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Abstract

Objective—To determine the relevance of S100A12 expression to human thoracic aortic
aneurysms (TAA) and type A dissection (TAAD) and to study mechanisms of S1I00A12 mediated
dysfunction of aortic smooth muscle cells.

Background—Transgenic expression of pro-inflammatory S100A12 protein in murine aortic
smooth muscle causes thoracic aneurysm in genetically modified mice.

Methods—Immunohistochemistry of aortic tissue (n=50) for SI00A12, myeloperoxidase and
caspase 3 was examined, and S100A12 mediated pathways were studied in cultured primary aortic
smooth muscle cells.

Results—We found S100A12 protein expressed in all cases of acute TAAD, and in
approximately 25% of clinically stable TAA cases. SI00A12 tissue expression was associated
with increased length of stay in patients undergoing elective surgical repair for TAA despite
similar preoperative risk as determined by EuroSCORE. Reduction of S100A12 expression in
human aortic smooth muscle cells using ShRNA attenuates gene and protein expression of many
inflammatory and apoptosis regulating factors. Moreover, genetic ablation of the receptor for
S100A12, RAGE, in murine aortic smooth muscle cells abolished cytokine- augmented activation
of caspase 3 and smooth muscle cell apoptosis in SLO0A12-expressing cells.

Conclusion—S100A12 is enriched in human thoracic aortic aneurysms and dissections.
Reduction of S100A12 or genetic ablation of its cell surface receptor RAGE in aortic smooth
muscle resulted in decreased activation of caspase 3 and in reduced apoptosis. By establishing a
link between S100A12 expression and apoptosis of aortic smooth muscle cells, this study
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identifies novel S100A12 signaling pathways and indicates that SL00A12 may be a useful
molecular marker and possible target for treatment for human aortic diseases.
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Introduction

Methods

Thoracic aortic aneurysms (TAA) encompass a broad range of degenerative, genetic,
structural, and acquired disease states and can be complicated by potentially life threatening
type A dissection (TAAD). There is growing evidence of genetic variation in genes known
to be critically important in the development of TAA including FBN1 encoding fibrillin 1,
TGFBR1/2 encoding TGFp receptors, ACTA2 and MHY11 that encode smooth muscle a-
actin and myosin heavy chain, respectively, that predisposes to aortic diseases (1). We
recently reported that transgenic mice engineered to express human S100A12 in the aortic
smooth muscle develop thoracic aneurysms (2), similar to mouse models of Marfan
syndrome (3). S100A12 is a “pro-inflammatory” protein that activates the Receptor for
Advanced Glycation Endproducts (RAGE, (4)) and accelerates atherosclerosis in
apolipoprotein A deficient mice (5). Moreover, SI00A12 gene expression in human
peripheral blood cells is one of the most predictive genes for obstructive coronary artery
disease (6) and S100A12 is expressed in smooth muscle and inflammatory cells in ruptured
coronary artery plaque of victims of sudden cardiac death (7), suggesting a critical role of
S100A12 in vascular disease and atherothrombosis. While the expansion of the aortic wall
occurs slowly and is often clinically asymptomatic, dissection of the medial layer with
bleeding within and along the aortic wall occurs suddenly and leads to major complications
including rupture, ischemia and arterial thrombosis with embolization, accounting for at
least 16,000 deaths annually in the United States (1,8). The precipitating mechanisms
underlying dissection are incompletely understood and include hemodynamic factors,
endothelial factors, as well as dysfunctional smooth muscle cells. Moreover, inflammation
and the presence of inflammatory cells within the aortic media have been recently
emphasized as potential mediator for dissections (8,9). Since S100A12 is a potent pro-
inflammatory and chemoattractant protein, and S100A12 transgenic mice develop TAA, we
wished to examine S100A12 expression in human aortic diseases. We found strong
expression of SI00A12 in inflammatory cells and in smooth muscle cells in all cases of
thoracic aneurysms with type A dissection, and in approximately 25% in clinically stable
TAA. Furthermore, studies on cultured human aortic smooth muscle cells (HASMC)
obtained from patients with TAA/TAAD show a direct role of SI00A12 in mediating
apoptosis. Together these data demonstrate that SI00A12 is up regulated in TAAD and may
contribute to the pathogenesis of TAAD by initiating apoptosis of smooth muscle cells, at
least in part via increased oxidative stress.

