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a  b  s  t  r  a  c  t

Genome-wide  association  studies  (GWAS)  have  identified  genetic  variants  contributing  to the  risk  of
cardiovascular  disease  (CVD)  at  the chromosome  9p21  locus.  The  CVD-associated  region  is  adjacent  to the
two  cyclin  dependent  kinase  inhibitors  (CDKN)2A  and  2B and  the last  exons  of the  non-coding  RNA, ANRIL.
It  is still  not  clear  which  of or how  these  transcripts  are  involved  in the  pathogenesis  of  atherosclerosis.
Objective:  We  assessed  the  hypothesis  that  9p21  locus  polymorphisms  influence  the  expression  of
the  transcripts  in  the  region  (ANRIL,  CDKN2A/B)  and  that these  transcripts  contribute  to  atherogenesis
through  the  modulation  of  proliferation  in  VSMC.
Methods:  We  genotyped  18  SNPs  (r2 <  0.8  and  MAF  > 0.05)  across  the  region  of  interest:  CDKN2A/B  and
ANRIL,  encompassing  the CVD-associated  region.  RNA  and DNA were  extracted  from  the  blood  of  57
volunteers  (69–72  years  old).  Carotid  ultrasound  was  performed  in 56  subjects.  CDKN2A/B  and  ANRIL
(exons  1–2 and  17–18)  expression  was  measured  employing  RT-PCR.  Gene  expression  and  cell  growth
were  evaluated  in  cultured  VSMC  after the  siRNA-mediated  knock-down  of  ANRIL.
Results:  The  risk  alleles  for atherosclerosis-related  phenotypes  were  consistently  associated  with  a lower

expression  of  ANRIL  when  evaluating  exons  1–2. Common  carotid  artery  stenosis  was associated  with
a significantly  lower  (P <  0.01)  expression  of ANRIL  (exons  1–2).  ANRIL  knock-down  in  VSMC  caused
significant  variation  in  expression  of CDKN2A/B  (P <  0.05)  and  reduction  of cell  growth  (P  <  0.05)  in vitro.
Conclusion:  Disease-associated  SNPs  at the  9p21  locus  predominantly  affect  the  expression  of  ANRIL.
Overall,  our  results  suggest  that  several  CVD-associated  SNPs  in  the  9p21  locus  affect  the  expression  of
ANRIL, which,  in  turn  modulate  cell growth,  possibly  via  CDKN2A/B  regulation.
Genome-wide association studies (GWAS) have identified
enetic variants contributing to the risk of cardiovascular disease
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ion of Fundamental Studies in National Institute of Biomedical Innovation of Japan
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(CVD) at the chromosome 9p21 locus [1,2]. The CVD-associated
regions are adjacent to the last exons of a long noncoding
RNA (lncRNA), ANRIL (also known as CDKN2BAS). Two cyclin-
dependent kinases inhibitors, CDKN2A and CDKN2B (encoding
p15INK4B, p16INK4A, and p14ARF) lie close to the association spot
(∼100 kb from the associated SNPs). These kinase inhibitors are
key players in cell proliferation and are appealing candidates to

mediate these associations.

CDKN2A/B are known to be repressed by Polycomb proteins dur-
ing cell growth and then activated during senescence [3].  There is
strong evidence to support the role of ANRIL in the regulation of

dx.doi.org/10.1016/j.atherosclerosis.2011.11.017
http://www.sciencedirect.com/science/journal/00219150
http://www.elsevier.com/locate/atherosclerosis
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450 A. Congrains et al. / Atherosclerosis 220 (2012) 449– 455

nd tra

t
b
s
s
r
c
t

m
t
n
c
o

d
l
s
n
w
[
A
w

Fig. 1. Linkage disequilibrium (LD) a

he CDKN2A/B locus through histone modification [4,5]. ANRIL has
een proposed to regulate senescence at the CDKN2A locus, and it
howed a senescence-dependant role in proliferation [4]. The tran-
cript complexes with Chromobox 7 (CBX7 subunit of Polycomb
epressive complex 1) to silence p16INK4A (CDKN2A) [4] and it is
rucial in the recruitment of Polycomb repressive complex 2 (PRC2)
o silence p15INKB (CDKN2B) [5].

