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Molecular Medicine

AKT2 Confers Protection Against Aortic Aneurysms and
Dissections

Ying H. Shen, Lin Zhang, Pingping Ren, Mary T. Nguyen, Sili Zou, Darrell Wu, Xing Li Wang,
Joseph S. Coselli, Scott A. LeMaire

Rationale: Aortic aneurysm and dissection (AAD) are major diseases of the adult aorta caused by progressive
medial degeneration of the aortic wall. Although the overproduction of destructive factors promotes tissue damage
and disease progression, the role of protective pathways is unknown.

Objective: In this study, we examined the role of AKT2 in protecting the aorta from developing AAD.

Methods and Results: AKT2 and phospho-AKT levels were significantly downregulated in human thoracic AAD
tissues, especially within the degenerative medial layer. Ak¢2-deficient mice showed abnormal elastic fibers and
reduced medial thickness in the aortic wall. When challenged with angiotensin II, these mice developed aortic
aneurysm, dissection, and rupture with features similar to those in humans, in both thoracic and abdominal
segments. Aortas from Akt2-deficient mice displayed profound tissue destruction, apoptotic cell death, and
inflammatory cell infiltration that were not observed in aortas from wild-type mice. In addition, angiotensin II-
infused Akt2-deficient mice showed significantly elevated expression of matrix metalloproteinase-9 (MMP-9) and
reduced expression of tissue inhibitor of metalloproteinase-1 (TIMP-1). In cultured human aortic vascular smooth
muscle cells, AKT?2 inhibited the expression of MMP-9 and stimulated the expression of TIMP-1 by preventing the
binding of transcription factor forkhead box protein O1 to the MMP-9 and TIMP-1 promoters.

Conclusions: Impaired AKT2 signaling may contribute to increased susceptibility to the development of AAD. Our
findings provide evidence of a mechanism that underlies the protective effects of AKT2 on the aortic wall and that
may serve as a therapeutic target in the prevention of AAD. (Circ Res. 2013;112:618-632.)

Key Words: aortic aneurysm and dissection m AKT m forkhead box protein Ol m matrix metalloproteinase-9
m tissue inhibitor of metalloproteinase-1

Aortic aneurysm and dissection (AAD) are major diseases
of the adult aorta.! Despite significant improvements in
the diagnosis and surgical repair of AAD, the rate of morbidity
and mortality from aortic rupture remains high, particularly
when the disease involves the thoracic aorta.! Understanding
the pathogenesis of AAD is necessary to develop a better
treatment for these conditions.

In This Issue, see p 575

The key histopathologic feature of aortic aneurysm is pro-
gressive degeneration of the medial layer of the aortic wall,
which is characterized by the loss of smooth muscle cells
(SMCs) and the destruction of extracellular matrix (ECM).>?
These events lead to progressive dilatation of the vascular
wall and AAD formation, ultimately resulting in lethal aor-
tic rupture. Pharmacological prevention is ineffective, large-
ly because the molecular mechanisms responsible for the

vascular degeneration underlying AAD formation are poorly
understood.

The activation of stress signaling pathways and the subse-
quent production of tissue-destructive factors, such as matrix
metalloproteinases (MMPs), promote aortic aneurysm forma-
tion and progression. However, there may be native protective
systems that counterbalance destructive factors to maintain
a healthy vascular wall. When these protective mechanisms
are impaired, the uninhibited tissue-destructive factors may
drive excessive aortic destruction and lead to AAD formation.
Although destructive factors that function in the pathogenesis
of AAD have been well documented, protective mechanisms
remain to be identified.

The multifunctional AKT signaling pathway, which
is activated by insulin, growth factors, and cytokines, is
implicated in a diverse range of cellular functions, including cell
metabolism, survival, proliferation, and migration.* AKT has
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Nonstandard Abbreviations and Acronyms

AAD aortic aneurysm and dissection
Angll angiotensin Il

CA constitutively active

DN dominant negative

ECM extracellular matrix

FOXO01 forkhead box protein 01

MMP matrix metalloproteinase

shRNA short hairpin RNA
siRNA small interfering RNA

SMC smooth muscle cell

TAA thoracic aortic aneurysm

TAD thoracic aortic dissection

TIMP tissue inhibitor of metalloproteinase

TUNEL terminal deoxynucleotidyltransferase dUTP nick-end labeling
VSMC vascular smooth muscle cell

WT wild type

profound effects on the cardiovascular system.’ In the heart, the
acute activation of AKT promotes cardiomyocyte survival and
function,®® whereas chronic AKT activation can cause cardiac
hypertrophy and maladaptive remodeling.”!° In the vascular
wall, the AKT pathway regulates endothelial NO synthase and
vascular tone."! Inflammation'? and metabolic stress'* can impair
AKT signaling, resulting in endothelial dysfunction. AKT
signaling also promotes vascular SMC (VSMC) proliferation'*'¢
and migration.>!7 Although proliferative vascular remodeling
can be harmful in neointimal hyperplasia and restenosis,'® it may
be beneficial in vascular repair and regeneration in AAD.

In this study, we observed significantly decreased AKT?2 ex-
pression and AKT phosphorylation/activation in human AAD
tissues. Therefore, we investigated whether AKT?2 plays a pro-
tective role against AAD formation in the aortic wall in mice
and examined the direct effects of AKT2 on matrix metallopro-
teinase-9 (MMP-9) and tissue inhibitor of metalloproteinase
(TIMP)-1 expression in cultured aortic VSMCs. Our findings
suggest that AKT?2 has a protective role in the aorta and that
AKT?2 impairment may contribute to the development of AAD.

Methods

An expanded Methods section is available in the Online Data
Supplement.

Human Tissue Studies

All protocols were approved by the institutional review board of
Baylor College of Medicine. Informed consent was obtained from
all enrolled patients. For this study, we used aortic tissues from 28
patients with descending thoracic AAD, including 12 with thoracic
aortic aneurysm (TAA) without dissection (age, 66.8+4.7 years)
and 16 with chronic thoracic aortic dissection (TAD; age, 63.6+5.1
years). Aortic tissues from 12 age-matched organ donors were used as
controls (Online Table I). AKT levels and activation in these tissues
were examined by Western blot and immunohistochemical analysis.

Animal Studies

All animal experiments were approved by the Institutional Animal
Care and Use Committee at Baylor College of Medicine in ac-
cordance with the guidelines of the National Institutes of Health.

Shen et al AKT?2 Protects Against AAD 619

Wild-type (WT; C57BL/6J) and Akt2~~ (B6.Cg-Ake2™""™"[J with
C57BL/6J background) mice from The Jackson Laboratory (Bar
Harbor, ME) were used. Eight-week-old male mice were infused with
either saline or 1000 ng/min per kilogram angiotensin II (AngllI) for 4
weeks. AAD incidence, aortic destruction, inflammatory cell infiltra-
tion, and MMP-9 and TIMP-1 expression were compared between
Akt27"- and WT mice.

Statistical Analysis

All quantitative data are presented as the mean+SD. Data were analyzed
with SPSS software, version 11.0 (SPSS Inc, Chicago, IL). Normality
of the data was examined by using the Kolmogorov—Smirnov test.
Independent 7 tests were used to compare normally distributed values,
and the Mann—Whitney test was used to compare data without a normal
distribution. Multiple groups were compared by using 1-way analysis
of variance or by using the Kruskal-Wallis test, as appropriate. For all
statistical analyses, 2-tailed probability values were used.

