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Abstract

Background—ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) is a
recently identified family of extracellular metalloproteinases that has been shown to participate in
tissue destruction. We hypothesized that ADAMTS-1 and ADAMTS-4 expression is increased in

aortic tissues from patients with thoracic aortic aneurysms and dissections.

Methods—We examined ADAMTS-1 and ADAMTS-4 expression in human descending
thoracic aortic aneurysms (n=14), chronic descending thoracic aortic dissections (n=16), and
descending thoracic aortas from age-matched control organ donors (n=12). In these tissues, we
also evaluated the degradation of versican, a proteoglycan substrate of ADAMTS-1 and
ADAMTS-4. In cultured macrophages, we examined whether ADAMTS-4 functions in
macrophage infiltration by using a transwell assay.

Results—ADAMTS-1 and ADAMTS-4 protein and mRNA expression was significantly higher
in thoracic aortic aneurysm and dissection tissues than in control aortic tissues. Double
immunofluorescence staining showed the expression of ADAMTS-1 and ADAMTS-4 in smooth
muscle cells and macrophages. Consistent with the upregulation of ADAMTS-1 and ADAMTS-4
in thoracic aortic aneurysm and dissection tissues, versican was degraded significantly more in
these tissues than in control aortic tissues. In cultured macrophages, transforming growth factor-f
increased ADAMTS-4 protein levels and induced macrophage invasion; knocking down
ADAMTS-4reduced cell invasion.
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Conclusions—Increased expression of ADAMTS proteins may promote thoracic aortic
aneurysm progression by degrading versican and facilitating macrophage invasion.

Keywords

Aneurysm (thoracic aortic); inflammatory cells (macrophages); inflammatory mediators
(metalloproteinases); pathology (aorta); vascular science (pathology)

Introduction

Aortic aneurysms and dissections cause more than 10,500 deaths in the United States every
year [1]. These diseases are characterized by the infiltration of inflammatory cells,
progressive depletion of vascular smooth muscle cells (VSMC), and destruction of
extracellular matrix (ECM) in the aorta. Proteinases that degrade ECM are known to play
critical roles in the degradation of aortic ECM and in the formation of aortic aneurysms.
These proteinases include matrix metalloproteinases [2] (MMPs), which are primarily
produced by macrophages. A recently identified family of extracellular metalloproteinases
known as ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) has
been shown to be involved in ECM turnover [3]. The ADAMTS family of proteins
comprises 20 members; ADAMTS-1 and ADAMTS-4 are particularly well-studied
members of this family [4]. ADAMTS-4 promotes ECM turnover by digesting
proteoglycans including aggrecan, versican, decorin, and biglycan and ECM proteins such
as fibronectin [5,6]. ADAMTS-1 functions in ECM remodeling by digesting versican and
tissue factor pathway inhibitor-2 [6,7]. Furthermore, it has been shown that ADAMTS-1
inhibits cell proliferation by binding and sequestering growth factors, such as vascular
endothelial growth factor and fibroblast growth factor [8,9]. Similar to MMPs, ADAMTS-1
and ADAMTS-4 cause tissue destruction and have been implicated in vascular diseases,
such as atherosclerosis [10-14]. Therefore, we hypothesized that expression of these
proteinases is increased in aneurysmal thoracic aortic tissue. The purpose of this study was
to determine whether ADAMTS-1 and ADAMTS-4 levels are elevated in aortic tissue
obtained from patients with thoracic aortic aneurysms and dissections. In addition, we
examined potential mechanisms by which these proteinases might contribute to disease
progression, including proteoglycan degradation and macrophage invasion.

