgenic background (a strain that increases its
systemic lipid levels in response to nuclear receptor activation
upstream of Abcal; ref. 53) was not associated with advanced
atherosclerosis in a previous study (19). Given that first-line anti-
atherosclerotic therapies such as atorvastatin, simvastatin, and
rosuvastatin may suppress the ABCAI pathway (54), methods
to reactivate the expression of this critical antiatherogenic gene
might be particularly desirable in carriers of the 9p21 risk allele.

Methods

Murine atherosclerosis studies

Animals used in this is study included 33 male and 15 female Cdkn2b*",
ApoE”~ control mice (The Jackson Laboratory) as well as 37 male and 14
female Cdkn2b~/-,ApoE~~ knockout mice,and 10 male and 5 female Cdkn2b*-,
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ApoE~~ heterozygous mice on a C57BL/6 background, which were bred by
our laboratory as previously described (55-57). At 4 weeks of age, the ani-
mals were weaned and initiated on a high-fat Western diet (21% anhydrous
milk fat, 19% casein, and 0.15% cholesterol) (101511; Dyets Inc.) for the
ensuing 4, 8, or 12 weeks. Animals were observed daily, and in the case of
premature sudden death, necropsy was performed to determine the cause
of death. Lipid analysis was performed in mice after an overnight fast, as
previously described (56). In brief, total plasma cholesterol (CHOD-PAP;
Roche Diagnostics), HDL (HDL-C-plus second generation; Roche Diag-
nostics), and LDL concentrations (GPO-PAP; Roche Diagnostics) were
measured using enzymatic kits on an automated analyzer (Roche) accord-
ing to the manufacturer’s instructions. Fasting glucose was measured in
venous blood from a tail prick using a Freestyle glucometer and glucose
strips (Abbott). At 12 or 16 weeks of age, the mice were euthanized, and
the aortae were isolated and processed for analysis. A subset of 10 mice
were implanted s.c. with an osmotic minipump (Model 2004; Alzet) after
March 2014 1091
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The Cdkn2b-dependent defect in efferocytosis is reversible. (A) Application of exogenous CALR peptide abrogates the baseline difference in
engulfment rates observed between Cdkn2b-- ABs and Cdkn2b++ ABs. Exogenous CALR peptide also normalizes the baseline differences in
Abca1 expression (B) and foam cell formation (C). Original magnification, x20. #P < 0.01; P < 0.03.

only 4 weeks on a high-fat diet to deliver 1.4 mg/kg/day of angiotensin II
for 72 hours prior to sacrifice in order to enhance vascular injury in early

atherosclerotic lesions.

Aortzc and brachiocephalic tissue preparation,
histochemistry, and atherosclerotic lesion quantification
The aortic atherosclerotic lesion area was determined as described previ-

ously (58). Briefly, the arterial tree was perfused with PBS (pH 7.3) and
then perfusion fixed with phosphate-buffered PFA (3%, pH 7.3). The heart
and full length of the aorta-to-iliac bifurcation were exposed and dissected
carefully from any surrounding tissues. Aortae were then opened along
the ventral midline, dissected free of the animal, and pinned flat, intimal
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side up, onto black wax. Aortic images were captured with a digital camera
mounted on a Nikon stereomicroscope and analyzed using Adobe Photo-
shop CSS5 software. The percentage of lesion area was calculated as the total
lesion area divided by the total surface area. The atherosclerotic lesions in
the aortic valve area and the proximal brachiocephalic artery were analyzed
as described previously (59, 60). The samples were perfused with PBS, fixed
with PFA (4%), embedded in OCT, and sectioned at 7-um thickness. Three
sections at 100-um intervals were collected from each mouse and stained
with ORO (00625; Sigma-Aldrich), Masson trichrome (Sigma-Aldrich),
Picrosirius Red (24901; Polysciences), and H&E. The primary antibodies
used include SMA (ab5694, 1:300; Abcam), Mac-3 (550292, 1:75; BD Bio-
sciences), CD-3 (ab5690, 1:150; Abcam), and calreticulin (ab2907, 1:300;
March 2014
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Abcam). Biotinylated secondary antibodies followed by avidin-biotin-alka-
line phosphatase substrate were used as previously described (56). Ath-
erosclerotic burden was quantified from the luminal aspect of the blood
vessel through the plaque to the internal elastic lamina (i.e., lipid in the
neointima was quantified). Subsequent immunohistochemical studies
were quantified from the luminal aspect of the blood vessel through the
plaque to the external elastic lamina (to assess changes that also involved
the tunica media). In vivo apoptosis was assessed by staining for TUNEL
positivity with the Cell Death Detection Kit (Roche) according to the man-
ufacturer’s protocol. Cellular proliferation was measured by staining with
PCNA (ab2426, 1:500; Abcam). The cellularity of the vessel was measured
by manually counting nuclei of DAPI-stained sections. Negative controls
were performed with the omission of the primary antibody. The lesion
areas were measured and quantified using Adobe Photoshop. Features of
atherosclerotic plaque vulnerability were assessed as previously described
(39, 59, 61). Briefly, the size of the necrotic core was measured by calculat-
ing the percentage of the lesion that was acellular on H&E staining (62).
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Figure 7