Results

AKT2 and Active AKT Levels Are Significantly
Reduced in the Medial Layer of Human AAD Tissue
We first examined AKT and active AKT levels in aortic tis-
sues from patients with descending TAA and chronic TAD.
Western blot analysis of AKT protein in the protein extracts of
the whole aortic wall (ie, intima, media, and adventitia in TAA;
media and adventitia in TAD; Figure 1A) showed that total
AKT protein levels were significantly lower in TAA tissues
(but not in TAD tissues) than in control tissues. Furthermore,
whereas AKT1 protein levels were similar among groups,
AKT?2 protein levels were significantly lower in both TAA
and TAD tissues than in control tissues. Importantly, phospho-
AKT levels and phospho-AKT/total AKT ratios were signif-
icantly lower in both TAA and TAD tissues than in control
tissues, indicating the reduced activation of AKT in human
AAD.

Immunostaining analysis of AKT protein in the diseased
aortic wall showed a pattern dependent on pathological
changes (Figure 1B). Total AKT protein levels were high in
the hyperplastic intima and adventitia, particularly in inflam-
matory cells and proliferating cells. In the media, although
total AKT was abundantly expressed in preserved areas and
in hyperplastic areas (ie, areas with increased cell density),
it was expressed at substantially lower levels in the cells of
degenerative areas (ie, areas with tissue destruction and mark-
edly decreased cell density). Importantly, regardless of total
AKT protein levels, phospho-AKT levels and phospho-AKT/
total AKT ratios were significantly lower in the media of dis-
eased aortas than in the media of control aortas (Figure 1C).
Together, these observations indicate that AKT2 expression is
reduced in human AAD tissues, particularly in the degenera-
tive medial layer, and that AKT signaling in these tissues may
have been impaired.

Akt2-deficient Mice Develop AAD When

Challenged With AnglI

To further determine whether impaired AKT2 expression con-
tributes to the development of AAD, we examined AAD for-
mation in Ak72”- and WT mice. In the absence of exogenous
stress, no Ak727"~ mice developed spontaneous AAD (Figure
2A and 2B). When mice were challenged with Angll, which
has been shown to induce aortic aneurysms in ApoE~~ mice,"
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Figure 1. Decreased phospho-AKT levels in the aortic wall of human aortic aneurysm and dissection tissues. A, Phospho-AKT,
total AKT, AKT1, and AKT2 proteins in human control aortas, thoracic aortic aneurysm (TAA) tissues, and thoracic aortic dissection

(TAD) tissues were detected by Western blot by using anti-phospho-AKT (Ser 473) and anti-AKT antibodies. Representative blots

and quantification of the mean intensities of phospho-AKT, total AKT, AKT1, and AKT2 bands (normalized with those of (3-actin) show
decreased levels of AKT2 and phospho-AKT, as well as decreased ratios of phospho-AKT/total AKT in aortas from TAA and TAD patients.
B, Phospho-AKT (Ser 473) and total AKT proteins in control, TAA, and TAD tissues were detected by immunostaining. Representative
images are shown. For each sample, the positive-staining areas for phospho-AKT and total AKT were measured in 5 randomly selected
microscopic fields (magnification x400) and normalized with the total number of cells/nuclei in the counted area. C, The mean normalized
staining signals for phospho-AKT, total AKT, and the ratio of phospho-AKT to total AKT are shown.
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Figure 2. Development of aortic aneurysms and dissections in Akt2-- mice infused with angiotensin Il (Angll). Wild-type (WT)

and Akt2-- mice were infused with saline or Angll for 4 weeks. A, Representative excised aortas show that Akt2-~ mice challenged with
Angll developed aneurysms involving the thoracic and abdominal aorta. B, The incidence of all aortic aneurysms and dissections in Akt~
and WT mice (P<0.001). C, Histologically confirmed aortic dissection with a characteristic true lumen (TL) and false lumen (FL) in Angll-
infused Akt2-- mice. D, In an Angll-infused Akt2-- mouse that suddenly died, median sternotomy (left) revealed that blood surrounded
the heart and great vessels, which was caused by the rupture of an ascending aortic aneurysm (arrow; right). E, Comparison of aortic
diameter among saline or Angll-infused WT and Akt2-- mice. F, The types of aortic lesions, according to a modified classification system

based on that of Daugherty et al,'® are shown.

systolic blood pressure increased similarly in Akz27~ mice
and WT mice (Online Figure IA). In the thoracic and ab-
dominal aorta of 70% of Angll-infused Ak72”~ mice, we ob-
served aortic aneurysms (Figure 2A; aortic diameter >1.5x
of the mean aortic diameter of saline-infused Akt2~~ mice),
dissections (Figure 2C), or rupture (Figure 2D), whereas no
Angll-infused WT mice developed aortic aneurysms (aortic
diameter >1.5x of the mean aortic diameter of saline-infused
WT mice) or dissections (P<0.001; Figure 2B). Furthermore,
compared with Angll-infused WT mice, AnglI-infused Akr27"~
mice showed significant increases in the diameter of most
aortic segments (Figure 2E). When we characterized aortic
gross pathology by using the classification of Daugherty et
al," we found that only 25% of Angll-infused WT mice de-
veloped aortic lesions (none of which were more severe than

Type II), whereas 91% of Angll-infused Akz27~ mice devel-
oped aortic lesions (P<0.001; 52% of which were more se-
vere than Type II; Figure 2F). Furthermore, in Angll-infused
Akt27- mice, vessel dilatation (aortic diameter >1.25x of the
mean aortic diameter of saline-infused Akr27~ mice) was ob-
served most frequently in the suprarenal abdominal segment
(74%), followed by the ascending (65%), descending thorac-
ic (61%), arch (39%), and infrarenal (39%) aortic segments,
4 weeks after Angll infusion (Online Figure IB). Aneurysms
in Angll-infused Ak2~~ mice were most frequently observed
in the ascending (39%) and suprarenal abdominal (35%)
aortic regions, followed by the descending thoracic (17%),
arch (13%), and infrarenal (9%) aortic segments (Online
Figure IC). Fatal rupture occurred in 13% of Angll-infused
Akt27- mice, exclusively in the ascending aortic segment and
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typically within 1 week after the initiation of AnglI infusion
(Online Figure ID). Together, our results show that AnglI in-
fusion led to severe aortic disease in the setting of Akz2 defi-
ciency, suggesting that AKT2 has protective role against the
formation of AAD.

Elastic Fiber Destruction Is Significantly Increased
in AngllI-challenged Ak#2~- Mice

To characterize the histological changes in the aortas of Akr27~
mice, we analyzed elastic lamellar architecture by using
Verhoeff elastic staining. Compared with aortas from saline-
infused WT mice, aortas from saline-infused Akr2~~ mice dis-
played notable abnormalities in aortic architecture, with thinner
and straighter elastic fibers (Figure 3A), increased elastic fiber
fragmentation (Figure 3B), and significantly reduced medial
thickness (Figure 3C). When infused with Angll, Akr27~ mice
exhibited severe elastic fiber fragmentation (Figure 3B). These
findings suggest that AKT2 may prevent AAD formation and
progression by promoting and maintaining normal aortic struc-
ture and by inhibiting elastin destruction.
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Apoptosis Is Significantly Increased in AnglII-
challenged Akt2-- Mice

Because AKT plays an important role in cell survival, we ana-
lyzed apoptosis in the aortas of Akt27~ and WT mice by us-
ing the terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay. As shown in Figure 4A, TUNEL-
positive cells were observed in Angll-infused WT mice but not
in saline-infused WT mice. The number of TUNEL-positive
cells was markedly increased in the aortic wall of saline-in-
fused Ak2~~ mice but was even higher when Akz2-"~ mice were
challenged with Angll, particularly in the lesion regions. In ad-
dition, cleaved caspase 3 (Figure 4B) and apoptosis-inducing
factor (Figure 4C) were detected in the aortas of Angll-infused
Ak27- mice, suggesting the potential involvement of both cas-
pase-dependent and caspase-independent apoptotic pathways.