Material and Methods

Patient Enrollment and Tissue Collection

This study was approved by the Institutional Review Board at Baylor College of Medicine,
and all patients gave written informed consent. We enrolled 30 patients who underwent
elective surgical repair of a descending thoracic aortic aneurysm without dissection (TAA,;
n=14) or associated with chronic dissection (TAD; n=16; time interval since dissection
onset, 3.7£3.5 yrs). We excluded patients with any of the following: aortic disease caused by
a genetic syndrome (eg, Marfan syndrome); a first-degree relative with TAA or TAD;
bicuspid aortic valve; or acute symptoms. None of the aneurysms or dissections was induced
by trauma, surgery, aortitis, or infection. In all cases, samples of the posterior-lateral aortic
wall were excised from the site of maximal descending thoracic aortic dilatation during
aneurysm repair. In cases with TAD, this region corresponded with the outer wall of the
false lumen. After excision, samples were rinsed with cold saline and any attached thrombus
was removed. From each fresh tissue sample, a portion was snap-frozen in liquid nitrogen
and stored at —80°C (for protein extraction), a portion was placed in RNAlater (Qiagen,
Valencia, CA) overnight at 4°C and then transferred and stored at —80°C (for RNA
extraction), and a portion was fixed in formalin and embedded in paraffin (for staining).
Control specimens of descending thoracic aorta (n=12) were obtained from age-matched
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organ donors (International Institute for the Advancement of Medicine, Jessup, PA and
LifeNet Health, Virginia Beach, VA). Characteristics of enrolled subjects are presented in
Table 1.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Total RNA was extracted from aortic tissues (while on ice) with Trizol (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. The mRNA from each tissue
sample was reverse-transcribed with a reverse transcription kit (Promega Corp., Madison,
WI1), and gRT-PCR was performed with the iCycler iQ PCR detection system (Bio-Rad,
Hercules, CA). The primers used were as follows: ADAMTS1 forward
5'GGCCGACTGGGAAAGCGGAG 3’ and reverse 5" TGCCATCGACTGGTCTGCCAC
3’, ADAMTS4 forward 5" TGCCAGCGGTCAAGGTCCCA 3’ and reverse

5" AGGTAGCGCTTTAGCCCCGC3’, and versican VO forward 5’
AGGCTGGCAACAGTGGGGGA 3 and reverse 5" TGGGTGATGCAGTTTCTGCGAGG
3’. Levels of mMRNA were acquired by normalizing the threshold cycle to that of 18S. The
relative levels of mMRNA were normalized with the mRNA level of an internal reference
sample.

Western Blot Analysis

Protein extracts from aortic tissues were prepared with tissue lysis buffer (20mM Tris-HCI
[pH 7.5], 150mM NaCl, 1mM Na,EDTA, 1mM EGTA, 2M urea, 1% Brij-35, 2.5mM
sodium pyrophosphate, 1mM B-glycerophosphate). Protein samples (15 g per lane) were
separated by SDS-PAGE and transferred to PVDF membranes. The membranes were
blocked with blocking buffer; incubated with primary antibody anti-ADAMTS-1, anti-
ADAMTS-4, or anti-versican (Santa Cruz Biotechnology, Santa Cruz, CA); washed; and
then incubated with horseradish peroxidase—labeled anti-goat 1gG (Santa Cruz
Biotechnology) or anti-mouse IgG (Cell Signaling Technology, Danvers, MA). Protein
bands were visualized with enhanced chemiluminescence (Amersham Biosciences,
Piscataway, NJ). Protein levels were normalized to those of B-actin and expressed as a
percentage of the control.

Immunohistochemistry and Immunofluorescence

Aortic sections were deparaffinized and rehydrated before antigen retrieval in citrate buffer
(92-98°C for 12 min). For immunohistochemical staining, endogenous peroxidase activity
was quenched with 3% hydrogen peroxide. The sections were blocked with 5% horse serum,
incubated with primary antibody anti-ADAMTS-1 or anti-ADAMTS-4 (Santa Cruz
Biotechnology) at 4°C overnight and then incubated with secondary antibody. The sections
were stained with 3, 3-diaminobenzidine by using the VECTASTAIN ABC kit (Vector
Laboratories, Burlingame, CA). Nuclei were counterstained with hematoxylin. Slides
incubated with normal IgG only were used as negative controls.