Proposed mechanism by which loss of CDKN2B impairs efferocytosis
and promotes vascular disease. (A) In subjects with normal levels of
CDKN2B, E2F4 remains bound to RB and is not able to repress CALR
expression. CALR is therefore expressed on the surface of the AB and
activates LRP-1-dependent ABCAT1 expression, reverse cholesterol
transport, and phagocytosis. Because this efferocytosis pathway is
intact, the AB is efficiently cleared, and the macrophage maintains a qui-
escent antiinflammatory profile. (B) In subjects who have reduced levels
of CDKN2B, E2F4 is released from phosphorylated RB and inhibits
CALR expression. Because it does not express an “eat-me” signature,
the AB is not engaged by a neighboring phagocyte and rapidly under-
goes secondary necrosis. As a consequence of this failed efferocytosis,
the macrophage assumes an inflammatory foam cell phenotype.

The cap thickness was measured by placing a 12-point compass in the cen-
ter of the blood vessel and averaging the thickness of the cap at each point
as it crossed the lesion (63). SMC cap coverage was measured by calculating
the percentage of the fibrous cap surface that stained positive for SMA
(64). Other standard features were assessed as previously described (60).
Samples harvested from several tissue beds were also snap-frozen in liquid
nitrogen for subsequent gene expression analysis, as described below. Elec-
tron microscopy was performed in the Cell Sciences Imaging Facility by the
Stanford Electron Microscopy Core using a Jeol TEM1230.

Human coronary artery atherosclerotic plaque harvest and gene
coexpression network analysis
Details of sample collection, RNA isolation, and microarray hybridization
have been previously described (65). In brief, epicardial coronary arteries
were harvested by dissection from explanted hearts of 22 human donors
for orthotopic heart transplant. Arterial segments were identified by
microscope as containing atherosclerotic lesions (n = 38) or not (n = 13).
RNA was isolated from each sample and hybridized to a custom dual-
dye gene expression microarray (Agilent) representing 20,226 transcripts
identified via sequencing clones from stimulated vascular cells, literature
review for genes important to cardiovascular function, and combination
with a commercial clone set (Incyte). Arrays were scanned using Agilent’s
G2565AA Microarray Scanner System, and Agilent feature extraction soft-
ware was used to generate log, ratios and P values for features on the array.
Prior to gene coexpression network analysis, probe set identifiers were
mapped to the current NCBI RefSeq gene build (hg19), and median values
were taken for probes matching the same transcript ID. The general frame-
work for weighted gene coexpression network analysis is described (66, 67).
Pair-wise Pearson’s correlation between gene expression values was calculated
for every gene in the dataset for: (a) samples with atherosclerotic lesions; (b)
samples without atherosclerotic lesions; and (c) all samples. A soft-threshold-
ing parameter {3 was chosen to satisfy scale-free topology criterion based on
7> maximization for a linear fit with slope -1 to log(k) versus log(n(k)), effec-
tively “noising down” weak correlations. The topological overlap between
genes was calculated according to the method described by Yip and Horvath
(68), generating a network adjacency based on shared network neighbors
for all gene pairs. We next used average linkage hierarchical clustering and
the dynamic tree cut algorithm (69), which iteratively searches for stable
clusters, to partition the topological overlap network into modules. Singu-
lar value decomposition was used to identify the module eigengene (first
principle component) representing the maximum variance in modular gene
expression, and the intramodular and global connectivity for each gene was
generated by summing edge weights within modules and within the global
network, respectively. A summary of gene coexpression module topological
properties and gene assignments is provided in Supplemental Tables 1 and 2.
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For targeted analysis of the topological relationship between CDKN2B
and 28 annotated genes involved in efferocytosis (CALR, MFGES, CX3CL1,
ABCAG6, ICAM3, GAS6, APOH, PROS1, C10B, ANXA1, CD47, LRP1, MBL2,
SIRPA, NR1H3, PPARG, LRPAP1, TGFB1, BAI1, TIMD4, CD14, MERTK,
CD36, ELMO1, DOCK1, AKTI1, PANX1, GULPI), average linkage hierarchi-
cal clustering was performed on the reduced topological overlap matrix
representing all pair-wise links between these set members and CDKN2B.
Module assignment and eigengene calculation was performed as described
above. Differential expression analysis according to the presence or
absence of atherosclerotic lesions was performed by a Wilcoxon rank sum
test between module eigengene expression values. A P value of less than
0.05 was considered statistically significant.