The University of Chicago Medical Center Pathology tissue bank was searched between
2007 and 2010 and 20 cases of elective TAA repair were randomly chosen. To validate our
findings from the initial 20 randomly chosen patients, 30 additional patients with TAA/
TAAD were studied with either emergent surgery for type A aortic dissections or elective
surgery for large aneurysms (>5.5cm). All patients had no preoperative diagnosis of known
coronary artery diseases or peripheral artery disease. Retrospective data was collected by
reviewing patient medical records, and operative risk prior to surgery was calculated using
the additive and the logistic EuroSCORE (European System for Cardiac Operative Risk
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Evaluation, http://www.euroscore.org). Normal control aortic tissue was from obtained from
heart donors (n=3, 2 male, age 44+12), aortic valve replacement for stenotic tricuspid aortic
valve with normal aorta (n=2, 2 male, age 48+8) and elective left ventricular assist device
(n=1, female, age 32). Serial histological sections were prepared from paraffin embedded
aortic tissue blocks and stained for hematoxylin-eosin, Verhoeff Van Giessen and Movat,
and immunochemistry stained with aS100A12 1gG (abcam 37657), a-myeloperoxidase 1gG
(Abcam 9535) and a- smooth muscle actin (Sigma). Staining for SI00A12 was
semiquantified by two blinded investigators (DD, MAHB) as absent (0), mild (1+),
moderate (2+) or intense (3+) in cells that either was positive or negative for
myeloperoxidase staining. Loss of aortic medial elastic fibers were graded as 1 (trace), 2
(mild), 3 (moderate) and 4 (full thickness loss) as previously reported by Dr. W.C.Roberts
(10,11).

Aortic Smooth muscle cells

Human aortic smooth muscle cells (HASMC) were cultured from operatively excised aortic
tissue (bicuspid aortic valve n=3, 7TGFBRI mutation n=2, FBNI mutation n=2, unknown
etiology n=3) as previously described (2). Control HASMC were obtained from heart donors
(n=3), aortic valve replacement for stenotic tricuspid aortic valve with normal aorta (n=2)
and elective left ventricular assist device (n=1). Murine aortic smooth muscle cells
(MASMC) were obtained from hemizygous S100A12 transgenic mice of the C57BL6/J
strain previously generated (2), and from mice mated with C57BL6/J mice lacking RAGE
(Rage™), supplied by Dr. Ann Marie Schmidt (New York University, NY). Only cell
cultures testing negative for contaminating leukocytes (a-CD45.2 antibody from
Pharmingen #559985; and a-CD68 Pharmingen #556059) were propagated. SMC
characterized by staining for smooth muscle actin (Sigma) from passage 4-7 were used for
experiments. If indicated, soluble RAGE, the extra cellular ligand binding domain of RAGE
(20ug/ml (R&D), bovine serum albumin (BSA, 20 ug/ml, Sigma), a lipoic acid (1, 10uM
and 100 pM, AstraZeneka), or Diphenyleneiodonium (DPI, 1 and 10 .M, Sigma) was added
prior to stimulation with LPS (100 ng/ml, Sigma), TNF-a (10 ng/ml, Pierce), or aFas 1gG
(CH 11, Millipore). Where indicated, HASMC were transfected with sShRNA-S100A12 and
control ShRNA (SA Bioscience) using lipofectamine method (Clontech). Transfected
HASMC were selected three days later by FACS-sorting employing the GFP-tag co-
expressed in the ShRNA plasmids prior to further analysis.

Immunoblotting was performed on whole cell lysate (Pierce) for SLO0A12 (Abcam 37657),
b-actin, caspase 3, Fas (Cell Signaling), FAS L (Cell Signaling) and DFFA (Millipore) and
semi-quantitative analysis was performed using ImageQuant TL software (Amersham).
Quantitative RT-PCR was performed from high quality total RNA (Qiagen) after
transcription to cDNA (Qiagen whole transcriptome assay) using SYBR GreenER
(Invitrogen) amplification with an 1Q5 cycler (BioRAD). Pathway focused micro array RT-
PCR was purchased from SA Bioscience. Primers were designed on the primer bank MGH
library. Relative levels of gene expression were calculated: Relative mRNA expression=
2exp (ACt target gene- ACt housekeeping gene). Immunofluorescent assays for Caspase 3
(BioVision) was analyzed on a Fluostar Optima plate reader (BMG Labtech). For
immunofluorescence microscopy, SMC were grown on glass cover slips, fixed with 20% ice
cold methanol and analyzed using primary antibody anti 8-oxo-dG 1gG (Trevigen) or used
for the TUNEL assay (Roche). Cells were imaged by confocal laser microscopy (Zeiss 500
Meta) and fluorescent intensity was analyzed in five high power fields, at least in 200 cells.

The study and all procedures were carried out with the approval of the Chicago Institutional
Review Board and the Institutional Animal Care and Use Committee.
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Statistical analysis

Results

Descriptive statistics (percentage, mean, and standard deviation), crude comparison based on
X2 statistics, and plots were used to describe the patient cohort. All continuous data are
reported as mean * SD and discrete variables were summarized by percentage. All
experiments were performed in at least 3 replicates per group and all cell culture
experiments were repeated three times. Independent sample t-test and one-way analysis of
variance were used for mean comparison between two or multiple groups, respectively. The
Spearman rank correlation, two sided Chi-square test for two independent proportions and
Fisher exact test were also performed to describe association between different outcome
variables. We applied the Bonferroni correction to the 0.05 significance level to adjust for
multiple comparisons.