Inflammatory Cell Infiltration Is Significantly
Increased in AnglI-challenged Ak#27~ Mice

We also examined the infiltration of the aorta by inflammatory
cells, which have been shown to promote ECM degradation

Akt2-/- + Angll

Ruptured Area

P=0.001
8o P=02
P=0.008

P=06

Aortic Medial Thickness (um)
=

+
'
+

Angll -

Wt Akt2-/-

Figure 3. Significantly increased elastic fiber destruction and reduced medial thickness in angiotensin Il (Angll)-infused Akt2--
mice. A, Representative histological sections of the aorta (Verhoeff elastic staining) demonstrating abnormalities in elastic lamellar
architecture in saline-infused Akt2-- mice and marked elastin destruction in Angll-infused Akt2-- mice. Comparisons of (B) elastic fiber
fragmentation scores (Grade 0=none, Grade 1=minimal, Grade 2=moderate, and Grade 3=severe) and (C) medial thickness among

groups are shown. WT indicates wild-type.
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Figure 4. Significantly increased apoptosis and inflammatory cell infiltration in angiotensin Il (Angll)-infused Akt2-- mice. A,
Representative terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-stained images and comparison of the number of
TUNEL-positive cells normalized to the total number of cells are shown. The number of TUNEL-positive cells was significantly increased
in the lesion areas of Angll-infused Akt2-- mice, particularly in dissected areas. Cleaved caspase 3 (B) and apoptosis-inducing factor
(AIF) (C) were detected in the aortas of Angll-infused Akt2-- mice. D, Representative images of immunofluorescence staining and
quantification (mean positive-staining area normalized with evaluated aortic area) of CD68-positive macrophages in the aortic wall show a
significant increase in macrophages in Angll-infused Akt2-- mice. WT indicates wild-type. DAPI indicates 4',6-diamidino-2-phenylindole.

and cell injury. In the absence of Angll infusion, the infiltra- in the aortas of saline-infused WT mice and Akr2”~ mice. In the
tion of macrophages (marked by the presence of CD68; Figure presence of Angll, the infiltration of these cells was observed
4D) and CD3-positive T cells (Online Figure II) was minimal within the aortic wall of WT mice and Ak27~ mice. However,
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Angll-challenged Ak#27~ mice had significantly more inflam-
matory cell infiltration that was even more pronounced in
areas of tissue destruction and dissection (Figure 4D). Most
of the macrophages in the aortic tissue of Angll-challenged
Akt27~ mice were observed in the adventitia. Macrophages
were also detected in the media-adventitia boundary area, and
a few macrophages were identified in the media of the aortic
wall.

MMP-9 Expression Is Increased and TIMP-1
Expression Is Decreased in AnglI-challenged

Akt27- Mice

To further investigate the potential mechanisms for increased
elastin destruction in Akz27~ mice, we examined the expression
of MMP-9 and MMP-2, which are key proteinases in ECM
protein destruction. We found that the levels of MMP-9 pro-
tein (Figure 5SA) and mRNA (Online Figure IIIA) and MMP-2
protein (Online Figure IIIB) were significantly increased in
the aortic media and adventitia of Angll-challenged Aks27"-
mice, particularly in lesion segments. In these mice, MMP-9
was expressed in CD68-positive macrophages (Figure 5B) and
in SM22a.-positive SMCs (Figure 5C; Online Figure IIIC). In
the aortic media, SMCs seemed to produce more MMP-9 than
did macrophages (Figure 5B and 5C), suggesting that MMP-9
from SMCs may play a critical role in medial destruction and
aortic dysfunction.

In addition, TIMP-1 protein (Figure 5D) and mRNA
(Online Figure IIID) levels were increased in Angll-infused
WT mice, saline-infused Akz2”~ mice, and Angll-infused
Akt27~ mice. Double immunostaining showed the colocal-
ization of TIMP-1 and MMP-9 (Figure 5E) in the aortic
wall, indicating that increased TIMP-1 expression may rep-
resent a protective response to increased MMP expression
and aortic injury. However, the induction of TIMP-1 was
lower (Figure 5D) and the MMP-9/TIMP-1 ratio was sig-
nificantly higher (Figure 5E) in Angll-infused Aks27~ mice
than in Angll-infused WT mice, indicating an insufficient
counterbalance of MMP-9 with TIMP-1 in Angll-infused
Akt27~ mice.

Consistent with these findings, the results of in situ gela-
tin zymography showed increased MMP activity in the aortic
media of Angll-infused Akr2”~ mice (Figure 5F), suggesting
that MMP-9 and MMP-2 production by SMCs may play an
important role in medial destruction.

AKT?2 Inhibits MMP-9 Expression and Enhances
TIMP-1 Expression in Cultured Aortic VSMCs

To further investigate the mechanism of the AKT2-mediated
regulation of MMP-9 and TIMP-1, we examined the effects
of AKT2 on MMP-9 and TIMP-1 protein and mRNA expres-
sion in human aortic VSMCs. Whereas the overexpression of
WT-AKT2 reduced MMP-9 and increased TIMP-1 protein lev-
els, the short hairpin RNA (shRNA)-mediated knockdown of
AKT?2 increased MMP-9 and decreased TIMP-1 protein levels
(Figure 6A). Furthermore, quantitative real-time polymerase
chain reaction results showed that WT-AKT2 significantly
reduced MMP-9 and increased TIMP-I mRNA levels, where-
as AKT2 shRNA increased MMP-9 and decreased TIMP-1
mRNA levels (Figure 6B). Our data suggest that AKT?2 inhibits

MMP-9 expression and enhances TIMP-1 expression at the
mRNA level.

Forkhead Box Protein O1 Positively Regulates
MMP-9 and Negatively Regulates TIMP-1
Expression in Human Aortic VSMCs

To further investigate the potential mechanism for the AKT2-
mediated regulation of MMP-9 and TIMP-1 expression, we
examined whether the transcription factor forkhead box pro-
tein O1 (FOXO1), a major downstream target of AKT that can
be phosphorylated and inactivated by AKT, regulates the ex-
pression of MMP-9 and TIMP-1. WT-FOXO1 but not domi-
nant negative (DN)-FOXO1 or FOXO/! small interfering RNA
increased MMP-9 protein levels (Figure 7A), and WT-FOXO1
and constitutively active (CA) FOXO1, but not DN-FOXOI,
increased MMP-9 mRNA levels (Figure 7B), indicating that
FOXOL1 positively regulates MMP-9 expression.

In contrast to the positive regulation of MMP-9 expression
by FOXOI1, we found that TIMP-1 expression is negatively
regulated by FOXO1. WT-FOXO1 decreased TIMP-1 protein
levels, whereas DN-FOXO1 or FOXO1 small interfering RNA
increased TIMP-1 protein levels (Figure 7A). In addition,
WT-FOXO1 and CA-FOXO1, but not DN-FOXO1, decreased
TIMP-1 mRNA levels (Figure 7B).