Network visualization was performed using Cytoscape 2.8.3 to calculate

the topological overlap matrix.

Human carotid artery atherosclerotic plaque harvest and expression
eQTL analysis

Details of sample collection, DNA and RNA isolation, and microarray
hybridization have been previously described (70). Briefly, 127 carotid
endarterectomy samples from the Biobank of Karolinska Endarterecto-
mies (BIKE) were subjected to global gene expression profiling on Affyme-
trix HG-U133 Plus 2.0 GeneChip microarrays and high-density genotyping
on the Illumina 610W-Quad Bead arrays SNP chip. An additional 10 iliac
artery samples from organ donors served as nonatherosclerotic control
specimens. For genes with multiple probe sets, probes with the highest sen-
sitivity and specificity according to GeneAnnot were chosen. Accordingly,
the grade A (best-coverage, high-confidence probe) Affy ID 207530_s_probe
was used to quantify CDKN2B expression; the Affy ID 212953_x_at probe
was used to quantify CALR expression; and the representative 9p21.3 SNP
rs1412829 (SNAP proxy to rs7865618) was used to identify risk allele sta-
tus. Robust multiarray average (RMA) normalization was performed, and
processed gene expression data were returned in log; scale. A Student’s ¢
test was used for statistical analyses of significance analysis of microarray
(SAM) data. Pearson’s correlations were calculated to determine the asso-
ciation between expression of the gene of interest and other genes from
microarrays. Statistical analyses were performed using GraphPad Prism 6
software (GraphPad Inc.), and a P value of less than 0.05 was considered

statistically significant.

Cell culture methods

HCASMC:s (passages 3-6; Lonza) were propagated in SmGM-2 growth
media (Lonza) containing 5% FBS. Human THP-1 monocytic cells, human
embryonic kidney cells (HEK-293), and RAW 264.7 macrophages (ATCC)
were grown in DMEM growth media containing 10% FBS. Primary vascu-
lar SMCs were harvested from the aortae of Cdkn2b** and Cdkn2b~- mice,
as previously described (71). Primary activated macrophages were har-
vested from mice 72 hours after i.p. injection of 2 ml of 4% thioglycollate,
as previously described (72). To induce growth arrest and the expression of’
differentiation genes, SMCs were serum starved in basal media (SmBM) for
72 hours, according to conventional protocols (73, 74). To induce differen-
tiation of THP-1 monocytes into adherent macrophages, cells were treated
with 100 nM PMA for 72 hours, as previously described (75).

For knockdown experiments, SMCs were transfected with 300 nM of
anti-CDKN2B (siCDKN2B) or high-GC negative control (siCont) siRNA
(Ambion, Silencer Select, catalogs 4390825 and 4390843, respectively; Life
Technologies) using the high-efficiency Amaxa Nucleofector system (pro-
tocol U-025; Lonza). Successful transfection (>85% of all cells) was con-
firmed by visual fluorescence microscopy analysis and FACS flow cytome-
try for the fluorescently labeled positive control pmax GFP (Amaxa). Plates
were harvested at 80% confluence for RNA and protein analysis or used
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for subsequent in vitro analysis. Reproducible knockdown of CDKN2B
was confirmed in SMCs by quantitative RT-PCR, which displayed selective
silencing of this gene on the order of approximately 85%. No off-target
knockdown was observed for any of the other nearby genes, including
CDKN2A, ARF, or ANRIL. Apoptosis was induced by treating HCASMCs
with 1 uM staurosporine (S5921; Sigma-Aldrich) in serum-free media for
6 hours prior to analysis or harvest and use in coculture experiments.