S100A12 protein is significantly up-regulated in human thoracic aortic type A dissection

We first studied S100A12 expression in aortic tissue collected from 20 patients undergoing
elective repair for TAA (Table 1). All patients had a computed tomography of the chest or
an angiogram with a TAA of at least 4.5 cm and were referred for non-urgent surgery. Of
those 20 patients, 7 had a bicuspid aortic valve, two had Marfan syndrome, one had familial
TAA and 10 patients had no specific diagnosis prior to surgery. We found S100A12-positive
cells within the medial layer in 7 cases, and representative images are shown in Figure 1.
S100A12 expression was observed in necrotizing aortitis (Figure 1E), atherosclerosis
(Figure 1H) and in cases with histological evidence of sub acute dissection (Figure 1K),
while we did not observe S100A12 expression in the medial layer in the other 13 cases of
TAA (Figure 1B) or in non-aneurysmal control aortic tissue (n=5, not shown). Importantly,
all patients in this group underwent elective and non-urgent repair of TAA. Notably, the
seven patients with S100A12 expression in the aorta had a significant increased length of
hospitalization post surgery with a mean duration of 24 days (range 9-49) compared to a
mean duration of 8 days (range 5-13) in the thirteen S100A12-negative TAA patients
(p=0.04). The postoperative complications we encountered included prolonged ventilation
due to respiratory failure (n=2) and multiorgan failure with need for dialysis (n=1). One
patient died on postoperative day 15 due to multiorgan failure occurring after revision for
aortic graft dehiscence in the S100A12 positive group compared to no deaths in the
S100A12 negative group. To account for preoperative co-morbidities, we calculated the
European System for Cardiac Operative Risk Evaluation (EuroSCORE), a widely used score
to predict mortality from cardiac surgery(12). We found no difference in the EuroSCORE
between the S100A12 positive and the S100A12 negative cases (10.0 and 8.7, respectively,
p=0.62, Figure 1N). Moreover, there was also no difference in age between the two groups.
This suggests that expression of SI00A12 in aortic tissue in TAA is a marker of
postoperative complications with increased length of stay.

In the S100A12-positive cases we found S100A12 mostly expressed in the medial aortic
layer associated with inflammatory changes or histological evidence of subacute dissection
(Figure 1D-L). In contrast, in TAA cases showing medial degeneration but without
histological evidence of dissection, SLT00A12 was not or only minimally expressed; except
in one of the 13 S100A12 negative-TAA case we found histological evidence of chronic
dissection. Therefore, to directly test the hypothesis that SLO0A12 is a marker of aortic
dissection, we selected 14 cases of preoperatively known TAAD undergoing urgent surgical
repair from the histology archive. As expected, these TAAD patients had higher
preoperative EuroSCORE (17.3 with range of 9-12, Table 1) and upon histological
examination all 14 cases had S100A12-positive cells in the medial layer of the ascending
thoracic aorta. Co-staining for myeloperoxidase (MPQO), a peroxidase enzyme expressed in
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all myeloid cells and abundantly enriched in neutrophil granulocytes, revealed S100A12
expression in MPO-positive inflammatory cells and also in MPO-negative smooth muscle
cells (Figure 2). To account for factors possibly related to “disease severity”, we selected 16
more cases of advanced TAA with aneurysms exceeding 5.5 cm undergoing elective and
non-urgent repair of TAA. We found S100A12 expression in 4 cases (25%) of TAA>5.5 cm
compared to 100% in TAAD (p<0.0001). The S100A12 expression in those large TAA's
was localized to a tear with dissecting split of the medial layer (n=2), and in two cases to
medial degeneration without dissection. The intensity of SLT00A12 stain was overall less in
the clinically stable TAA cases compared to the cases with acute dissection. The specificity
of the staining for SI00A12 was verified by immunoblot analysis of protein isolated from
aortic medial layer showing the expected 12 kDa size (Figure 2D). To further determine a
possible association of SI00A12 expression in aneurysmal aortic tissue with other key
processes of aortic remodeling, we graded the integrity of aortic medial fibers. The
morphology of elastic fibers serves as a good marker of chronic aortic remodeling, such as
replacement with fibrous tissue and deposits of mucoid material, and are easily discernable
and the grading of elastic fiber loss is highly reproducible. This is in contrast to acute type A
dissection, where abnormal ascending aortic elastic fibers uncommonly precede acute
dissection (10,11). Supplement Figure 1 shows the frequency of elastic fiber degradation in
elective TAA with regards to SI00A12 protein expression. For smaller aneurysms, intact or
only minimal fiber loss (grade 0-1) are more prevalent among S100A12 negative aneurysms
(61% vs. 0%, p=0.007), while advanced elastolysis grade 3-4 is more prevalent among
S100A12 positive TAA (57% vs 8%, p=0.015). This relationship was not observed among
larger TAAs. There was no difference in high-grade elastolysis in large TAA>5.5 cm with
and without S100A12 expression (50% and 33%, respectively, p=0.55). This data suggests
that S100A12 expression in aneurismal aorta is associated with proteolysis of elastic fibers
since all S100A12 positive TAAs had evidence of grade 2 or higher elastic fiber
degradation.