We investigated the association between single nucleotide poly-
orphisms (SNPs) in the region with expression of ANRIL as well as

he genes encoded in this locus and explored the possible role of this
on-coding RNA in CDKN2A/B regulation in vascular smooth mus-
le cells (VSMCs), which are directly involved in the pathogenesis
f atherosclerosis.

The chromosome 9p21 region is particularly abundant in
isease-associated SNPs, some phenotypes associated with the

ocus are connected with vascular disease such as atherosclerotic
troke, CVD, myocardial infarction, and more indirectly intracra-
ial aneurism and type-2 diabetes [1,2,6,7], but, surprisingly, also

ith other conditions of more distant etiologies like melanoma

8], cutaneous nevi [9],  leukemia [10], periodontitis [11,12] and
lzheimer’s disease [13,14], endometriosis [15] and more recently
ith glaucoma [16,17]. Here, we provide evidence of the influence
nscriptional map  of the 9p21 locus.

of several SNPs in the region upon the expression of these tran-
scripts, ultimately linking them with human atherosclerosis, and
a role of ANRIL in regulating CDKN2A/B expression in aortic VSMC
and proliferation.

1. Methods

1.1. Study sample

For the genetic association study between the SNPs: rs1333049,
rs564398 and rs2811712 (see SNPs in green in Fig. 1), and CAD,
patients with documented evidence of angiographically diagnosed
coronary stenosis (including acute myocardial infarction, angina
pectoris and, silent myocardial ischemia) (subjects characteristics
in Supplementary Table 1 and Supplementary Methods).

For peripheral blood RNA expression analysis, we obtained
whole blood samples from 57 volunteers (69–72 years old)
from Asago City, Hyogo Prefecture, Japan (sample characteris-

tics in Supplementary Table 2) who  were participants in “SONIC”
(Septuagenarians, Octogenarians, Nonagenarians Investigation
with Centenarians) Study. Carotid ultrasonography using GE
LOGIQ Book X-P was performed to measure the intima-media
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Fig. 2. ANRIL (exons 1–2) expressio

hickness (IMT) of the common carotid artery (CCA) for the eval-
ation of human atherosclerosis in 56 SONIC subjects (details

n Supplementary Methods). We  defined the criteria for CCA

therosclerosis as maximal-IMT ≥ 1.1 mm.  All participants gave
ritten informed consent to participate in the genetic analyses

nd in all other procedures associated with the study. The ethics
ommittee of Osaka University approved the study protocol.
Genotyp e

ong genotypes in peripheral blood.

1.2. Genotyping

All SNPs were genotyped with the standard TaqMan PCR method

using commercial TaqMan Assays (rs numbers of genotyped SNPs
are shown in Supplementary Table 3; see Supplementary Methods).
We selected three SNPs (rs1333049, rs564398, and rs2811712) for
genotyping of subjects with coronary artery disease. Rs1333049 is
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Table 1
SNPs associated with expression of 9p21 transcripts.

SNP Disease association (risk allele) Lower expression allelea ANOVA P-value

ANRIL (1–2 exons) expression
rs496892 Atherosclerotic stroke (G) [7] and periodontitis [12] G 0.0007
rs10738607 G 0.0124
rs10811650 G 0.0031
rs564398 Atherosclerotic stroke (A) [7],  coronary artery

calcification [31] (A) and diabetes [19] (A)
A <0.0001

rs3218020 T 0.0049
rs6475606 Coronary Heart Disease (T) [32] T 0.0045
rs10965224 A 0.0003
rs1063192 Myocardial infarction in Chinese (T) [30], open angle

glaucoma (C) [17]
T 0.0063

ANRIL (17–18 exons) expression
rs2811712 (AA vs. GG+AG) Severe physical impairment in the elder (A) [20] GG+AG 0.0426
rs10965235 (AC vs. CC)b Endometriosis (GWA) (C) [15] AC 0.0275
rs3731217 (GG+GT vs. TT) Acute lymphoblastic leukemia [10] GG+GT 0.0097
rs7855162 (CC+CT vs. TT) CC+CT 0.0286

