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Abstract

Objective—In addition to its effects on cholesterol levels, apoE3 has lipid-independent effects
that contribute to cardiovascular protection; one of these effects is the ability to inhibit cell cycling
in VSMCs. The goal of this study was to identify and characterize cell cycle-regulatory
mechanisms responsible for the anti-mitogenic effect of apoE.

Methods and results—Primary VSMCs were stimulated with serum in the absence or presence
of apoE3. apoE3 upregulated expression of the cdk inhibitor, p27XiP1, in primary VSMCs, and this
effect required Cox2 and activation of PGl,-IP signaling. The microRNA family, miR221/222 has
recently been identified as a post-translational regulator of p27, and apoE3 inhibited miR221/222
expression in a Cox2- and PGI,/IP-dependent manner. Moreover, reconstituted miR222
expression was sufficient to override the effects of apoE on p27 expression and S phase entry. The
ability to repress expression of miR221/222 is shared by apoE3-containing HDL but is absent
from apoA-1, LDL and apoE-depleted HDL. All three apoE isoforms regulate miR221/222, and
the effect is independent of the C-terminal lipid-binding domain. miR221/222 levels are increased
in the aortae of apoE3-null mice and reduced when apoE3 expression is reconstituted by adeno-
associated virus infection. Thus, regulation of miR221/222 by apoE3 occurs in vivo as well as in
vitro.

Conclusions: A—poE inhibits VSMC proliferation by regulating p27 through miR221/222.
Control of cell cycle-regulatory microRNAs adds a new dimension to the spectrum of
cardiovascular protective effects afforded by apoE and apoE-HDL.
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1. Introduction

Apolipoprotein E (apoE), a component of high density and triglyceride-rich lipoproteins,
regulates lipid homeostasis and plays an important role in preventing atherosclerotic disease
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[1,2]. ApoE3 is composed of a C-terminal, 10-kDa domain that is required for lipid-binding
and an N-terminal, 22-kDa that binds to the LDL receptor [1,3]. Other reported properties
that contribute to the anti-atherogenic behavior of HDL include anti-inflammation, anti-
oxidation, anti-thrombosis and vasodilation. ApoE may also protect against cardiovascular
disease by inhibiting vascular smooth muscle cell (VSMC) proliferation [4-8]. Transgenic
expression of apoE inhibits, while deletion of apoE increases, VSMC proliferation after
vascular injury in vivo [9].

ApoE is a polymorphic protein with three major isoforms, apoE2, apoE3 and apoE4. ApoE3
is the most common and is considered to be the parent form of the protein [1,3]. The
polymorphism in apoE occurs at residues 112 and 158; the apoE4 isoform contains R at both
positions while the apoE3 and apoE2 isoforms contain C/R and C/C, respectively, at these
sites. The C/R interchange at position 112 that distinguishes apoE3 and apoE4 has little
effect on LDLR binding activity whereas the C/R substitution at position 158 dramatically
lowers the binding of apoE2 to the LDL receptor (LDLR). This is the primary defect in type
I11 hyper-lipoproteinemia. Besides being a risk factor for atherosclerosis, apoE4
polymorphism is a major genetic risk factor for Alzheimer’s disease [1,10].

The mechanism by which apoE controls VSMC proliferation is not well understood. Others
have reported that its anti-mitogenic effect is associated with a partial reduction in the
expression of cyclin D1 mRNA [4]. We have not seen a strong effect of apoE on cyclin D1
[6], but did find that apoE3 increases Cox2 expression and prostacyclin (PGIy) production in
primary VSMCs [6,11]. Furthermore, we showed that these effects led to a PGl,- and cyclin
E/cdk2-dependent inhibition of VSMC cycling [6]. Cyclin-cdk2 complexes are typically
inhibited by the binding of cip/kip family cyclin-dependent kinase (cdk) inhibitors (p21¢iP1,
p27KiPL and p57KiP2). Of these cdks, p27 has been closely linked to regulation of VSMC
cycling, especially after vascular injury [12,13]. Deletion of p27 also accelerates
atherosclerosis in apoE-null mice [14]. Regulators of p27 therefore have the potential to
strongly influence neointima formation in atherosclerosis and during the response to injury.
In this report, we show that apoE and apoE-containing HDL strongly inhibit the expression
of miR221/222, a microRNA family that regulates p27 levels post-transcriptionally.
Additionally, we show that the effect of apoE on miR221/222 leads to an upregulation of
p27, and that the change p27 expression is sufficient to explain the anti-mitogenic effect of
apoE in VSMCs.