For double immunofluorescence staining, paraffin-embedded aortic sections were incubated
with primary antibody overnight at 4°C followed by incubation with secondary antibody for
1 h at 37°C. Primary antibodies used were anti-SM22 alpha actin (Abcam, Cambridge, MA),
anti-CD68, anti-ADAMTS-4, and anti-ADAMTS-1 (Santa Cruz Biotechnology). Secondary
antibodies used were Alexa Fluor 488, Alexa Fluor 568, and Alexa Fluor 647 (Invitrogen).
Cell nuclei were visualized with DAPI (4’,6-diamidino-2-phenylindole) staining.

Cell Culture and Transfection

THP-1 cells (ATCC, Manassas, VA) were cultured in RPMI 1640 medium (Invitrogen)
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 pg/mL streptomycin,
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and 5% L-glutamine. THP-1 cells were induced to differentiate into macrophages with
100nM phorbol 12-myristate 13-acetate (Alexis Biochemical, Farmingdale, NY) for 72 h.
THP-1 macrophages were transfected with siRNA by using Lipofectamine 2000
(Invitrogen). Transfected cells were then treated with 0.3% H,05, 10 ng/mL tumor necrosis
factor-a., 10 ng/mL lipopolysaccharide, 10 ng/mL transforming growth factor (TGF)-p, or
10 ng/mL angiotensin Il. ADAMTS-4siRNA was purchased from Ambion (Ambion,
Austin, TX). The siRNA duplex sequences for the ADAMTS-4 gene were as follows: sense,
5 -ACAACAAUGUGGUCACUAUTT-3"; and antisense,

5 AUAGUGACCACAUUGUUGUAT-3". Silencer negative control siRNA (Ambion) was
used as a negative control.

Macrophage Invasion Assay

Macrophage invasion was measured by using a modified Boyden chamber assay with an 8-
iLm pore size membrane coated with a thin layer of ECMatrix as a barrier (Chemicon
International, Billerica, MA). Forty-eight hours after transfection, macrophages (2.5%10°)
were added to the upper chamber and were allowed to attach for 2 to 3 h. Unattached cells
were removed by washing with phosphate-buffered saline, and the attached cells were
incubated with 10 ng/mL TGF-B. The lower chamber contained 20 ng/mL monocyte
chemoattractant protein-1 (EMD Chemicals, Inc., Gibbstown, NJ). Plates were incubated at
37°C for 48 h. The nonmigrating cells on the upper surface were removed by gentle abrasion
with a cotton bud, and the cells on the underside (invaded cells) were fixed and stained. The
mean number of cells on the lower side of the surface was calculated from 5 randomly
selected fields (magnification x100).

Statistical Analysis

Results

All quantitative variables are presented as the mean + standard deviation. The differences
among 3 or more groups were compared by one-way analysis of variance. Correlation
between ADAMTS-1 or ADAMTS-4 protein levels and versican degradation was analyzed
by calculating the Pearson product-moment correlation coefficient. Two-tailed p-values are
reported.

Elevated ADAMTS-1 and ADAMTS-4 Expression in TAA and TAD Tissues

ADAMTS-1 and ADAMTS-4 protein levels were significantly higher in TAA and TAD
tissues than in control aortic tissues (Fig 1A). Consistent with these results, ADAMTS-1 and
ADAMTS-4 mRNA levels were also significantly increased in TAA and TAD tissues (Fig
1B). Moreover, immunohistochemical analysis revealed that ADAMTS-1 (Fig 2A) and
ADAMTS-4 (Fig 2B) protein was abundant in the media and adventitia of the aortic wall in
TAA and TAD tissues.