CDKN2A expression
rs10965235(AA+AG vs. GG) Endometriosis (GWA) (C) [15] AA+AG 0.0414

CDKN2B expression
rs2383208 (AA vs. AG+GG) Diabetes in Japanese (A) [33] AG+GG 0.0317
rs10738607 c 0.0451

a Allele associated with lower expression of 9p21 transcripts.
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b Only one subject had AA genotype, see Supplementary Fig. 3.
c AG genotype was  associated with increased expression of CDKN2B, see Supplem

he leading CAD-associated SNP [1].  Rs564398 is the SNP showing
he strongest association with ANRIL expression in our analy-
is, as well as in a previous study [18], and has been associated
ith atherosclerotic stroke [7] and diabetes [19]. Rs2811712 was

ssociated with frailty [20] and, due to its proximity with the CAD-
ssociated locus, we hypothesized a possible association with CAD.

For expression analysis, 18 tag SNPs were selected for geno-
yping (r2 < 0.8 and MAF  > 0.05) using Haploview software in the
egion of interest: CDKN2A/B and ANRIL, and encompassing the
AD-associated region. After genotyping, SNP rs8181047 was in
ight linkage disequilibrium (r2 > 0.9) with rs564398 in our sample,
nd it was excluded from further analysis (see Fig. 1). The tag SNPs
nd relevant associations are presented in Supplementary Table 3.

.3. Cell culture

The culture media was  Dulbecco’s Modified Eagles Medium
DMEM) supplemented with 10% FBS and antibiotics 1% (v/v). For
iRNA transfection, VSMC were incubated in DMEM supplemented
ith 10% FBS only, as recommended by the transfection agent man-
facturer (see details in Supplementary Methods).

.4. ANRIL silencing

Custom silencer select siRNA®s (Ambion) was designed to tar-
et ANRIL (NCBI Reference Sequence: NR 003529.3) in its exon 19
see Fig. 4B and Supplementary Methods). Universal negative con-
rol siRNA #1 (Ambion) was used as a control for all the experiments.
ipofectamine RNAimax was purchased from Invitrogen and used as

 transfection reagent according to the manufacturer’s instructions
details in supplementary Methods). The cells were incubated for
8 h before RNA extraction for RT-PCR evaluation and 72 h before
he proliferation assay.
.5. RNA isolation and real time PCR

See Supplementary Methods.
ry Table 4.

1.6. Cell proliferation assay

Aortic VSMC were cultured in 96-well plates and cell prolifer-
ation was  measured using a cell proliferation colorimetric assay
(CCK-8, Dojindo) according to the manufacturer’s instructions.
Absorbance was  measured 72 h after treatment with siRNA using
a microplate reader (Multi-Spectrophotometer, Viento, Dainippon)
at a wavelength of 450 nm.

1.7. Immunostaining in mouse atherosclerotic plaque

C57BL/6JJcl wild type and APOE−/− mice (C57BL/6JJcl back-
ground) fed a normal diet, were used to obtain normal and
atherosclerotic aortic sections at the age of 24 weeks (see
Supplementary Methods).

1.8. Statistical analysis

Expression and genotype association results were analyzed
using JMP  software (version 4, SAS Institute Inc.) and Prism 5
for Windows (version 5.02, GraphPad Software Inc.). The results
were analyzed using analysis of variance (ANOVA) and the t-test.
P-values lower than 0.05 were considered significant.