2. Methods
2.1. Cell culture

Early passage explant cultures of mouse vascular smooth muscle cells (VSMCs) were
isolated from 8 to 10 week old male C57BL/6 mouse (Jackson Labs) or IP-null mice on the
C57BL/6 background ([15]; kindly provided by Garret FitzGerald, University of
Pennsylvania). Explant culture VSMCs were isolated from aortae (aortic arch plus the
descending thoracic aorta) of these mice as described [6] and maintained in growth medium
(1:1 Dulbecco’s modified Eagle’s Medium (DME)/Ham’s F-12 supplemented with 2 mM L-
glutamine and 10% FBS). The FBS was not depleted of bovine apoE before use. Cells were
used between passages 2-5. For cell cycle experiments, 60-90% confluent monolayers of
wild-type, IP7~, or p27~/~ VSMCs were grown in 60-mm (for RT-qPCR, S phase assays, or
transfections) or 100-mm (for RT-qPCR and western blotting) culture dishes. The cells were
GO-synchronized by incubation in serum-free DME containing 1 mg/ml heat-inactivated,
fatty acid-free BSA (DME-BSA) for 48 h before stimulation with fresh growth medium in
the absence or presence of 200 nM cicaprost (kindly provided by Bayer Schering Pharma
AG), 50 pg/ml lipoprotein, 60 + 5 pg/ml apolipoprotein, 1 M nimesulide (a Cox-2
inhibitor) or 1 mM SC560 (a Cox-1 inhibitor). Recombinant human apoA-I, apoE2, apoE3,
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apoE4, the 22 kD N-terminal fragment (amino acids 1-191) of apoE3, and the 10 kD C-
terminal fragment (amino acids 222-299) of apoE3 were expressed in E. coli and purified as
described [16,17]. ApoE3 and its N- and C-terminal domains were tested at equivalent
molarities (2 M), as were the three apoE isoforms. Samples were dialyzed against PBS
immediately before use. When S phase entry was measured, BrdU or EJU was added at the
time of serum stimulation and remained in the cultures throughout the experimental
incubation. LDL, total HDL, and apoE-depleted HDL were purified similarly to published
procedures [18,19].

2.2. Transfections

We transfected near confluent VMSCs in 60-mm dishes containing coverslips with 3 g of
either an expression plasmid for microRNA-222 (Origene) or pPCDNA (control) using 25 pl
Lipofectamine 2000. After 4 h, the transfected cells were allowed to recover overnight in
regular growth medium. The cells were then starved for 48 h in DME/BSA and directly
stimulated with fresh growth medium containing 10% FBS and apoES3.

2.3. Quantitative real-time reverse transcriptase-PCR (qPCR)

To measure steady-state levels of miR-221 and miR-222, total RNA was isolated from cells
or isolated aortae with TRIZOL and reverse transcribed using 15-40 ng of RNA in a 10-pl
reaction with TagMan MicroRNA reverse transcription kit (Applied Biosystems). An aliquot
(20%) of the reaction was used for gPCR using TagMan universal master mix, Mature
MicroRNA assay ID #524 (miR221), #2276 (miR222), and #1232 (snoRNA202) (Applied
Biosystems). To measure Cox-2 mRNA levels, ~50 ng of RNA was reverse transcribed in a
20-pl reaction, and the cDNA was subjected to gPCR using TagMan gene expression assays
MmO00478374_m1 (Applied Biosystems) respectively. RT-gPCR results were calculated
using the standard curve or ddCt methods using 18S and SnoRNA202 as the reference for
mRNAs and microRNAs, respectively.