Expression of ADAMTS-1 and ADAMTS-4 Protein in Macrophages and VSMCs in TAA

Tissues

ADAMTS-1 (Fig 3A) and ADAMTS-4 (Fig 3B) colocalized with smooth muscle cell
(SMC) marker SM22 alpha in the medial layer of the aortic wall in TAA tissue. ADAMTS-1
and ADAMTS-4 were detected inside SMCs, suggesting the expression/production of these
two proteases by SMCs. In addition, ADAMTS-1 (Fig 3C) and ADAMTS-4 (Fig 3D) were
also expressed in the CD68+ macrophages in macrophage-rich areas (primarily the
adventitia) of TAA tissue.
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Increased Degradation of Versican in TAA and TAD Tissues

Levels of versican degradation products (ie, fragment bands of 50 kDa, 28 kDa, and 18 kDa)
were significantly higher in TAA and TAD tissues than in control aortic tissues (Fig 4A).
Levels of versican degradation products strongly correlated with levels of ADAMTS-1 and
ADAMTS-4 protein (Fig 4B), suggesting crucial roles for ADAMTS-1 and ADAMTS-4 in
the degradation of versican in aortic aneurysms and dissections. Additionally, mRNA levels
of the versican isoform VO were significantly lower in TAA and TAD tissues than in control
aortic tissues (Fig 4C), suggesting decreased expression of versican in patient samples.

Involvement of ADAMTS-4 in Macrophage Invasion

Comment

Because we observed high levels of ADAMTS-4 protein in macrophages, we examined
whether ADAMTS-4 has a role in macrophage invasion. First, we identified factors that
stimulated an increase in ADAMTS-4 protein levels. Macrophages were incubated with
H»0,, tumor necrosis factor-a, lipopolysaccharide, TGF-B, or angiotensin I1; of these
agents, TGF-B induced the highest level of ADAMTS-4 protein (Fig 5A).

To determine the effects of TGF-p and ADAMTS-4 on macrophage migration through the
ECM, we used a transwell cell migration (Boyden chamber) assay with monocyte
chemoattractant protein-1 as the chemoattractant and the ECMatrix-coated membrane as the
barrier. Macrophage migration across the ECM layer was enhanced by TGF- (Fig 5B). In
addition, the siRNA-mediated knockdown of ADAMTS-4in macrophages significantly
reduced the number of basal migrating cells and partially suppressed TGF-B—induced
macrophage invasion (Fig 5B), suggesting a critical role of ADAMTS-4 in macrophage
invasion.

In this study, we showed that ADAMTS-1 and ADAMTS-4 expression was significantly
increased in the aortic wall of TAA and TAD tissues and that increased ADAMTS-1 and
ADAMTS-4 protein levels correlated with the degradation of versican, the main
proteoglycan substrate of ADAMTS proteinases in the aorta. In addition, we showed that
ADAMTS-1 and ADAMTS-4 were expressed in VSMCs in the media and macrophages in
the regions of inflammation. ADAMTS-1 and ADAMTS-4 protein levels strongly correlated
with versican degradation products. In cultured cells, ADAMTS-4 was involved in
macrophage migration. Our results suggest that ADAMTS-1 and ADAMTS-4 may play a
role in inflammation and tissue destruction in the progression of sporadic aneurysms both in
aortas without dissection and in those with chronic dissections.

Several other studies have suggested that the dysregulation of ADAMTS expression may
contribute to tissue destruction and the development of vascular disease. ADAMTS-1 and
ADAMTS-4 were found to be highly expressed in macrophage-rich areas of human
atherosclerotic plaque [11,12]. In addition, ADAMTS-4 was shown to be associated with
VSMC death and vascular atrophy, and an ADAMTS-1 gene variation was shown to be
associated with an increased risk of coronary artery disease events [13,14]. Most notably,
Taketani and colleagues reported that ADAMTS1 expression was significantly upregulated
in TAA patients in DNA microarray and real-time PCR experiments [10]. Given their role in
tissue destruction, ADAMTS-1 and ADAMTS-4 may contribute to aortic destruction during
disease progression, particularly when their expression is increased.