mRNA isolation and quantitative RT-PCR

RNA was isolated from cell lysates using the miRNeasy Mini Kit (QIAGEN)
according to the manufacturer’s protocol. RNA was isolated from the
murine organ samples using the TRIzol method (Invitrogen). RNA was
quantified with the NanoDrop machine (Agilent Technologies). For quan-
titation of gene transcription, cONA was generated with M-MuLV RT, then
amplified on the ABI PRISM 7900HT with commercially available TagMan
primers (Applied Biosystems) and normalized to 18S internal controls, as
previously described (74). A list of the primers and probes used in these
studies is provided in Supplemental Table 3.

In vitro assays and promoter analysis

In silico bioinformatics. TF binding site (TFBS) prediction was determined
using the following on-line bioinformatics tools: TRANSFAC (BIOBASE),
TFSearch, PROMO, and MatInspector.

Radioactive EMSAs. Double-stranded oligonucleotides for the top pre-
dicted E2F4 binding sites (-150 to -134) within the CALR promoter
were generated by annealing the following single-stranded oligos:
forward, 5'""-TGGCAGGGGCGGGCCCAAGGGCTG-3' and reverse,
S'-CAGCCCTTGGGCCCGCCCCTGCCA-3".

Annealed oligos were then labeled with y-32P-ATP (PerkinElmer) using
T4 polynucleotide kinase (NEB) for 30 minutes at room temperature and
then purified through Sephadex G-50 Quick Spin columns (Roche). After
measuring radioactivity, reactions were assembled with x1 EMSA binding
buffer, 1 ug poly-dIdC, 10 ug nuclear extract harvested from HCASMCs,
%100 unlabeled probe (for competitions), y-32P-ATP labeled probe, and
incubated at room temperature for 30 minutes prior to protein separation
on a 4% TBE gel. Gels were dried on Whatman paper using a heated vac-
uum drier, and proteins were detected on radiographic film.

ChIP assays. ChIP was performed according to the Millipore EZ-ChIP
protocol with slight modifications. HCASMCs were cultured in normal
growth media until approximately 75% confluent and then cultured for
24 hours in the absence of serum and supplements. Cells were fixed in 1%
formaldehyde for 10 minutes to cross-link chromatin, followed by quench-
ing with glycine for 5 minutes at room temperature. Cells (2 x 107 per
condition) were collected, and nuclear lysates were prepared as described
previously (76). Cross-linked chromatin nuclear extracts were sheared into
approximately 500-bp fragments using a Bioruptor (Diagenode) for three
cycles of 3 minutes’ duration (30 s ON, 30 s OFF). Sheared chromatin
was clarified via centrifugation at 4°C for 15 minutes. Nuclei (1 x 10° per
condition) were precleared with 20 ug anti-rabbit IgG preimmune serum
(Sigma-Aldrich) and 40 ul Protein G Dynabeads (Invitrogen) for 1 hour
on a rotating platform, followed by incubation overnight with 2 ug rabbit
IgG or anti-E2F4 antibody (C-20 SC866; Santa Cruz Biotechnology Inc.).
ChIP samples were then incubated with 60 ul Protein G Dynabeads for
2 hours at 4°C on a rotating platform to capture the protein-DNA com-
plexes. Complexes were washed in low salt, high salt, LiCl, and TE buffers
and then eluted with a buffer containing 100 nM NaHCO3 and 1% SDS.
Protein-DNA crosslinks were reversed, samples were treated with RNase A
and proteinase K, and free DNA was purified using QTAGEN PCR purifica-
tion kits. Total enrichment was measured using primers designed based on
the sequence of the top E2F4 binding site within the calreticulin promoter:
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forward (-199 to -181), 5'-AGGTCCAATGGAAAAAGAC-3' and reverse
(+84 to +65), 5'-CAGAAACTGCTCCTTGAAGT-3', or a known E2F4
regulatory region, with FGFR1 as a positive control (77), or a negative
control region using the following primers: forward, 5'-CCGGAAG-
CACTTCTCCTAGA-3' and reverse, 5'-AAGAGAGAGCGGAAGTGACG-3'.
Semiquantitative PCR was used to verify ChIP products via gel electropho-
resis. Quantitative real-time PCR (ViiA 7; Life Technologies) was performed
using SYBR Green (Applied Biosystems) assays, and fold-change enrich-
ment was calculated by measuring the delta Ct - delta Ct IgG. Melting
curve analysis was also performed for each ChIP primer. Data are repre-
sentative of at least four independent HCASMC samples with quantitative
PCR assays performed in triplicate. Data are presented as the percentage of
input DNA and as fold-change enrichment of chromatin precipitated with
the E2F4 Ab relative to the control IgG.