FOXO1 Binds to the Promoters of MMP-9 and
TIMP-1 in Human Aortic VSMCs
Promoter sequence analysis of the 5’-flanking region of the
human MMP-9 gene showed the presence of 3 potential bind-
ing sites for FOXO transcription factors (Figure 7C). By
using the ChIP assay, we showed that WT-FOXO1 and CA-
FOXO1, but not DN-FOXO1, bind to FOXO binding site 2 of
MMP-9 (Figure 7D). FOXO1 also bound to sites 1 and 3 (data
not shown). Our data suggest that the binding of FOXO1 to
FOXO binding sites on the MMP-9 promoter may be critical
for FOXO1-mediated stimulation of MMP-9 gene expression.
Promoter sequence analysis of the 5’-flanking region of the
human TIMP-1 gene showed the presence of 5 potential bind-
ing sites for FOXO transcription factors. Interestingly, one of
the FOXO binding sites we identified and subsequently tested
in the TIMP-1 promoter is in close proximity to a binding
site for GATA transcription factor 1 (GATA1) (Figure 7E).
GATAL is a transcription factor that is phosphorylated by
AKT and mediates AKT-induced TIMP-1 expression.?’ We
performed ChIP analysis to examine the binding of FOXO1
and GATA1 to the TIMP-1 promoter and found that WT-
FOXOL1 and CA-FOXOL1 increased FOXO1 binding while
decreasing GATA1 binding to the TIMP-1 promoter, whereas
DN-FOXO1 decreased FOXO1 binding while increasing
GATAL1 binding to the TIMP-1 promoter (Figure 7F). The
inverse relationship between FOXO1 and GATA1 binding to
the TIMP-1 promoter suggests that FOXO1 binding to this
site may prevent GATA1 from binding to the TIMP-1 pro-
moter, resulting in the suppression of TIMP-1 transcription.

AKT?2 Regulates MMP-9 and TIMP-1 by

Inhibiting FOXO1

We examined whether AKT2 regulates MMP-9 expres-
sion by regulating FOXO1-mediated MMP-9 and TIMP-1
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Figure 5. Significantly increased matrix metalloproteinase (MMP)-9 expression and MMP-9/tissue inhibitor of metalloproteinase
(TIMP)-1 ratio in angiotensin Il (Angll)-infused Akt2-- mice. A, Representative images of immunofluorescence staining and
quantification of the mean positive-staining area normalized with the evaluated aortic area show increased MMP-9 expression in aortas
from Angll-infused Akt2-- mice. Double staining for MMP-9 and CD68 or MMP-9 and SM22a shows increased MMP-9 expression in (B)
CD68-positive macrophages and in (C) SM22a-positive SMCs in the aortas of Angll-infused Akt2-- mice. D, Representative images of
immunofluorescence staining and quantification of TIMP-1 expression (the mean positive-staining area normalized with the evaluated
area) shows lower TIMP-1 expression in aortas from Angll-infused Akt2-- mice than in Angll-infused wild-type (WT) mice. E, Double
staining for MMP-9 and TIMP-1 in an aorta from an Angll-infused Akt2-- mouse. Comparison shows increased MMP-9/TIMP-1 ratios in
aortas from Angll-infused Akt2-- mice. F, Representative zymography images show increased MMP activity in aortas from Angll-infused
Akt2-- mice. DAPI indicates 4',6-diamidino-2-phenylindole.

expression. We found that WT-AKT?2 prevented the FOXO1-
induced stimulation of MMP-9 protein and mRNA expres-
sion, whereas AKT2 shRNA amplified the FOXO1-induced
stimulation of MMP-9 protein and mRNA expression

(Figure 8A and 8B). ChIP analysis showed that WT-AKT?2
reduced the binding of FOXO1 to the MMP-9 promoter,
whereas AKT2 shRNA increased the binding of FOXO1 to
the MMP-9 promoter (Figure 8C). Furthermore, WT-AKT?2
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Figure 6. Effects of AKT2 on tissue inhibitor of metalloproteinase (TIMP)-1 and matrix metalloproteinase (MMP)-9 expression.

A, Western blot analysis of TIMP-1 and MMP-9 protein levels in aortic vascular smooth muscle cells (VSMCs) that were transfected

with wild-type AKT2 (WT-AKT2) or AKT2 short hairpin RNA (shRNA). Representative blots from 3 independent experiments are shown.
Quantification of the mean intensities of TIMP-1 and MMP-9 bands (normalized with those of -actin) are shown. B, TIMP-1 and MMP-9
mRNA levels were examined by reverse transcription and quantitative real-time polymerase chain reaction in VSMCs transfected with WT-
AKT2 or AKT2 shRNA. TIMP-1 and MMP-9 mRNA expression was normalized with that of 3-actin and is expressed as the percentage of

the control. Data represent the mean+SD (n=3).

prevented WT-FOXO1 from binding to the MMP-9 pro-
moter, whereas WT-AKT2 failed to prevent CA-FOXOl1
from binding to the MMP-9 promoter, indicating that the
inhibition of FOXO1 by AKT2 is FOXO1-phosphorylation
dependent.

In addition, WT-AKT?2 prevented the FOXO1-induced in-
hibition of TIMP-1 protein and mRNA expression, whereas
AKT2 shRNA amplified the FOXO1-induced inhibition of
TIMP-1 protein and mRNA expression (Figure 8A and 8B).
WT-AKT?2 also reduced the binding of FOXOI1 to the TIMP-
1 promoter, whereas AKT2 shRNA increased the binding of
FOXOL1 to the TIMP-1 promoter (Figure 8D). In contrast,
WT-AKT?2 induced GATA1 binding to the TIMP-I promot-
er, whereas AKT2 shRNA reduced GATA1 binding to the
TIMP-1 promoter (Figure 8D). The inability of WT-AKT2
to prevent CA-FOXO1 from binding to the TIMP-1 promoter
indicates that the inhibition of FOXO1 by AKT2 is FOXO1-
phosphorylation dependent.

We also showed that AKT2 inhibits FOXO1 action by
preventing its nuclear translocation (Figure 8E). Silencing
AKT? expression with AKT?2 small interfering RNA or inhib-
iting AKT activation with Wortmannin promoted the nuclear
translocation of FOXO1 (Figure 8E). Furthermore, consistent
with our in vitro observations, high levels of FOXO1 protein
were observed in the nucleus of aortic SMCs in AnglI-infused
Akt27~ mice (Figure 8F), suggesting the activation of FOXO1
in these cells. Moreover, a significant amount FOXO1 protein
was also observed in the aortic media in human TAA tissue
(Figure 8G).

Together, these data suggest that AKT2 may inhibit MMP-
9 expression by preventing FOXO1-mediated MMP-9 tran-
scription and that AKT2 may stimulate TIMP-1 expression by

inhibiting FOXO1 and stimulating GATA 1-regulated TIMP-1
transcription (Online Figure IV).

Discussion

In this study, we have identified a novel molecular mecha-
nism for AKT2 in protecting against the formation of AAD.
Following our initial observation that AKT2 protein and AKT
activation were reduced in human thoracic AAD, we then
showed that Akz2 deficiency in mice markedly increased sus-
ceptibility to Angll-induced AAD formation. Furthermore,
we found that AKT2 suppressed MMP-9 expression and
stimulated TIMP-1 expression by inhibiting FOXOI1 in cul-
tured human aortic VSMCs. Our results suggest that impaired
AKT?2 signaling in the aorta may increase susceptibility to
AAD.

Although Akr27~ mice did not develop spontaneous AAD
in the absence of exogenous stress, the aortas of these mice
showed significant abnormalities. These results suggest that
AKT?2 may play a critical role in the response to hemodynam-
ic stress. Furthermore, when challenged with Angll, 70% of
Akt27- mice, but not WT mice, developed marked aortic dila-
tation with aneurysm formation, dissection, and rupture, with
features similar to those seen in human aortic disease. Thus,
we speculate that AKT?2 activation may protect the aortic wall
against aneurysm formation in response to stress. Our results
support the notion that, in addition to the well-known over-
activation of destructive forces, native protective mechanisms
are in place that counterbalance destructive forces to maintain
vascular wall integrity.