Moreover, expression of activated caspase 3, an enzyme known to play a central role in the
execution-phase of cell apoptosis, was also present in all TAAD tissue and co-localized with
S100A12 to the area near the dissection tear in the tunica media. Caspase 3 was not detected
in S100A12 negative cases (Figure 2).

Furthermore, we examined cultured aortic smooth muscle cells and found increased mMRNA
and protein expression of cell death receptor Fas, and its ligand FasL in the cell lines that
also express S100A12 (3.5 fold increase in Fas protein, and 2.6 fold increase in FasL
protein. p<0.01; Supplement Figure 2). As expected, we found enhanced mRNA for
several members of the TGF-R signaling pathways in human aortic smooth muscle cells
harvested from TAA compared to control HASMC, however there was no difference with
regard to S100A12 expression in the different TAA-HASM cell lines (Supplement Figure
2).

Reduction of endogenous S100A12 in cultured human smooth muscle cells attenuates

apoptosis

The relationship of S1I00A12 to markers of apoptosis was studied in cultured human aortic
smooth muscle cells (HASMC) harvested from patients undergoing surgical repair for TAA/
TAAD and in control HASMC from patients undergoing cardiac surgery without TAA/
TAAD. We found variable expression of S100A12 in HASMC from TAA/TAAD by
immunoblotting, and no expression of S100A12 in control HASMC (data not shown). Three
independent HASMC lines with endogenous S100A12 expression were studied; one carried
a known mutation in the FBN1gene (R529X) harvested from a patient with Marfan
syndrome, and one cell line carried a mutation in the TGFBR1 (977A>C, K326T) from a
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patient with familial TAA, and a third HASMC-TAA line was without specific genetic
diagnosis. HASMC were transiently transfected with interfering shRNA to knock down
endogenous S100A12 or with control ShRNA. After isolation of the GFP-positive
transfected cells by flow cytometry, we confirmed complete absence of S100A12 in the
HASMC transfected with ShRNA-S100A12 and endogenous S100A12 expression in
HASMC transfected with control ShRNA (Figure 3). We next examined gene expression in
the FBN1R529X HASMC endogenously expressing S100A12 (=shRNA-control transfected
cells) and compared to FBN1R529X HASMC with reduction of S100A12 (=shRNA-
S100A12 transfected cells) using pathway focused RT-PCR microarrays for apoptosis and
inflammation (SA Bioscience). We identified broad down regulation of apoptosis and
inflammation regulating genes. Of the 84 genes present on the microarray plate, 23 genes
were >2-fold and 49 genes were <2-fold down regulated on the apoptosis array and 19 genes
were >2-fold and 56 genes <2-fold on the inflammation micro array (Supplement Table 1).
Since we found strong reduction in Fas, caspase 3 and DNA fragmentation factor A
(DFFA), we next examined these genes using quantitative RT-PCR in independent cDNA
samples of the three S100A12-expressing HASMC lines. As shown in Figure 3D, reduction
of S100A12 abolished mRNA for Fas, caspase 3 and DFFA (p<0.0001). Moreover,
reduction of S100A12 suppressed protein expression for Fas, cleaved caspase 3, and DFFA
by 40-60% in S100A12 expressing HASMC (p=0.02) but had no effect on S10012-negative
HASMC (Figure 3E, F). To confirm a critical role of SI00A12 on caspase 3 activation, we
stimulated S100A12-expressing HASMC with apoptosis initiating monoclonal Fas 1gG and
observed a 2.8 fold increase in active caspase 3 using a immunofluorescent active caspase 3
assay. ShRNA reduction of SI00A12 reduced Fas-1gG stimulated active caspase 3 by 80%
(Figure 3G, p<0.001). These data suggest that SI00A12 is a critical nodal point in many
apoptosis and inflammation regulating genes.