2. Results

2.1. Confirmation of 9p21 association in the Japanese sample

We  assessed the possible association of the three SNPs:
rs1333049, rs564398, and rs2811712 with CAD. We  confirmed the
rs1333049 association with CAD in our sample (Controls CC:101;
CG:224; GG:122; Cases CC:72; CG:116; GG:43; age adjusted P-
value < 0.01) (Fig. 2A); however, we were not able to detect any
significant association of CAD with either rs564398 or rs2811712
(see Supplementary Table 4).
2.2. Expression analysis of CDKN2A/B and ANRIL in blood

The linkage disequilibrium (LD) map  for the SNPs genotyped
in this study and a transcriptional representation of the locus are
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Fig. 3. (A) Association study results: the figure shows the allelic frequency of rs1333049 in our Japanese CAD-control sample and confirms the association of the SNP with
c C Stud
n

p
A
w
i
g
C
i
e

l

oronary artery disease. (B) Comparative expression of ANRIL in subjects from SONI
ormal  aortic sections with antibodies against CDKN2A, B and negative control.

resented in Fig. 1. Expression levels of CDKN2A, CDKN2B, and
NRIL (with the exception of ANRIL in exons 17–18 with CDKN2B)
ere positively correlated (correlation plots, r and P-values shown

n Supplementary Fig. 1), consistent with previous reports sug-
esting that the expression of these genes is co-regulated [18,21].
ommon carotid artery atherosclerosis, a known predictor of
schemic stroke [22], was associated with a significantly lower
xpression of ANRIL (exons 1–2) (P-value < 0.01) (Fig. 2B).

Several SNPs showed an effect in the expression of the 9p21
ocus transcripts as shown in Table 1 and Supplementary Figs. 3–5;
y with and without CCA atherosclerosis. (C) Immunostaining of atherosclerotic and

and the most significant effects detected in this study affected
ANRIL (exons 1–2) expression as shown in Fig. 3. Remarkably most
of the risk alleles for atherosclerosis-related phenotypes (all except
rs1333049, which did not reach significance) were associated with
a lower expression of the transcript, at least when evaluating the
exons 1–2 (see Fig. 3). The leading CAD-associated SNP, rs1333049

was not significantly associated with the expression of either of the
transcripts but when grouped risk allele versus others, the P-value
was 0.0653 (Supplementary Fig. 5), and again, the risk allele seemed
to be associated with a lower expression of the first exons of ANRIL.
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ig. 4. (A) Anril Knock-down efficiency and effect of ANRIL knock-down on CDKN2
iRNA  target location. (C) Cell proliferation results: relative cell counts of VSMCs fo

.3. Evidence of ANRIL-mediated regulation of CDKN2A/B
xpression

We performed siRNA knock-down of ANRIL in VSMC, as
escribed in Section 1, and examined the expression of CDKN2A/B.
he knock-down efficiency was confirmed by RT-PCR and ANRIL
xpression is presented in Fig. 4A and Supplementary Fig. 6. We
oted a marked increase in the expression of CDKN2B and, inter-
stingly, a slight but significant decrease in CDKN2A expression as
hown in Fig. 4A.

.4. ANRIL affects proliferation in VSMC

We measured proliferation in VSMC 72 h after siRNA treatment.
NRIL knock-down caused a reduced viable cell count in VSMC con-
istent with the over-expression of CDKN2B. The relative cell counts
re shown in Fig. 4C.

.5. CDKN2A/B expressed in mouse atherosclerotic plaque

Since our results linked the expression of ANRIL with risk alle-
es at the atherosclerosis-associated 9p21 locus, and also suggested
hat ANRIL is involved in the regulation of CDKN2A/B,  we  considered
elevant to investigate the expression of these genes in atheroscle-
otic plaque in vivo. We  detected the presence of both CDKN2A and
DKN2B in mouse aortic plaque on immunostaining, which sup-
orts our hypothesis that CDKN2A/B genes at least partially mediate
he genetic susceptibility to atherosclerosis found at the locus 9p21
Fig. 3C).
. Discussion

Since the GWAs have revealed a CAD association at the 9p21
ocus, researchers have hypothesized a potential regulatory role
 B expression. (B) Transcriptional representation of ANRIL and RT-PCR primers and
g ANRIL-siRNA treatment.