2.4. Immunoblotting and immunofluorescence microscopy

Cells for immunoblotting were collected and lysed as described [20]. Equal amounts of
protein (15-25 p.g) were resolved on reducing SDS mini-gels and immunoblotted using
antibodies specific for p27 (BD Biosciences Pharmingen), GAPDH (sc-25778, Santa Cruz
Biotechnology) or actin (sc-8432, Santa Cruz Biotechnology). The resolved proteins were
detected using ECL (Amersham). S phase incorporation assays were performed similarly to
that described [21] using BrdU or EdU. Images were captured using a Nikon Eclipse 80i
microscope, 20x/0.45 PL Plan Fluor objective, Hamamatsu C4742-95 digital camera and
camera controller. Images were analyzed using Image-Pro Plus software, and the number of
BrdU-positive and Dapi-positive nuclei was manually counted.

2.5. In vivo experimentation

The aortic arch and thoracic aorta were isolated from euthanized 11-week male wild-type
and apoE-null mice on the C57BL/6J background. The isolated aortae were cleaned and
stored in RNA-later (Qiagen) until isolation of total RNA using RNeasy (Qiagen). For the in
vivo adeno-associated virus reconstitution experiments, an AAV8-TBG-hapoE3 vector was
prepared by the Vector Core of the Penn Gene Therapy Program. Male apoE3-deficient
mice (9-week old) were injected with AAV8-TBG-hapoE3 via the tail vein at a dose of 1 x
1012 genome copies. Mice were sacrificed at 11-weeks, and total RNA was prepared as
described above. See Kitajima et al. [22] for methodological details of AAV vector
construction, tail vein injection, cholesterol levels, and apoE3 expression.
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3.1. ApoE3 regulates p27 through the Cox2-PGl, pathway in VSMCs

We previously reported that the anti-mitogenic effect of apoE3 requires the induction of
Cox2 and production of PGI, [6]. More recently, we showed that PG, inhibits VSMC
cycling in a p27-dependent manner [23]. We therefore investigated the importance of p27 to
the anti-mitogenic effects of apoE. Consistent with our previous studies [23], p27 levels
were downregulated in response to serum-stimulation in wild-type VSMCs, and treatment
with the PGl mimetic, cicaprost, prevented this decrease in p27 (Fig. 1A; top panels).
ApoE3 also antagonized the serum-induced downregulation of p27 in wild-type VSMCs
(Fig. 1A, top panels). This apoE effect was blocked by the Cox2 inhibitor, nimesulide, but
not by the Cox1 inhibitor, SC560 (Fig. 1A; top panels). The level of p27 expression was
similar in VSMCs treated with cicaprost, apoE, or the combination of cicaprost and apoE
(Fig. 1B) suggesting that these two agents might be acting through a single pathway. Indeed,
neither cicaprost nor apoE3 affected p27 expression in serum-stimulated VSMCs null for the
PGl receptor, IP (Fig. 1A; bottom panels). Collectively, these data indicate that the
increased expression of p27 seen in response to apoE can be explained by the induction of
Cox2, synthesis of PGl and activation of PGI/IP signaling. Moreover, the relationship
between apoE3 and p27 is causal for VSMC cycling because apoE3 as well as cicaprost
strongly inhibited S phase entry in wild-type VSMCs but not in p27-null VSMCs (Fig. 1C).

p27 levels are commonly regulated post-transcriptionally. Initial studies linked post-
transcriptional regulation of p27 to ubiquitin-mediated proteolysis by the E3 ligase,
SCFSkPZ; this complex targets p27 phosphorylated at T187 [24,25]. However, subsequent
work indicated that SCFSKP2-mediated degradation of T187A-phosphorylated p27 is
essential in S phase, but not G1 phase [26,27]. Since apoE3 blocks entry into S phase (Fig.
1D), we reasoned that it might regulate p27 independently of Skp2. Several recent studies
have identified the microRNA family, miR221/222 as a novel post-transcriptional regulator
of p27 [28,29]. Indeed, we observed that apoE3 inhibited the expression of miR221/222 in
serum-stimulated VSMCs (Fig. 2A; bottom panel). The dose-dependency of this effect was
similar to that seen for Cox2 mRNA (Fig. 2A,; top panel). Moreover, the regulation of
miR221/222 by apoE3 was blocked by Cox2 inhibition with nimesulide (Fig. 2B) and was
dependent on IP (Fig. 2C). Thus, miR221/222 is a target of the apoE3-Cox2-PGl,/IP
pathway. Moreover, when we forced expression of miR222, we eliminated the inhibitory
effect of apoE3 on p27 (Fig. 2D) and a large part of its inhibitory effect on S phase entry
(Fig. 2E; compare lanes 2 and 4). We did not overexpress miR221 in these experiments
because miR221/222 are interchangeable in overexpression paradigms [30]. These data
demonstrate a causal relationship between apoE3, miR221/222, p27, and VSMC cycling.