Several mechanisms may account for AKT2’s protective ef-
fects. One possible mechanism through which AKT2 may pro-
tect against the formation of aortic aneurysms is by promoting
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Figure 7. The effects of forkhead box protein O1 (FOXO1) on matrix metalloproteinase (MMP)-9 and tissue inhibitor of
metalloproteinase (TIMP)-1 expression. Aortic vascular smooth muscle cells (VSMCs) were transfected with plasmids expressing
wild-type (WT)-FOXO1, constitutively active (CA)-FOXO1, dominant negative (DN)-FOXO1, or FOXO1 small interfering RNA, and (A)
MMP-9 and TIMP-1 protein expression was examined by Western blot. Representative blots from 3 independent experiments are shown.
Quantification of the mean intensities of TIMP-1 and MMP-9 bands (normalized with those of -actin) is shown. B, MMP-9 and TIMP-1
mRNA levels were examined by reverse transcription and quantitative real-time polymerase chain reaction (PCR) and were normalized
with levels of $-actin mRNA. Levels of mMRNA are expressed as the percentage of the control. Data represent the mean+SD (n=3). C,
Diagram showing the location of FOXO binding sites in the human MMP-9 promoter. D, Chromatin immunoprecipitation (ChIP) analysis
showing that FOXO1 bound to FOXO binding site 2 of the MMP-9 promoter in aortic VSMCs transfected with WT-FOXO17 and CA-FOXO1
but not DN-FOXO1. FOXO1-DNA complexes were cross-linked by formaldehyde and immunoprecipitated with anti-FOXO1 antibody.
Sites in the MMP-9 promoter bound by FOXO1 were detected by PCR and normalized with input DNA. Representative blots from 2
independent experiments are shown. E, Diagram showing the location of FOXO and GATA transcription factor 1 (GATA1) binding sites

in the human TIMP-1 promoter. F, ChIP analysis showing that FOXO1 bound to the TIMP-1 promoter in aortic VSMCs transfected with
WT-FOXO1 and CA-FOXO1 but not DN-FOXO7. FOXO1-DNA complexes were cross-linked and immunoprecipitated with anti-FOXO1
antibody and anti-GATA1 antibody. Sites in the TIMP-1 promoter bound by FOXO1 and GATA1 were detected by PCR and normalized
with input DNA. Representative blots from 2 independent experiments are shown. UTR indicates untranslated region.
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Figure 8. Inhibition of forkhead box protein O1 (FOXO1)-mediated matrix metalloproteinase (MMP)-9 expression by AKT2.
Vascular smooth muscle cells were transfected with wild-type (WT)-FOXOT1 in the presence of WT-AKT2 and AKT2 short hairpin RNA
(shRNA). A, MMP-9 and tissue inhibitor of metalloproteinase (TIMP)-1 protein levels were examined by Western blot. Representative blots
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tissue. CA indicates constitutively active.
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SMC survival. AKT has well-established roles in promoting
cell survival®?' by directly inhibiting apoptosis signal-regulat-
ing kinase 1,2 p53,2? and proapoptotic Bcl-2 protein BAD*—
all key molecules in the apoptosis pathway. SMC apoptosis
has been reported in human aortic aneurysms,>* and it may
play a critical role in SMC depletion and aortic damage dur-
ing AAD formation. It is noteworthy that we observed a sig-
nificant increase in the number of TUNEL-positive cells in
the lesion regions of Angll-infused Akz2~"~ mice, with more in
dissected areas and fewer in areas with significant SMC loss.
A high number of TUNEL-positive cells was also observed in
human AAD tissues, even in those with significant SMC loss.
In human abdominal aortic aneurysm with significant aortic
SMC loss, the reported rate of apoptosis ranges from 10%?>*
to 30%.? Interestingly, in our study, mice with a significant
number of TUNEL-positive cells were alive at the end of the
experiment (ie, 28 days after initiating Angll infusion; all rup-
tures occurred within 10 days of AngllI infusion), indicating
that profound tissue repair and fibrotic remodeling occurred
in the aortic wall that strengthened the aortic wall structure
and prevented rupture. Although it is unclear how rapidly
TUNEL-positive cells in our study died, our evidence sug-
gests that there was enough time for aortic repair and fibrotic
remodeling to take place before rupture.

In mice challenged with Angll, we observed inflammatory
cell infiltration in the aortic wall, which was significantly high-
er in the aortas of Akz27~ mice than in WT mice, especially in
dissected aortas. In Angll-infused Ak#2~”~ mice, most macro-
phages were observed in the adventitial layer. The complicat-
ed role of AKT in inflammation is not completely understood;
although AKT has been shown to promote inflammation,?
several studies have also shown that AKT activation can in-
hibit inflammation.?*! Given that AnglI is known to induce
inflammation,® the significant inflammatory cell infiltration
observed in Angll-infused Akt2~~ mice may result from the in-
sufficient inhibition of Angll-induced inflammation by AKT2.
Another possibility is that the increased inflammatory cell in-
filtration in these mice represents a response to SMC apopto-
sis and aortic injury. The significant production of MMP-9 in
macrophages suggests that these cells may contribute to aortic
destruction.*>** Thus, when Angll-induced inflammation and
aortic injury are not sufficiently counterbalanced, this may
lead to inflammatory cell infiltration that causes further dam-
age to the aortic wall.

MMPs are key destructive factors in the development of
AAD.33 MMP activity can be inhibited by TIMPs, and
thus signaling pathways that regulate the balance between
MMP and TIMP activities are critical in controlling tissue
destruction. AKT has been shown to stimulate TIMP-1 ex-
pression in erythroid cells.? However, the AKT pathway has
been shown to have complex effects on MMP regulation.
Although AKT has been shown to promote MMP produc-
tion in tumor invasion and metastasis,” recent studies
have shown that the AKT pathway inhibits MMP expres-
sion. It has been suggested that PI3KY, a molecule upstream
of AKT, inhibits the expression and activity of several
MMPs induced by biomechanical stress.* In addition, the
inhibition of the AKT pathway with rapamycin drastically
enhanced the lipopolysaccharide-induced upregulation of
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MMP-9 in macrophages,*' suggesting that the AKT path-
way may negatively regulate MMP-9 expression. Here, we
showed that AKT2 inhibited MMP-9 expression and stimu-
lated TIMP-1 expression in cultured VSMCs. In Angll-
infused Akr27~ mice, MMP-9 expression was significantly
elevated in aortic SMCs. In addition, the induction of TIMP-
1 in response to increased MMPs was significantly lower
and the MMP-9/TIMP-1 ratio was significantly higher in
Angll-infused Ak27- mice than in WT mice. Thus, our find-
ings suggest that the AKT2-induced inhibition of MMP-9
and stimulation of TIMP-1 in VSMCs may contribute to the
protective effects of AKT2 on the aorta.

In our study, we also found that AKT2 stimulated TIMP-
1 and inhibited MMP-9 expression through the inhibition of
FOXO1. We showed that FOXO1 upregulated MMP-9 and
downregulated TIMP-1 expression, which was reversed by
the overexpression of AKT2. Consistent with these observa-
tions, a recent study showed that FOXO3 induces the expres-
sion of MMP-9 and MMP-13 in cancer cells and promotes
tumor metastasis.*> FOXO3a has also been shown to increase
MMP-3 expression and activity and decrease TIMP-1 expres-
sion in the vascular wall.* In several regions of the TIMP-1
promoter, we identified FOXO1 binding sites in close proxim-
ity to binding sites of GATA1. Given our finding that FOXO1
can bind to the TIMP-1 promoter and prevent the DNA bind-
ing of GATAL, it is conceivable that FOXO1 binding to the
TIMP-1 promoter may prevent GATA1 DNA binding and sup-
press TIMP-1 transcription. AKT has previously been shown
to induce TIMP-1 expression by directly phosphorylating and
activating GATA1.?® Thus, in addition to activating GATAI,
AKT?2 may also promote TIMP-1 expression by preventing
FOXO1 from inhibiting the DNA binding of GATA1 to the
TIMP-1 promoter. Our finding that AKT?2 regulates MMP-9
and TIMP-1 expression by inhibiting FOXO1 represents a
novel mechanism for the control of MMP and TIMP produc-
tion (Online Figure IV).