Luciferase promoter reporter assays. Calreticulin LightSwitch Promoter
Reporter GoClones (RenSP, S721464), empty vectors (S790005), and
Cypridina TK control constructs (pTK-Cluc, SN0322S) were obtained from
SwitchGear Genomics and transfected into HEK cells using Lipofectamine
2000 (Invitrogen). For knockdown assays, 5 pmol of anti-CDKN2B or con-
trol siRNA was cotransfected. For overexpression, CDKN2B (sc319536), RB
expression plasmid (sc119971), and empty vector (p)CMV6) were obtained
from Origene, and 100 ng of plasmid was cotransfected. Dual luciferase activ-
ity was measured with the LightSwitch Dual Assay System after 48 hours
using a SpectraMax L luminometer (Molecular Devices), according to the
manufacturer’s instructions. In some experiments, media were changed to
serum-free media after 24 hours of transfection. Studies were performed at
baseline and after the cells had been exposed to escalating doses of recom-
binant human TGF-1 (0.5-10 ng/ml; Sigma-Aldrich) for the final 16 hours
prior to analysis. Relative luciferase activity (Renilla/Cypridina luciferase
ratio) is expressed as the percentage of change relative to the basal values
obtained from control-transfected cells not exposed to TGF-f1 treatment.

Efferocytosis assays

Efferocytosis resistance and capacity assays. Primary aortic SMCs generated
from Cdkn2b”/~ and Cdkn2b** mice were labeled with 20 uM orange
CMTMR CellTracker fluorescent probes (C2927; Life Technologies) for
1 hour, then cultured overnight in serum-free media. Simultaneously, pri-
mary i.p. Cdkn2b”* macrophages were labeled with 20 uM green CMFDA
CellTracker probe (C7025; Life Technologies) for 1 hour, then cultured
overnight in standard media with serum supplementation. In the morn-
ing, the SMCs were induced to undergo apoptosis for 4 hours, then were
harvested and manually counted. Apoptotic cells (1 x 10%) were then added
to the cultured macrophages and allowed to coculture for an additional
1.5 hours. At that point, all adherent cells were trypsinized and FACS
sorted using a BD FACSCaliber (530 nm [FL1] and >575 nm [FL4]), as
described in previously published protocols (25). Cells that were dual-pos-
itive for green (phagocyte) and orange (SMC) were assumed to represent
phagocytosed cells. The efferocytosis rate was then defined as the ratio of
dual-positive cells (phagocytosed ABs) to orange-positive/green-negative
cells (uneaten ABs). A comparison was made between the rates of clearance
for Cdkn2b~/~ and Cdkn2b*/* ABs. This experiment was performed as above
with the following permutations: primary murine aortic SMCs versus pri-
mary murine i.p. thioglycollate-stimulated macrophages; primary murine
aortic SMCs versus murine unstimulated RAW macrophages; transfected
HCASMCs versus human PMA-stimulated THP-1 cells. To normalize
the differences in calreticulin across experimental conditions, apoptotic
SMCs were preincubated with 10 ug/ml of exogenous CALR peptide
(Enzo Life Sciences) for 10 minutes prior to coculture with macrophages.
Finally, the effect of CDKN2B on the efferocytic capacity (versus efferocytic
resistance) was assessed by performing these experiments with CDKN2B-
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deficient and control-transfected phagocytes exposed to untransfected
ABs. In these experiments, the phagocytic capacity was defined as the ratio
of dual-positive cells (phagocytes that had eaten an AB) to orange-nega-
tive/green-positive cells (phagocytes that had not eaten an AB). All assays
were repeated three times with at least three replicates per experiment.
Analysis was performed using Flow]Jo 7.6.3 software (Tree Star Inc.).