S100A12 is induced in HASMC by cytokines, and knockdown of S100A12 attenuates
cytokine-induced activation of caspase 3 in a partial RAGE dependent manner

We previously showed that lipopolysaccaride (LPS) induces S100A12 in HASMC in
agreement with other studies that showed induction of S100A12 in response to cytokine
stimulation (13,14). Moreover, studies of the S100A12 gene indicated C/EBPb and protein
kinase C as critical regulators of transcription in response to LPS (15). As shown in Figure
4A, stimulation with low dose LPS or with the distinct cytokine TNFa induced S100A12 in
normal HASMC. PCR amplification detected cDNA for Fas, caspase 3 and DFFA in both,
control HASMC (BSA) and in cytokine treated HASMC (LPS or TNFa), with significant
higher gene expression for Fas, caspase 3 and TNFa in cytokine treated HASMC compared
to control HASMC (p<0.05 for each gene). Importantly, co-treatment with ShRNA-S100A12
attenuated cytokine induced gene expression for Fas, caspase 3 and DFFA by 70-90%
(p<0.01 for each gene) while control sShRNA had no effect on cytokine induced up
regulation of apoptosis controlling genes (Figure 4B). Quantification of active caspase-3
showed a 1.6 fold increase in LPS treated cells and a 1.9 fold increase in TNFa treated cells
compared to baseline; this was attenuated in HASMC co-treated with ShRNA-S100A12 by
74% and 65%, respectively (p<0.05, Figure 4C).

To study potential mechanisms involved in S100A12-mediated apoptosis, we employed
murine aortic smooth muscle cells (MASMC). Briefly, transgenic mice with expression of
human S100A12 in aortic smooth muscle were previously generated (2) and now crossed
with mice lacking RAGE (16). We previously reported that transgenic SI00A12-MASMC
had higher levels of oxidative stress and IL-6 secretion among other changes characteristic
of a phenotypic switch from a contractile to a synthetic phenotype; and these changes were
attenuated by co-treatment with soluble RAGE (2), the S100A12 ligand-binding domain of
RAGE, thus preventing activation of cell surface RAGE. We now expanded these findings
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by measuring activated caspase 3 in S1I00A12 expressing MASMC and found a slight
increase compared to wild type MASMC (1.3 fold, p=0.04). Importantly, upon stimulation
with low dose LPS (100ng/ml), or low dose TNFa (20ng/ml), the S100A12-MASMC
showed strong activation of caspase 3 (4-fold and a 2.9-fold, respectively) compared to a 1.3
and 1.4-fold increase in wild type MASMC (Figure 5A). Moreover, cytokine stimulation
caused enhanced DNA fragmentation as visualized by TUNEL staining in S100A12-
MASMC but only minimally in WT-MASMC at the studied concentrations for LPS and
TNF-a (15% vs 7%, and 12% vs 7%, respectively p<0.01, Figure 5B). Most importantly,
murine aortic smooth muscle cells lacking RAGE were protected from the synergistic
effects of S100A12 and LPS /TNFa stimulation on caspase 3 activation and cell apoptosis.
Activated caspase 3 was reduced in cytokine stimulated S100A12- MASMC by 58% and
52% in cells lacking RAGE compared to S100A12- MASMC with intact RAGE signaling
(p<0.01, Figure 5A). This was paralleled with a significant reduction of TUNEL positive
MASMC (Figure 5B). Together, we found that SM22a.-targeted forced expression of human
S100A12 in MASMC markedly enhances cytokine-induced apoptosis, and this was
dependent on RAGE, the cell surface receptor for S100/calgranulins endogenously
expressed on smooth muscle cells.

Given the importance of reactive oxygen species to inflammation, cell death and apoptosis,
we probed oxidative stress related changes. We found an increase in oxidized DNA using
immunofluorescence microscopy with anti 8-hydroxy-2-deoxyguanosine 1gG with
approximately 60% of all nuclei staining positive for this marker of oxidative damage to the
DNA in S100A12 transgenic MASMC, compared to a less than 2% baseline in wild type
MASMC (p<0.001, Figure 5C). S100A12-MASMC lacking RAGE had significantly
reduced number of oxidized nuclei (25%, p=0.01) compared to S100A12-MASMC with
intact RAGE signaling, confirming that the pro-oxidative effect of S100A12 is mediated, at
least in part, by RAGE. Treatment with diphenylene iodonium (DPI), an inhibitor of
NADPH-oxidase also attenuated DNA oxidation, even in cells lacking RAGE (12% and
25%, p=0.04). This data suggests that oxidative stress in cultured smooth muscle cells is a
critical downstream effect of SI00A12 mediated in large part by RAGE and by NADPH-
oxidase. Therefore, we tested the effects of antioxidant compounds on apoptosis markers in
human aortic smooth muscle cells with endogenous S100A12 expression (harvested from
TAA/TAAD) and in control human aortic smooth muscle cells without SI00A12
expression. As shown in Figure 5D-F, pretreatment with a-lipoic acid or DPI reduced active
caspase 3, apoptosis index determined by TUNEL-assay and reduced the index for cells with
oxidized DNA in a dose dependent manner.