Other mechanisms may underlie the protective effects of
AKT?2. For example, AKT has been shown to inhibit RhoA,
a downstream target of the Angll-signaling pathway.” AKT
also can inhibit transforming growth factor-f signaling,** a
critical player in aortic destruction and aneurysm formation.
In addition, AKT plays a significant role in VSMC prolifera-
tion,** migration,* differentiation,*** ECM protein produc-
tion, and aortic repair (our unpublished observations). AKT2
also plays critical roles in glucose*-*° and lipid®!** homeosta-
sis. As a result, even though we used young mice (8 weeks
old) to avoid profound metabolic disturbance, the metabolic
stress from Akt2 deficiency may also partially contribute to
aortic destruction in these mice. Further studies are needed to
explore this possibility. Finally, AKT may play an important
role in aortic wall development; impaired formation of aortic
ECM could cause developmental abnormalities that predis-
pose Akt2-deficient mice to AAD formation after the infusion
of Angll.

The AKT kinase family comprises 3 highly homologous
isoforms that have specific functions. AKT1 promotes cell sur-
vival,> and AKT?2 regulates glucose** and lipid®**? homeo-
stasis. AKT3 has recently been shown to reduce lipoprotein
uptake in macrophages, preventing foam cell formation that
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leads to atherosclerosis development.®* However, evidence
suggests that AKT isoforms share many of these functions.
For example, AKT?2 also plays a critical role in promoting cell
survival.®>>” We have also observed the regulation of MMP-
9 and TIMP-1 by AKT1 (data not shown), although AKT1
showed stronger inhibition of MMP-9, and AKT2 showed
stronger induction of TIMP-1. Thus, AKT isoforms may act
cooperatively to balance TIMPs and MMPs.

We observed significantly reduced levels of active AKT
and AKT?2 in human TAA and TAD tissues than in control
aortas. Interestingly, AKT expression within the diseased
aorta exhibited marked heterogeneity; although AKT ex-
pression was downregulated in degenerative areas, it was
abundantly expressed in preserved areas and in hyperplas-
tic areas. This pattern of variation in AKT expression is
consistent with the heterogeneic nature of aortic aneurysm
pathology; different areas of the aortic wall exhibit differ-
ent stages of disease progression, even within a single an-
eurysm. Importantly, regardless of overall AKT expression,
phospho-AKT levels were significantly lower in the aortic
media of patients with AAD than in those of age-matched
controls, indicating impaired AKT signaling in diseased
aortas. The low levels of active AKT observed in diseased
aortas may have resulted from reduced cell numbers or from
decreased AKT expression and impaired AKT activation in
the remaining cells.

In this study, our age-matched control subjects had a mean
age of 61 years; many of these subjects had hypertension,
dyslipidemia, and diabetes mellitus. Considerable variation
in active AKT levels was observed among control tissues.
Interestingly, high levels of active AKT were often observed
in aortic tissues from control subjects with diabetes mellitus.
Similar to our patients, control subjects with diabetes melli-
tus were presumably exposed to inflammatory and metabolic
stress generated from their comorbid condition. The activation
of AKT in the aorta of these individuals may provide protec-
tion against such biological insults and counterbalance the
stress/destructive factors and pathways.

Compromised AKT signaling has been reported in the
thoracic aorta of patients with Marfan syndrome.’® Given
the importance of the AKT signaling pathway in protect-
ing the aorta, the downregulation of this pathway may be
partially responsible for the formation and progression of
thoracic AAD in Marfan syndrome patients. Further studies
are necessary to elucidate the causes of AKT downregula-
tion in the aorta. It is well established that inflammation'?
and metabolic stress'® can impair AKT signaling. The aor-
ta, especially in aged individuals with atherosclerosis, is
constantly exposed to inflammatory factors and metabolic
stress that may affect the medial layer of the aorta and im-
pair AKT signaling.

Conclusion

Our findings suggest that AKT2 may have a protective role
against AAD in humans. Although these findings require fur-
ther validation, the possibility remains that the preservation of
AKT? signaling may be an effective strategy for preventing
the formation of AAD.
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Novelty and Significance

What Is Known?

Open and endovascular surgical repair of aortic aneurysm and dis-
section (AAD) are accompanied by high perioperative morbidity and
mortality, and medical therapy to prevent the formation and progres-
sion of AAD is lacking.

AAD are caused by the progressive degeneration of the aortic media,
characterized by the depletion of smooth muscle cells and the
destruction of extracellular matrix.

Although the overproduction of destructive factors promotes tissue
damage and AAD progression, the role of pathways that protect
against the development of AAD is unknown.

What New Information Does This Article Contribute?

Levels of AKT2 protein and phospho-AKT are significantly downregu-
lated in human thoracic AAD tissues.

A causal relationship between Akt2 deficiency and AAD is supported
by our findings that the aortas of Akt2-deficient mice challenged

with angiotensin Il (but not the aortas of wild-type mice challenged
with angiotensin Il) developed aneurysm, dissection, and rupture and
showed evidence of profound tissue destruction and apoptotic cell
death.

The mechanism of AKT2 protection against AAD involves the inhibition
of matrix metalloproteinase-9 and the stimulation of tissue inhibitor of

metalloproteinase-1 through the inhibition of the transcription factor
forkhead box protein 01.

AAD are characterized by degeneration of the aortic media. The
role of the pathways that protect against AAD is unknown. We
examined the role of AKT2 in AAD formation. We found that pro-
tein levels of AKT2 and phospho-AKT were significantly reduced
in human thoracic AAD tissues, especially within the degenera-
tive medial layer. Our studies in Akt2-deficient mice showed that
these mice have abnormal elastic fibers and reduced medial
thickness in the aortic wall. When challenged with Angll, Akt2-
deficient mice developed aortic aneurysm, dissection, and rup-
ture. Aortas from Angll-infused Akt2-deficient mice displayed
profound tissue destruction, apoptotic cell death, and inflam-
matory cell infiltration—changes that were not observed in
aortas from Angll-infused wild-type mice. Additional findings in
Akt2-deficient mice and human aortic vascular smooth muscle
cells indicated that the protective mechanism of AKT2 involves
the regulation of matrix metalloproteinase-9 and tissue inhibitor
of metalloproteinase-1 expression. The results of these studies
showing that impaired AKT2 signaling may contribute to AAD for-
mation may lead to the development of a new therapeutic target
for the treatment of AAD.
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Supplemental Material

Detailed Methods

Patient Enrollment and Tissue Collection

Patients with aortitis, connective tissue disorders, or ruptured aneurysm were excluded. During
surgery, aortic tissues were collected from the largest portion of the aneurysm (portions of this
area of the aorta are routinely excised and discarded during repair). In patients with TAD,
samples were taken from the outer wall of the false lumen. Control descending thoracic aortic
tissue was collected from 12 age-matched organ donors (age, 61.3+7.1 years) without aortic
aneurysm, dissection, coarctation, or previous aortic repair (The International Institute for the
Advancement of Medicine, Jessup, PA). Periaortic fat and intraluminal thrombus were trimmed
away, and the samples were rinsed with saline. Samples were snap frozen and stored at —80°C
for protein analysis or fixed in 10% formaldehyde and embedded for histologic and
immunohistochemical analysis.