3.2. Regulation of miR221/222 by apoE3-containing HDL, apoE isoforms and isolated apoE

domains

ApoE3 circulates in a lipid-free form and as a component of all lipoproteins other than LDL
[1,3]. We therefore compared HDL and LDL for their abilities to regulate miR221/222 in
mouse VSMCs. Like apoE3, HDL efficiently suppressed the expression of both micro-
RNAs whereas LDL was without effect (Fig. 3A). We prepared HDL that was depleted
apoE [31] and then compared the effects of HDL and apoE-depleted HDL on miR221/222.
Depletion of apoE from HDL eliminated its ability to regulate miR221/222 (Fig. 3B).
Additionally, suppression of miR221/222 was not detected in response to recombinant
apoA-1, a major apolipoprotein in HDL (Fig. 3A). Collectively, these data indicate that
regulation of miR221/222 is a selective property of apoE3 and apoE3-containing HDL
rather than a general property of lipoproteins and apolipoproteins.
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We have previously reported that the anti-mitogenic effect of apoE3 is contained within the
isolated N-terminal domain and not the C-terminal lipid-binding domains [6]. Consistent
with these results, the inhibitory effect of apoE3 on miR221/222 was selectively detected
with the purified N-terminal domain (Fig. 4A). Despite the single amino acid change in
position 112 of their respective N-terminal domains, all three apoE isoforms inhibited the
expression of miR221/222 (Fig. 4B) and S phase entry (Fig. 4C). Similar activities of the
apoE isoforms have also been reported for the regulation of Cox2 mRNA [11]. Collectively,
these isoform results further support the connection between apoE, Cox2 and miR221/222
and distinguish this apoE effect from the isoform-dependent LDLR binding associated with
reverse cholesterol transport.

3.3. Regulation of miR221/222 by apoE in vivo

To determine if the repressive effects of apoE on miR221/222 could be detected in vivo, we
isolated RNA from the aortae of 11-week old wild-type and apoE-null mice and determined
the relative levels of miR221/222. The results show a strong upregulation of both
microRNAs in apoE-null vessels as compared to wild-type (Fig. 5A). In addition, we
injected 9-week old apoE-null mice with an adeno-associated virus (AAV) encoding liver-
specifically expressed human apoE3 and asked if miR221/222 would be reduced in the
isolated aortae. Indeed, we found that AAV-apoE3 strongly repressed the expression levels
of both microRNAs (Fig. 5B). Thus, regulation of miR221/222 by apokE is reversible in
vivo. Moreover, the effect of AAV-apoE3 was detectable within 2 weeks, indicating that
upregulation of miR221/222 in apoE-null aortae is not a long-term adaptation to the absence
of apoE. These findings extend our earlier work showing reduced cholesterol, hyperplasia,
and atherosclerotic lesions [22] as well as increased Cox2 gene expression [6] in apoE-null
mice infected with AAV-apoE3.

4. Discussion

Our results show that apoE3 inhibits the p27-dependent proliferation of VSMCs by
antagonizing the mitogen-dependent induction of miR221/222. Many studies have shown
that increased expression of p27 inhibits cyclin E-cdk2 activity which, in turn, leads to
reduced phosphorylation of the retinoblastoma protein (Rb) and release of E2F transcription
factors. Although our work has focused on regulation of miR221/222, the link between
miR221/222 and Rb phosphorylation, and the fact that Skp2 is an E2F-dependent gene
[32,33], raises the possibility that apoE3 might also regulate Skp2 expression and Skp2-
dependent p27 degradation as a secondary consequence of Rb phosphorylation and E2F
release.