Discussion

An inflammatory component was previously identified in TAA and TAAD, composed
primarily of T-cells and macrophages (9). Our study demonstrates that SI00A12, a cytokine
like protein with pro-inflammatory signaling, is highly enriched in myeloid and in smooth
muscle cells in type A aortic dissection. Based on our cell culture data and known
pathologic effects of SL00A12 on smooth muscle cells, we speculate that SLO0A12 is highly
pathogenic in TAA and may predispose to aortic dissection. SI00A12 is also known as
calgranulin C or EN-RAGE (extracellular newly identified RAGE binding protein) because
it activates pattern recognition receptor RAGE (4) and is likely to also activate toll like
receptor 4, as this was recently shown for the homolog S100A8/9 (17). Moreover, S100
proteins are endogenously expressed in myeloid cells and at high levels in neutrophil
granulocytes and are implicated in the antibacterial and antifungal defense (18) by activating
the p67PhoX /NADPH-oxidase system to initiate a respiratory burst in phagocytes (19).
Similar to its endogenous role in phagocytes, our laboratory recently showed binding of
S100A12 to NADPH-oxidase subunit Nox-1 in vascular smooth muscle cells (5), and
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importantly, Nox-1 inhibition attenuated S100A12 mediated dysfunction of aortic SMC
(20).

Our laboratory recently showed a pro-apoptotic function of S100A12 with increased
expression of FAS, caspase 10 and caspase 3 in human airway SMC (21) and thereby
extended previous studies showing that excess of SI00A8/9 induces apoptosis and cell death
in a variety of cell types (22,23). Moreover, Boyd et al. found a 40-fold increase in
S100A8/9 mRNA in cardiomyocytes in a mouse model of sepsis (24), and S100B was up
regulated in ischemic cardiomyocytes (25). Importantly, in both studies up-regulation of
S100 proteins was associated with increased cell death and tissue damage that was
attenuated by interruption of RAGE signaling. Our studies presented here demonstrate that
down regulation of the ligand S100A12 attenuates cell death of SMC with pathologic
endogenous expression of S1I00A12, and in SMC with cytokine-induced expression of
S100A12. These findings support the hypothesis that SI00A12 is an important regulator of
cell survival and cell death.

S100/calgranulins are involved in the regulation of numerous intracellular activities such as
protein phosphorylation, enzyme activities, cell proliferation and differentiation, cytoskeletal
rearrangement and membrane organization, protection from oxidative stress, and regulation
of intracellular Ca*2 homeostasis, and have been implicated in intercellular regulation of
chemotaxis, phagocytosis and immunregulation. Therefore, the specificity for S100/
calgranulin mediated effects likely depends on the tissue distribution and cell type. This
view is supported by recent findings in mice lacking SL00A9 where constitutive deletion of
murine S100A9 in apolipoprotein E deficient mice attenuated atherosclerosis (26), while the
lack of S100A9 in bone marrow derived cells did not attenuate atherosclerosis in LDL-
receptor deficient mice (27). Therefore, pathological expression of S100/calgranulins within
the vasculature may be an important accelerator of vascular disease, particularly since
S100A12 is not present in normal vascular tissue, but is highly up regulated in smooth
muscle cells of diseased blood vessels, such as in human ruptured coronary artery plaques
(7), in human atherosclerosis (5), and as shown in this study also in type A aortic dissections
and to a lesser degree in clinically stable TAA. It is intriguing that TAA/TAAD is such a
focal disease, and because there is no access to distal vascular tissue other than the surgical
removed aneurysmal tissue in a given patient with TAA/TAAD, we can not exclude the
possibility that SI00A12 could be expressed in other vascular beds beyond the aneurysmal
thoracic aorta in those patients with TAA/TAAD. It is interesting to note that SI00A12
expression in explanted SMC persist over several cell culture passages, and this finding
deserves further studies. We speculate that epigenetic changes occurring within the S100
gene cluster may control S100 protein expression. This view is supported by the presence of
several CpG islands within the S100 gene cluster and within the first intron of the S100A12
gene (28). Therefore methylation and demethylation of regulatory DNA could explain the
cell specific expression of S100 proteins, which is frequently up-or downregulated in
various pathological states, including cancer and vascular diseases.

S100A12 is more than an inflammatory biomarker. It causes dysfunction of vascular smooth
muscle with increase in matrix metalloproteinase-2 protein, interleukin-6, transformig
growth factor-f signaling, and reduction of contractile fibers leading to the development of
thoracic aortic aneurysms in transgenic mice expressing human S100A12 driven by the
smooth muscle 22-a promoter (2), demonstrating a clear pathological effect of SI00A12 in
vascular smooth muscle. S100 proteins and other ligands to RAGE and toll like receptors,
such as HMGBL protein, have previously been implicated in the process of sterile
inflammation associated with dying cells (29). Our report for the first time shows that
knockdown of S100A12 attenuates many apoptosis and inflammation regulating genes,
including Fas-mediated apoptosis pathways. One interesting finding in our study was the
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strong attenuation of inflalmmasome-associated pathways, including PYCARD and caspase
1 after reducing S100A12. Caspase 1 is activated in response to multiple stimuli, but once
activated, results in a conserved program of cell death referred as pyroptosis (30). S100
proteins and other damage associated molecular pattern molecules, are good candidate
molecules to activate caspase 1 and further exploration of these pathways could possibly
shed light on the intracellular function of S100/calgranulins.