Animal Studies

Eight-week-old WT and Akt2-/- male mice were infused with either saline or 1,000 ng/min/kg
angiotensin IT (Angll; Sigma-Aldrich, St. Louis, MO) for 28 days” by using osmotic minipumps
(Model 2004; ALZA Scientific Products, Mountain View, CA). Systolic blood pressure was
measured weekly in conscious mice by using the noninvasive tail-cuff Visitech BP-2000 system
(Visitech Systems, Apex, NC). At the end of the 28-day infusion, mice were euthanized, and
their aortas were irrigated with phosphate-buffered saline (PBS). Aortas were either fixed in 10%
formaldehyde for diameter measurement, histologic analysis, and immunohistochemical analysis

or fixed in OCT for immunofluorescence staining and in Situ zymography staining.
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Characterization of Aortic Gross Pathology in Mice

The severity of each aneurysm and dissection was assessed on the basis of the gross appearance
of the aorta according to the classification of Daugherty and colleagues,’ with slight
modifications: Type I, aorta with dilated lumen without thrombus; Type II, aorta with tissue
destruction that contains thrombus; Type III, aorta with a pronounced bulbous form that contains
thrombus; Type IV, aorta with multiple aneurysms containing thrombus; and Type V, ruptured
aorta. Aneurysmal tissue was classified independently by 2 observers blinded to the animal
study. There was complete concordance between the observers.

Elastic Fiber Staining and Grading

Paraffin-embedded aortic sections were stained with Verhoeff—van Gieson elastin staining by
using the Elastic Stain kit (Sigma-Aldrich) according to the manufacturer’s instructions. Aortic
sections were examined by 4 independent observers who were blinded to the animal group
allocation. Elastic fiber fragmentation was scored (Grade 0 = none; Grade 1 = minimal; Grade 2
= moderate; Grade 3 = severe). The thickness of the aortic medial layer was measured at 3
randomly selected sites to calculate the average aortic medial thickness.
Immunohistochemistry and Immunofluorescence Staining

For immunohistochemical analysis, formalin-fixed, paraffin-embedded aortic sections were
deparaffinized and rehydrated before antigen retrieval in citrate buffer (pH = 6.0-6.2) or Tris-
EDTA buffer (pH = 9.0). Endogenous peroxidase activity was quenched by incubating the slides
with 3% hydrogen peroxide, and nonspecific staining was reduced by blocking with 5% normal
blocking serum. The sections were incubated with primary antibodies at 4°C overnight and then

with secondary antibody, before staining with 3,3-diaminobenzidine by using the VECTASTAIN
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ABC kit (Vector Laboratories, Inc.; Burlingame, CA). Nuclei were counterstained with
hematoxylin. Slides incubated with IgG alone were used as negative controls.

For immunofluorescence staining, frozen sections were fixed with Cytofix (BD
Biosciences, San Jose, CA), and cells were permeabilized with Perm/Wash (BD Biosciences).
Nonspecific staining was reduced by blocking with 5% normal blocking serum. Sections were
stained with primary antibodies at room temperature for 2 hours or at 4°C overnight and then
stained with secondary antibodies conjugated to an Alexa Fluor dye (ie, Alexa Fluor 568 or 488;
Invitrogen, Carlsbad, CA). Nuclei were counterstained with 4’,6-Diamidino-2-phenylindole
dihydrochloride (DAPI). Slides incubated with secondary antibodies were used as negative
controls. For immunohistochemistry and immunofluorescence studies, antibodies against SM22a
(Abcam, Cambridge, MA), CD68, CD3, MMP-9, MMP-2, TIMP-1 (Santa Cruz Biotechnology,
Santa Cruz, CA), FOXO-1, AIF, and cleaved caspase-3 (Cell Signaling Technology, Danvers,
MA) were used.

Sections were examined by using an Olympus DP70 fluorescence microscope (Olympus,
Tokyo, Japan) or Leica SP5 confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL).
Images from 5-8 randomly selected visual fields (excluding the thrombosed false lumen)
(magnification, 400%) per aortic section were captured, and the positive signal (positive cells or
positive-staining area, without selecting autofluorescent elastic fibers) and the evaluated area
were measured by using Image-Pro Plus V7.0 software (Media Cybernetics, Inc., Bethesda,
MD). The positive signals were normalized to the evaluated aortic area, and the mean positive

signals were calculated and compared between groups.
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In Situ Zymography

MMP activity in the aortic wall was determined by using gelatin conjugated with quenched
fluorescein (DQ gelatin; Invitrogen) as a substrate, according to the manufacturer’s instructions.
Briefly, frozen aortic sections were incubated with 0.1 mg/mL DQ gelatin in 1% low-melting
agarose at 37°C for 48 hours. Fluorescence was examined by using fluorescence microscopy.
Zymographic images were acquired by using identical setting and exposure times.

Analysis of Apoptosis With the TUNEL Assay

Apoptosis was studied by using the terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) assay. Apoptotic cells were detected by using an in situ cell death
detection kit (Roche Applied Science, Indianapolis, IA) as described previously.4 Briefly, frozen
sections of aorta were fixed with 4% paraformaldehyde in PBS for 10 minutes and permeabilized
with 0.2% Triton X-100 for 5 minutes. The fixed cells were incubated for 1 hour at 37°C with
TUNEL reaction mixture containing terminal deoxynucleotidyl transferase. Nuclei were
counterstained with DAPI (0.1 g/mL) after TUNEL staining. Terminal deoxynucleotidyl
transferase—free labeling mixture was used in negative control reactions. The capture of images
and the quantification of positive cells were performed as described above.

Cell Culture and Transfection

Human aortic VSMCs (Cell Applications, San Diego, CA) were cultured in smooth muscle
media (Invitrogen) with 10% fetal bovine serum. VSMCs were transfected with plasmid DNA,
siRNA, or shRNA by using Lipofectamine (Invitrogen) according to the manufacturer's
instructions. Transfected cells were then treated with factors such as transforming growth factor-
B (TGF-). Transfection efficiency was confirmed by Western blot. Wild-type (WT)-AKT1,

dominant negative (DN)-AKT1, WT-FOXO1, constitutively active (CA)-FOXO1, and DN-
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FOXO1 plasmids from Addgene Inc. (Cambridge, MA) and WT-AKT2 plasmid and AKT2
shRNA from OriGene Technologies (Rockville, MD) were used in this study.

Western Blot Analysis

Treated cells were collected and lysed as previously described.” Protein samples (15 pg per lane)
were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
were transferred to PVDF membranes. The membranes were blocked, incubated with primary
antibody, washed, and incubated with secondary HRP-labeled antibody. Bands were visualized
by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ). Protein bands,
including those for B-actin, were quantified by densitometry with the Quantity One imaging
program (Bio-Rad, Hercules, CA). Protein levels were normalized to those of B-actin and
expressed as the percentage of the no-treatment control. For Western blot analysis, primary
antibodies against MMP-9 (Abcam), TIMP-1 (Santa Cruz Biotechnology), phospho-AKT (Ser
473), pan-AKT, AKT-1, AKT-2, FOXO-1 (Cell Signaling Technology) were used.
Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Total RNA from aortic tissue and treated cells was extracted with Trizol (Invitrogen) according
to the manufacturer’s protocol. The mRNAs were reverse-transcribed with the iScript cDNA
synthesis kit (Bio-Rad). qRT-PCR was performed with the iCycler iQ Real Time PCR detection
system (Bio-Rad). Primers were designed with Beacon Designer 2.0 software (Premier Biosoft
International, Palo Alto, CA). We used the following primers: for mouse Mmp-9: forward 5°-
CTCACTCACTGTGGTTGCTG-3’and reverse 5’-TGGTTATCCTTCCTGGATCA-3’; for
mouse Timp-1: forward 5’-GGCATCCTCTTGTTGCTATCACTG-3’ and reverse 5°-
GTCATCTTGATCTCATAACGCTGG-3; for human MMP-9: forward 5'-

CCGGACCAAGGATACAGTTT-3’ and reverse 5'- GCCATTCACGTCGTCCTTAT-3"; and for
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human tissue inhibitor of metalloproteinase-1 (TIMP-1): forward 5'-
AATTCCGACCTCGTCATCAG-3’ and reverse 5'- TGCAGTTTCCAGCAATGAG-3'. mRNA
levels were determined by normalizing the cycle threshold (Ct) of MMP-9 or TIMP-1 to the Ct of
B-actin. The relative levels of mRNA were compared and expressed as the percentage of the no-
treatment control.