Our findings suggest that ADAMTS-1 and ADAMTS-4 may play an important role in aortic
inflammation. Inflammatory cells such as macrophages play critical roles in the progression
of aortic aneurysms by producing proinflammatory cytokines and proteolytic enzymes [15].
In diseased aortic tissues, we found that ADAMTS-1 and ADAMTS-4 were present at high
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levels around inflammatory cells and that they colocalized with macrophages. In cultured
cells, ADAMTS-4 facilitated macrophage migration across an ECM barrier, supporting the
role of ADAMTS-4 in inflammatory cell infiltration.

Our results also suggest that the decrease in versican levels that resulted from reduced
versican expression and increased versican degradation by ADAMTS-1 and ADAMTS-4
may contribute to the loss of structural and functional integrity of the aortic wall in the
progression of aneurysms. Versican is predominantly synthesized by VSMCs and can be
cleaved by both ADAMTS-1 and ADAMTS-4 [5]. At least 4 isoforms of versican (O, V1,
V2, and V3) are created by alternative splicing of a single gene [16]. Versican interacts with
hyaluronan and other link proteins to form large aggregates that can retain water and create
reversible compressive structures necessary for smoothing out pressure waves and avoiding
blood vessel deformation [17]. Versican is also involved in regulating elastic fiber assembly
inhibiting cell apoptosis, and stimulating cell growth and migration [18-25]. Versican has
also been shown to regulate VSMC proliferation and angiogenesis [26, 27]. Thus, it has
been suggested that versican may play an important role in maintaining the structural and
functional integrity of the vascular wall, and its degradation may be responsible for certain
vascular diseases [26,28]. In TAA and TAD tissues, we observed decreased versican
expression, which may have resulted from the reduced number of SMCs, decreased versican
expression in the remaining SMCs, or a combination of these. We also observed
significantly increased versican degradation, which correlated with the increase in
ADAMTS-1 and ADAMTS-4 protein levels. This strong correlation suggests that the
elevated ADAMTS-1 and ADAMTS-4 protein levels that we observed may be partially
responsible for the increased versican degradation. Additionally, versican can be cleaved by
MMPs, so the versican degradation products we observed in diseased aortas may have been
the collective result of cleavage by ADAMTS, MMPs, and potentially, other unidentified
extracellular proteases. Consistent with the results of our study, recent reports have also
shown decreased synthesis and increased degradation of versican in abdominal aortic
aneurysm tissue [29].

In addition to degrading versican, ADAMTS proteins may also destroy the aortic wall by
degrading other ECM components. ADAMTS-4 has been shown to digest other
proteoglycans, such as decorin and biglycan [6]. Defects in decorin and biglycan have been
implicated in the formation of aortic aneurysms and dissections [30,31]. Recent studies
showed that ADAMTS-4 can also cleave alpha-2-macroglobulin, matrilin-3, cartilage
oligomeric matrix protein, and fibromodulin [32-34]. Furthermore, ADAMTS-4 has been
associated with SMC death [35]. Thus, ADAMTS proteins may promote tissue destruction
and disease formation through various mechanisms.

There are several limitations in our study. First, because we only evaluated end-stage disease
tissue, we cannot speculate whether ADAMTS-1 and ADAMTS-4 play a role in the initial
of formation of TAA and TAD. Similarly, in the absence of serial tissue samples spanning
the period of disease progression, it is unclear whether diminished levels of versican are a
factor in the development of TAA and TAD or are merely an epiphenomenon. In addition,
although increased ADAMTS levels were associated with versican degradation, the cause of
diminished versican levels within diseased aortic tissue is likely multifactorial. For example,
patients with aortic disease may have reduced levels of the substrate at baseline.
Furthermore, versican may be degraded by proteases other than ADAMTS-1 and
ADAMTS-4, Finally, our control group consisted of organ donors matched for age; although
these subjects did not have aortic disease, many had cerebrovascular disease or diabetes. The
impact of these latter conditions (as well as other factors that were not present in our TAA
and TAD patients, such as recent trauma) on aortic ADAMTS levels in our control subjects
is unknown.
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In summary, ADAMTS-1 and ADAMTS-4 levels are elevated in patients with TAA and
TAD and may contribute to inflammatory cell infiltration and aortic destruction. Additional
studies in animal models are needed to determine the specific role of ADAMTS-1 and
ADAMTS-4 in the formation of TAA and TAD and whether these proteinases represent a
valuable therapeutic target for the treatment of aortic disease.
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Fig 1.