ApOE is present as ~6% of the total HDL protein, and about two-thirds of apoE in plasma of
normolipidemic subjects is present in the HDL fraction of lipoproteins [19,34]. Our results
show that physiologically relevant concentrations of HDL repress miR221/222 levels in
primary VSMCs. LDL, which lacks apoE, fails to regulate cell cycling [6] or these
microRNAs. All three isoforms of apoE, but not apoA-I, the major apolipoprotein in HDL,
regulate miR221/222. These data indicate that vascular smooth muscle cell cycle regulation
is specific to apoE and apoE-containing HDL. It will be interesting to determine the exact
roles of the HDL particle and apoE lipidation on suppression of miR221/222.

Others have reported that apoE inhibits PDGF-mediated S-phase entry by inducing iNOS [5]
as well as heparan sulfate and perlecan [7]. These antimitogenic effects involve the C-
terminal heparin-binding domain of apoE, which binds to heparan sulfate proteoglycan [8].
These antimitogenic actions of apoE are isoform-selective [35]. However, in our studies the
antimitogenic effect of apoE, as well as its inhibitory effect on miR221/222, is restricted to
the N-terminal receptor-binding domain ([6] and Fig. 4A) and does not exhibit isoform
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selectivity. Although the basis for these different results is not well understood, it may be
due to the fact that we stimulate cell cycling with an optimal concentration of serum whereas
others used minimal FBS and stimulated cycling with PDGF [5,8]. The mitogenic activities
in serum extend well beyond PDGF, so serum may affect apoE-sensitive signaling pathways
that are not regulated by PDGF. Additionally, the serum we used was not depleted of
endogenous apoE. While the large differences in signals we observed using FBS with and
without exogenous apoE indicates that the endogenous bovine apoE is not making a
significant contribution to the total apoE pool in our experiments, we cannot exclude the
possibility that the absence [4,5,8] or presence ([6] and this report) of endogenous apoE may
affect cell-cycle regulatory signaling pathways. Finally, some of the work by others used the
ATr5 smooth muscle cell line and smooth muscle cells isolated by collagenase digestion
whereas we used mouse smooth muscle cells prepared by explant culture. VSMCs are
highly plastic, and their response to apoE may be affected by their method of preparation
and state of differentiation.

The etiology of atherosclerosis and the response to vascular injury are complex, but p27 and
VSMC proliferation are thought to contribute to both pathologies, particularly the response
to injury. In fact, p27 is a major target of the anti-restenotic drug, rapamycin [12,13]. ApoE3
and the Cox2-PGl,-IP pathway limit VSMC proliferation by regulating p27 through
miR221/222, and these results fit well with the increased disease seen upon deletion or
down-regulation of apoE, IP, and p27 in mice ([9,15] and this report). Interestingly,
miR221/222 also inhibits c-Kit expression in VSMCs and endothelial cells [36] and reduces
eNOS levels in endothelial cells [37]. Although apoE does not regulate Cox2, nor does PGl,
regulate p27, in endothelial cells [6,23], the potent effects of the apoE-Cox2-PGl, pathway
on miR221/222 expression in VSMCs may lead to changes in c-kit that contribute to the
overall systemic response to apoE and apoE-containing HDL. In fact, the miR221/222
family has more than 200 potential mMRNA targets as determined by TargetScan. Thus,
regulation of miR221/222 by apoE may have wide-spread effects on VSMC behavior and
function.
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Fig. 1.

Anti-mitogenic effect of ApoE3 linked to p27 and the Cox2-PGlI,-IP pathway in VSMCs.
(A) Serum-starved early passage VSMCs from wild type and IP-null mice were stimulated
with 10% FBS in the absence (control; C) or presence of cicaprost (Cica), apoE3, apoE3
with nimesulide (nim; Cox-2 inhibitor), or apoE3 with SC560 (SC; Cox-1 inhibitor).
VSMCs were collected after 24 h, lysed, and immunoblotted for p27 and actin (loading
control). The vertical white bar in the blot of IP-null VSMCs indicates where extraneous
lanes were removed. Results from 3 to 6 independent experiments were quantified using
Image J and combined to show mean + SD. (B) VSMCs were prepared as in A but treated
with cicaprost and apoE3, alone and in combination. Lysates were analyzed by
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immunoblotting for p27 and GAPDH (loading control). Results from 3 independent
experiments were quantified using Image J and combined to show mean + SD. (C) Serum-
starved VSMCs from wild-type and p27-null mice were stimulated with 10% FBS in the
absence or presence of cicaprost or apoE3 for 48 h; coverslips were analyzed for BrdU
incorporation by immunofluorescence microscopy. Results are plotted as mean + SD, n= 4.
For all panels, *p< 0.05. **p < 0.01. ***p < 0.001 as determined by 2-tailed #test.
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Fig. 2.