The pro-apoptotic function of SI00A12 is mediated, at least in part, by its cell surface
receptor RAGE, which is expressed in many cells including SMC, endothelial cells, and
inflammatory (31). There is mounting evidence of RAGE being a disease amplifier for
initiation and progression of vascular diseases (reviewed in (32)), including aortic
aneurysms (33). RAGE mediated cell perturbation is at least in part depended on redox-
sensitive signals such as the translocation of redox-sensitive nuclear factor kappa B, which
for example is attenuated in stimulated endothelial cells by pretreatment with antioxidant
alpha lipoic acid (34). Using a lipoic acid and diphenyleneiodonium (DPI) we show marked
inhibition of S1I00A12 mediated cell death. This is in agreement with a recent studies by
Kim et al. demonstrating the ability of a lipoic acid to reduce vascular smooth muscle cell
apoptosis by restoring intracellular redox status (35). Indeed, oxidative stress plays a key
role in the pathogenesis of thoracic aortic dissections as recently demonstrated by several
studies. For example, Liao et al. used comparative proteomics and identified 126 proteins
differentially expressed in the aortic media of patients with dissections and with normal
aortas. Interestingly, increased lipid peroxidation and a more than 50% reduction in
superoxide dismutase in aortic type A-dissections was one of the most important changes
noticed in this study (36).

The coexistence of inflammatory cells with markers of apoptotic vascular cell death in the
media of ascending aortas with aneurysms and type A dissection was previously noted by
several investigators (8,9). However, it remains unknown if apoptosis of medial smooth
muscle cells occurs prior to dissection as a primary event leading to weakening and rupture
of the aortic wall, or if alternatively as suggest by Roberts et al. the intraluminal arterial
pressure in the false luminal channel compresses the adjacent media and induces cell death
after, not before acute dissection (11).

In summary, critical pathways involved in TAA and progression to TAAD include
immunological processes, such as T-cell and natural killer cell pathways, oxidative stress,
depletion of vascular smooth muscle through the process of apoptosis, and the destruction of
the extracellular matrix by matrix metalloproteinases (1). Here we show evidence that
S100A12 is highly expressed in the medial layer in acute type A aortic dissection. Since all
TAAD expressed S100A12 regardless of the heterogeneity present in this sample group, we
speculate that SLI00A12 expression in aortic smooth muscle is a common response to multi-
factorial injury. This is supported by our findings in “clinically stable” TAA, where we
found S100A12 expression in approximately 25%, most commonly associated with
histological evidence of dissection. Alternatively, it is possible that SI00A12 is a marker of
the inflammatory changes that occur in the aortic wall after acute or chronic dissection,
rather than being a predisposing factor for dissection. This underscores the complex biology
of aortic disease and histological examination of aneurysmal or dissected aortic tissue is
inevitable unlikely to determine the temporal relationship between vascular inflammation
and aortic dissection. The mechanisms by which S100A12 gets up-regulated in human aortic
diseases is not completely understood, but likely is in response to various inflammatory
signals since we demonstrated a robust induction of SI00A12 in normal human aortic
smooth muscle cells upon treatment with LPS and TNFa. Further studies using aortic tissue,
rather than in cultured aortic smooth muscle cells from patients with thoracic aneurysms are
needed to examine the impact of SI00A12 on key vascular proteins, such as fibrillin,
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collagen and others. One limitation of our study is the small number and the heterogeneity
within the control group. Importantly, reduction of SI00A12 attenuates many apoptosis and
inflammation regulating genes in human aortic smooth muscle cells with endogenous
S100A12 expression, and in cytokine-primed murine aortic smooth muscle cells with forced
expression of human S100A12. S100A12 mediated cell death is, at least in part, dependent
on RAGE and NADPH-oxidase generated oxidative stress, since apoptosis is attenuated in
smooth muscle cells lacking RAGE and in human aortic smooth muscle cells treated with
antioxidants a lipoic acid and DPI.
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Refer to Web version on PubMed Central for supplementary material.
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SMC smooth muscle cells
TAA Thoracic aortic aneurysms
TAAD Thoracic aortic aneurysm dissection
TGFB transforming growth factor beta
FasL Fas ligand
BMP Bone morphogenic protein
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Figure 1. S1I00A12 expression in stable thoracic aortic aneurysms (TAA)