Efferocytosis competition assays. The preceding studies were confirmed by
plating equal numbers of green CellTracker-labeled apoptotic siCDKN2B
HCASMCs and orange CellTracker-labeled apoptotic siCont HCASMCs
onto unlabeled, untransfected, nonapoptotic HCASMCs in 12-well cell
culture plates. All three cell types were cocultured for an additional
2 hours, and then the nonadherent, nonphagocytosed cells were washed
off. The remaining cells were fixed and stained with DAPI and analyzed
under an inverted fluorescence microscope. Eight random HPFs per well
were manually counted by a blinded investigator for efferocytosed cells,
and the ratio of phagocytosed CDKN2B-deficient ABs to control-trans-
fected ABs was recorded.

Phagocyte-AB coculture assays

Cholesterol efflux culture assays. Cholesterol efflux assays were performed as
described previously (78, 79), with modification. RAW macrophages were
plated on 12-well plates in DMEM containing 10% FBS and labeled with
[3H]cholesterol (0.5 uCi/well) for 48 hours. After washing with PBS, the
cells were cocultured with apoptotic Cdkn2b~~ and Cdkn2b** aortic SMCs
for 1.5 hours, then incubated overnight in serum-free DMEM. The cells were
washed and incubated for 4 hours in 350 ul of serum-free media containing
10 ug/ml apolipoprotein A-1 (ApoA-1; Sigma-Aldrich) as an acceptor. The
media were collected and centrifuged, and the amount of radioactivity was
determined by a scintillation counter. Cholesterol efflux was expressed as
the percentage of counts in the media versus total [3H|cholesterol counts
(media plus cell). Baseline efflux (without ApoA-1) was subtracted.

Foam cell formation assays. RAW macrophages were seeded on 96-well
plates and cultured overnight. In some experiments, macrophages were
treated with 100 ng/ml of LPS from E. coli O111:B4 (Sigma-Aldrich).
Macrophages were cocultured for 24 hours with apoptotic Cdkn2b~~ and
Cdkn2b** aortic SMCs and 100 ug/ml oxidized LDL (Biomedical Technolo-
gies, Inc.). The cells were fixed in 4% PFA for 20 minutes, washed with PBS,
and stained with 0.5% ORO for 5 minutes. After rinsing in 60% isopro-
panol and washing, 8 random images per well were taken with an inverted
microscope at x20 magnification. The ORO-positive area was analyzed
with Adobe Photoshop CSS5 software.

Macrophage-specific cytokine expression assays. LPS-stimulated (1 ug/ml)
RAW macrophages were cocultured with either siCDKN2B or siCont
apoptotic HCASMCs in serum-free media. Unattached HCASMCs were
removed by washing with PBS after 1.5 hours, then the cells were cultured
in serum-free DMEM. After a 24-hour incubation, the supernatant was col-
lected, and the level of secreted IL-10 and TNF-o. was assessed with ELISAs
(R&D Systems) developed specifically for cytokines of murine origin.

Statistics
Data are presented as the mean + SEM. Data were subjected to the Kolmog-
orov-Smirnov test to determine distribution. Groups were compared using
the Mann-Whitney U test for nonparametric data or the 2-tailed Student’s
t test for parametric data. When comparing multiple groups, data were
analyzed by ANOVA with a Bonferroni’s post test. For multiple testing of
parametric data, a value of P < 0.05 was considered statistically significant.
Experiments were replicated at least in quadruplicate, and all analyses were
performed in a blinded fashion by two separate investigators, unless other-
wise specified. Statistical analysis was performed with GraphPad Prism v.5
software (GraphPad Software).
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Study approval

All animal studies were approved by the Stanford University Administra-
tive Panel on Laboratory Animal Care (protocols 10020 and 10022) and
conform to NIH guidelines (Guide for the Care and Use of Laboratory Animals.
NIH publication no. 85-23, revised 1996). All human studies were per-

by NIH grant KO8 HL103605-01 (to N.J. Leeper) and , AHA grant

10BGIA3290011 (to N.J.

formed with written informed consent and with the approval of the ethics

committee of Northern Stockholm.
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