Chromatin Immunoprecipitation (ChIP) Assay

The ChIP assay was performed by using a ChIP assay kit (Upstate Biotechnology, Inc., Lake
Placid, NY) as described previously.® In brief, VSMCs transfected with plasmid or siRNA were
first incubated with 1% formaldehyde at 37°C for 15 min to cross link DNA-protein complexes.
Cells were then rinsed, harvested, and lysed. Cell lysates were sonicated and centrifuged to
produce chromatin fragments of 300—1000 bp in length. The supernatants were precleared with a
mixture of salmon sperm DNA/protein A/protein G, followed by immunoprecipitation with anti-
FOXO1 antibody—protein A-agarose slurry or with IgG (negative control). The immunocomplex
beads were then washed sequentially with low-salt wash buffer, high-salt wash buffer, LiCl wash
buffer, and TE buffer. The immunocomplex was eluted with elution buffer (100 mM NaHCOs,
1% SDS). The eluted immunocomplex and the inputs were incubated with 200 mM NaCl at
65°C overnight to reverse cross-linking, followed by incubation with proteinase K to digest the
remaining proteins. DNA was recovered by phenol/chloroform/isoamyl alcohol extraction and
used as a template for PCR. The PCR products were separated by electrophoresis on a 1.5%
agarose gel. The primers used to detect FOXO binding site in the 5'-flanking region of the human
MMP-9 gene were as follows: forward primer 5’-CATTTCTGGTTGTCACAACT-3’ and
reverse primer 5'-TATCTATGTATGTATGTCAC-3"; The primers used to detect FOXO and

GATA binding sites in the 5'-flanking region of the human TIMP-1 gene were as follows:

Downloaded from http://circres.ahajournals.org/ at UNIV PIEMORIENTAA VOGADRO on March 18, 2013


http://circres.ahajournals.org/

forward primer 5’-GTTATTGGGCTATCATCCCT-3’ and reverse primer 5’-

GAGGATAGATCAATAATAAT -3°.

Downloaded from http://circres.ahajournals.org/ at UNIV PIEMORIENTAA VOGADRO on March 18, 2013


http://circres.ahajournals.org/

Supplemental References

1.

Cho H, Mu J, Kim JK, Thorvaldsen JL, Chu Q, Crenshaw EB, 3rd, Kaestner KH,
Bartolomei MS, Shulman GI, Birnbaum MJ. Insulin resistance and a diabetes mellitus-
like syndrome in mice lacking the protein kinase Akt2 (PBK beta). Science.
2001;292:1728-1731

Daugherty A, Manning MW, Cassis LA. Angiotensin II promotes atherosclerotic lesions
and aneurysms in apolipoprotein E-deficient mice. J Clin Invest. 2000;105:1605-1612
Daugherty A, Manning MW, Cassis LA. Antagonism of AT2 receptors augments
angiotensin II-induced abdominal aortic aneurysms and atherosclerosis. Br J Pharmacol.
2001;134:865-870

Shen YH, Utama B, Wang J, Raveendran M, Senthil D, Waldman W], Belcher JD,
Vercellotti G, Martin D, Mitchelle BM, Wang XL. Human cytomegalovirus causes
endothelial injury through the ataxia telangiectasia mutant and p53 DNA damage
signaling pathways. Circ Res. 2004;94:1310-1317

Shen YH, Zhang L, Gan Y, Wang X, Wang J, LeMaire SA, Coselli JS, Wang XL. Up-
regulation of PTEN (phosphatase and tensin homolog deleted on chromosome ten)
mediates p38 MAPK stress signal-induced inhibition of insulin signaling: A cross-talk
between stress signaling and insulin signaling in resistin-treated human endothelial cells.
J Biol Chem. 2006;281:7727-7736

Li XN, Song J, Zhang L, LeMaire SA, Hou X, Zhang C, Coselli JS, Chen L, Wang XL,
Zhang Y, Shen YH. Activation of the AMPK-FOXO3 pathway reduces fatty acid-
induced increase in intracellular reactive oxygen species by upregulating thioredoxin.

Diabetes. 2009;58:2246-2251

Downloaded from http://circres.ahajournals.org/ at UNIV PIEMORIENTAA VOGADRO on March 18, 2013


http://circres.ahajournals.org/

Supplemental Table, Figures, and Figure Legends

Online Supplemental Table I. Patient Characteristics

Characteristics Control TAA TAD
(n=12) (n=12) (n=16)
Age (yrs) 61.3+7.1 66.8+4.7 63.6£5.1
Male sex 3 (33%) 5 (42%) 13 (72%)
History of smoking 4 (33%) 11 (92%) 12 (67%)
Hypertension 8 (67%) 10 (83%) 17 (94%)
Diabetes mellitus 5 (42%) 2 (17%) 0
Stroke 4 (40%) 1 (8%) 2 (11%)
Aneurysm diameter at sample site (cm) N/A 6.2+1.1 6.5+1.0

TAA, thoracic aortic aneurysm; TAD, thoracic aortic dissection; N/A, not applicable.

Data are expressed as number and proportion or mean + standard deviation.
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Online Supplemental Figure 1. Development of aortic aneurysms and dissections in Akt2-/- mice

infused with Angll. WT and Akt2-/- mice were infused with saline or angiotensin IT (AnglII) for 4 weeks.

(A) Increases in systolic blood pressure in wild-type (WT) and Akt2-/- mice challenged with Angll were

similar. The incidence of (B) aortic dilatation, (C) aneurysm, and (D) fatal rupture that occurred in Angll-

infused Akt-/- mice is shown according to the aortic segment involved.
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Online Supplemental Figure Il. CD3 T cells were significantly increased in the aortas of
Angll-infused Akt2-/- mice. Representative images of immunofluorescence staining and
quantification (mean positive staining area normalized with evaluated aortic area) of CD3-

positive cells in the aortic wall.
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Online Supplemental Figure I11. Significantly increased MMP expression and MMP-9/TIMP-1
ratio in Angll-infused Akt2-/- mice. (A) Quantitative real-time PCR analysis of MMP-9 mRNA
showing increased MMP-9 expression in aortas from Angll-infused Akt2-/- mice. (B) Representative
images of immunofluorescence staining and quantification (mean positive staining area
normalized with the evaluated aortic area) of MMP-2 in the aortic wall. (C) Double staining for

MMP-9 and SM22a shows increased MMP-9 expression in SM22a-positive SMCs in the aortas of
Angll-infused Akt2-/- mice. (D) Quantification of TIMP-1 expression (the mean positive-staining area
normalized with the evaluated area) shows lower TIMP-1 expression in aortas from AnglI-infused Akt2-/-
mice than in Angll-infused WT mice. (E) Representative negative control for double staining of aortas

from Angll-infused Akt2-/- mice.
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Online Supplemental Figure 1V. A model for the AKT2-mediated regulation of MMP-9

and TIMP-1 expression in the aorta. In the presence of AKT2 (left panel), phosphorylation of
FOXO1 by AKT2 excludes FOXO1 from the nucleus. The phosphorylation of GATA1 by AKT
promotes GATA1 binding to the TIMP-1 promoter and TIMP-1 transcription. In the absence of
AKT?2 (right panel), unphosphorylated FOXO1 translocates into the nucleus and binds to the
TIMP-1 promoter, thus preventing GATA1 binding to the TIMP-1 promoter and TIMP-1
transcription. In contrast, unphosphorylated FOXO1 in the nucleus binds to the MMP-9 promoter

and promotes MMP-9 transcription.
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