(A) Histopatholgy with hematoxylin & eosin (H&E) and S100A12 immunostaining of four
representative patients, showing no S100A12 in C and S100A12 (brown color) in the medial
layer in F, I, L. scale bar = 10pum. Quantification of SI00A12 expression in tissue (M),
calculated logistic Euroscore (N), age (O), length of stay (LOS, P), and death (Q) of 20
patients undergoing elective, non-urgent surgery for thoracic aortic aneurysms.
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Figure 2. S100A12 expression in thoracic aortic aneurysm dissection (TAAD)

(A) Co-staining for S100A12 (brown color) and myeloperoxidase (MPO, blue color) shows
S100A12 expression in MPO-negative smooth muscle cells (A1) and in inflammatory MPO-
positive cells (A2). (B, B1) Expression of SLO0A12 is most intense near the dissection tear,
and colocalizes to caspase 3 (C and C1) positive cells near the dissection tear. scale bar =
10um. (D) Verification of SI00A12 protein by immunoblot. Quantification of S100A12 (E)
and caspase 3 (F) expression in patients with unstable TAAD (n=14) and stable TAA >5.5
cm (n=16).
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Figure 3. ShRNA mediated reduction of endogenous S100A12 in HASM C attenuates apoptosis
(A) Flow cytometry for GFP expression was used to isolate transfected HASMC with
shRNA-S100A12 or shRNA-control, (B) sShRNA-S100A12 (lane 2) but not shRNA-control
(lane 4) abolishes S100A12 protein in HASMC. (C) Changes in gene expression of
apoptosis and inflammation regulating genes after reduction of SI00A12 in HASMC-
Fbn1R529X tested by pathway focused RT-PCR microarray (complete data shown in
Supplement Table 1). S100A12 expressing HASMC lines (n=3) were transfected with
shRNA and after selection by flow cytometry analyzed for (D) gene expression for Fas,
caspase 3 and DNA fragmentation factor A (DFFA), and for protein content of Fas, caspase
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3, and DFFA (E, F). (G) Quantification for capase 3 using immunofluorescent activity
assay. * p<0.0001.
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Figure 4. Knockdown of S100A12 in HASMC attenuates cytokine induced apoptosis

(A) S100A12 is induced in control HASMC by lipopolysaccaride (100 ng/ml for 16 hours,
lane 3 and 4) and TNF-a (20 ng/ml for 16 hours, lane 5 and 6). (B) Gene expression for Fas,
caspase 3 and DFFA measured by gRT-PCR in HASMC treated as indicated. (C)
Quantification for capase 3 using immunofluorescent activity assay.
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Figure 5. S100A12 mediated apoptosisin smooth muscle cellsis mediated by RAGE and
oxidative stress

(A-C) MASMC from S100A12 and wild type mice with intact RAGE signaling (RAGE*/*)
and deleted RAGE (RAGE™") were treated as indicated with control (bovine serum
albumine, BSA), lipopolysaccaride (100 ng/ml) or TNF-a (20ng/ml). (D-F) S100A12
expressing HASMC and control HASMC were treated as indicated with antioxidants, a-
lipoic acid and DPI. Active caspase 3 was measured using an immunofluorescence assay for
active caspase 3 (A, D), TUNEL assay determined % of apoptotic nuclei (B, E), and nuclei
with oxidized DNA stained with a-8-0x0-dG IgG (F) and indexed to total number of nuclei
per high power field (C,F). (*p<0.01 compared to untreated S100A12 positive HASMC).
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Patient's characteristics. SI00A12 was expressed in 7 of 20 elective TAA cases randomly chosen and was

found in the aortic medial layer, localized to areas of chronic/subacute dissection, aortitis or atherosclerosis.
All patients with acute TAAD stained positive for SL00A12 in the medial layer, and 4 of 16 large and elective
TAA showed S100A12 stain in the medial layer.

Non urgent TAA (n=20)
1. cohort (n=20)

Urgent TAAD (n=14)

Non urgent TAA > 5.5 cm (n=16)
2. cohort (n=30)

Male, n (%)
Age (range)
Euro-Score

WBC

Creatine
S100A12 pos Histology

S100A 12 neg Histology

*
p=0.0001

11(55)
57 (19-82)
9.3 (4-16)

8.1

1.2

7 cases: dissection (n=4) necrotizing
aortitis (n=2) atherosclerosis (n=1)

13 cases: medial degeneration (n=12)
dissection (n=1)

5 (35)
55 (34-74)
17.3(9-21) "

*
12.4
13

*
14 cases : dissection (n=14)

0 cases
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9 (56)
54 (22-65)
9.1 (5-15)

6.8

1.2

4 cases: dissection (n=2) medial
degeneration (n=2)

12 cases: medial degeneration (n=10)
dissection (n=2)