ApoE3 regulates miR-221/222 in VSMCs through the Cox2-PGI2-1P pathway. (A) Serum-
starved mouse VSMCs were incubated with 10% FBS (control; C) and 0, 15, 30 or 60 pg/ml
apoE3 for 24 h. (B) Serum-starved mouse VSMCs were incubated with 10% FBS, 10% FBS
with apoE3, or 10% FBS, apoE and either nimesulide (Cox2 inhibitor) or SC560 (Cox1
inhibitor). (C) Serum-starved VSMCs from wild-type or IP-null mice were incubated with
10% FBS in the absence (control; C) or presence of apoE3 for 24 h. For A-C, total RNA
was isolated, and transcript levels were determined by RT-gPCR. Results show mean + SD,
n= 3. (D) Early passage VSMCs were transiently transfected with an expression plasmid for
miRNA-222 or pCDNA (control). The cells were serum starved and stimulated with 10%
FBS for 24 h in the absence or presence of apoE3 before being collected and analyzed by
western blotting for p27 and GAPDH (loading control). (E) The experiment in D was
repeated, but the VSMCs were incubated for 48 h on coverslips. The cells were analyzed for
BrdU incorporation by immunofluorescence microscopy. Results in E are expressed as mean
+ SD, n= 3. For all bar graphs, significance was determined by 2-tailed #test as defined in
the legend to Fig. 1.
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Fig. 3.

ApoE and HDL inhibit miR221/222 in VSMCs. (A) The experiment in Fig. 2B included
serum-starved VSMCs from wild-type mice which were incubated with 10% FBS for 24 h
in the absence (control; C) or presence of apoA-1, apoE3, total HDL or LDL and analyzed
by RT-gPCR. (B) Serum-starved VSMCs were incubated with 10% FBS in the absence
(control, C) or presence of total or apoE-depleted HDL for 24 h. For both panels, total RNA
was isolated, and miR221/222 levels were determined by RT-gPCR. Results show mean +
SD, n= 3. Significance was determined by 2-tailed #test as defined in the legend to Fig. 1.
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Fig. 4.

The N-terminal domain of apoE3 and its isoforms inhibit miR221/miR222 in VSMCs. (A)
Serum-starved VSMCs were incubated with 10% FBS for 24 h in the absence (control; C) or
presence of 2 wM ApoE3, or the N- and C-terminal fragments of ApoE3. (B) Serum-starved
VSMCs were incubated with 10% FBS for 24 h in the absence or presence of 2 uM apoE2,
apoE3 or apoE4. Total RNA was isolated, and miR221/222 levels were determined by RT-
gPCR. (C) The experiment in B was repeated, but the VSMCs were incubated for 48 h on
coverslips. The cells were analyzed for EdU incorporation by immunofluorescence
microscopy. For all panels, results are expressed as mean + SD, 7= 3. Significance was
determined by 2-tailed #test as defined in the legend to Fig. 1.
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Fig. 5.

ApoE inhibits miR221/222 in vivo. (A) Total RNA was prepared from freshly isolated
aortae of 11-week old male wild-type or apoE-null mice. miR221/222 levels were
determined by RT-qPCR. n= 3. (B) Male 9-wk old apoE-null mice were given equal MOIs
of null AAV or AAV-apoE3. Aortae from the mice of each condition were harvested after
two weeks and analyzed by RT-gPCR for miR221/222, n= 4. Error bars show mean + SEM,
significance was determined by 2-tailed #test as defined in the legend to Fig. 1.
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