of the associated SNPs in the expression of ANRIL, CDKN2A,
and CDKN2B. However, publications demonstrating a correlation
between the risk genotypes and the expression of the transcripts in
the locus have reported contradictory results [18,23,24],  highlight-
ing the need to replicate such studies to clarify true associations.
Probably, this lack of consistency is due to the splicing complex-
ity of ANRIL and characteristics specific to the sample (ethnicity,
age, health status, etc.). Since CDKN2A is a known marker of aging
[25] and increases in expression with age in several tissues of
rodents and humans [26] and ANRIL has been connected with cell
senescence [4],  we believe the very narrow age range (69–72 years
old) of our subjects maximizes the detection of possible geno-
type effects. Here, we  showed that several SNPs in the region
affect the expression of the locus, particularly in the case of pre-
viously disease-associated SNPs. CDKN2A/B were prime candidates
in the association of these SNPs, however, most of the signifi-
cant associations found in this report pointed at ANRIL rather than
CDKN2A/B. Despite the limitation of this study regarding the num-
ber of subjects, we  were able to reproduce previously reported
associations, as in the case of rs564398 and rs496892 and their
effect on ANRIL expression [18]. Remarkably, the vascular disease
related risk alleles seem to be consistently associated with the
under-expression of the first exons of ANRIL at least in the periph-
eral blood. The CCA atherosclerosis phenotype was also correlated
with reduced expression of ANRIL, with both results pointing to a
possible protective role of ANRIL in the progression of atheroscle-
rosis.

ANRIL is antisense to CDKN2B (also known as p15), a situation
that typically implies an inhibitory effect in the sense sequence
expression. Here, we established a correlation between the expres-

sion of ANRIL and CDKN2A/B in human aortic VSMC. The effect
of ANRIL in CDKN2B expression identified in this report is consis-
tent with the previously reported role of ANRIL in the repression
of the locus CDKN2A/B [4].  Accordingly, in the situation of the
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bsence or reduction of ANRIL (by knock-down), the repression of
he locus would be impaired and CDKN2B would be up-regulated.
n the other hand, the PR complex hypothesis does not explain

he reduction of CDKN2A following ANRIL silencing which seems
o be operated by another mechanism. Even though the role of
NRIL in the repression of the locus CDKN2A/B through Polycomb
roteins has been highlighted in recent publications, the specific
ole of each splicing variant of ANRIL as well as the totality of
ossible functions of the transcripts are still poorly understood.

 clue to the wide spectrum of ANRIL functions is provided by
ato et al. [27], where a subset of genes involved in the regula-
ion of the nucleus and chromatin architecture were up-regulated
fter the over-expression of a novel splicing variant of ANRIL. We
elieve that the repression of CDKN2A presented in this report

s due to mechanisms that may  be specific to VSMCs or to the
plicing variants targeted in the experiment. Additionally, the
eduction in proliferation caused by ANRIL knock down is con-
istent with the increased expression of anti-proliferative gene
DKN2B. Although, the deletion of the CAD risk region in a mouse
odel leaded to an exacerbated proliferation in SMC [28], which

eems inconsistent with the results presented here, another report
howed that inhibition of ANRIL causes reduced proliferation in
uman fibroblasts [4].  ANRIL does not have a homologous tran-
cript described in mice, and ANRIL functions could be specific to
umans.

These findings emphasize the importance of ANRIL in cell prolif-
ration and regulation of the locus CDKN2A/B in a cell line directly
nvolved in the pathogenesis of atherosclerosis. Overall, our results
uggest that several SNPs in 9p21 locus affect the expression of
NRIL, which is further in control of the regulation of CDKN2A/B
nd cell growth. Cell proliferation mediates the progression of
therosclerosis and is also directly or indirectly involved in the
athogenesis of diseases associated with this locus.

In our study, expression of exons 17–18 was strongly reduced
onfirming ANRIL-siRNA efficiency, however, expression of exons
–2 did not show significant reduction (Supplementary Fig. 6) sug-
esting the existence of novel splicing variants at least in VSMC
possibly comprising the last exons but lacking the first ones).
urther characterization of all ANRIL splicing variants and their
unctions is needed for a better understanding of their role in cell
hysiology, atherosclerosis, and ultimately human health. How-
ver, our results point at ANRIL as a potential major player in human
ascular disease.
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