Increased expression of ADAMTS-1 and ADAMTS-4 in aneurysm and dissection tissues.
(A) Western blot and quantitative analysis of ADAMTS-1 and ADAMTS-4 proteins in
control, thoracic aortic aneurysm (TAA), and thoracic aortic dissection (TAD) tissues. (B)
Quantitative real-time PCR analysis of ADAMTS-1and ADAMTS-4mRNA levels in
control, TAA, and TAD tissues.
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Fig 2.

Increased abundance of ADAMTS-1 and ADAMTS-4 protein in the media and adventitia of
aortic aneurysm and dissection tissues. Representative immunohistochemical staining of
ADAMTS-1 (A) and ADAMTS-4 (B) in the media and adventitia of the aortic wall in
control, thoracic aortic aneurysm (TAA), and thoracic aortic dissection (TAD) tissues

(original magnification x400).
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Fig 3.

Localization of ADAMTS-1 and ADAMTS-4 protein in vascular smooth muscle cells
(VSMCs) and macrophages in aneurysm and dissection tissues. Double
immunofluorescence staining showing (A-B) colocalization of ADAMTS-1 and
ADAMTS-4 with SMC marker SM22 alpha in the medial layer of the aortic wall in thoracic
aortic aneurysm (TAA) tissue and (C-D) colocalization of ADAMTS-1 and ADAMTS-4
with macrophage marker CD68 in a macrophage-rich area in adventitia of TAA tissue
(original magnification x400). Nuclei were counterstained with DAPI (blue).
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Fig 4.

Increased degradation of versican in aortic aneurysm and dissection tissues. (A) Western
blot and quantitative analysis of versican degradation products in control, thoracic aortic
aneurysm (TAA), and thoracic aortic dissection (TAD) tissues. (B) Correlation between
versican degradation and levels of ADAMTS-1 and ADAMTS-4 protein. (C) Quantitative
real-time PCR analysis of versican VO mRNA levels in control, TAA, and TAD tissues.
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Fig5.

Involvement of ADAMTS-4 in transforming growth factor (TGF)-p—induced macrophage
migration. (A) Western blot analysis of ADAMTS-4 in macrophages treated with H,Oo,
tumor necrosis factor-a (TNF-a), lipopolysaccharide (LPS), TGF-p, or angiotensin |1
(Angll). (B) Macrophages were transfected with scramble or ADAMTS-4 siRNA before
treatment with 10 ng/mL of TGF-p for 24 h (original magnification x100). Migration of the
treated cells was analyzed by using a transwell assay.
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Table 1

Patient Characteristics
Characteristics Control (n=12) TAA (n=14) TAD (n=16)
Age (y) 59.1+8.2 64.8+5.5 63.8+5.6
Male 4 (33%) 6 (43%) 11 (69%)
History of smoking 5 (42%) 14 (100%) 12 (75%)
History of hypertension 6 (50%) 13 (93%) 16 (100%)
History of diabetes mellitus 4 (33%) 2 (14%) 1 (6%)
History of anti-lipid medication use 3 (25%) 5 (36%) 5 (31%)
History of cerebrovascular disease 7 (58%) 1 (7%) 4 (25%)
Aortic diameter at sample site (cm) N/A 6.4+0.9 6.3+1.3
History of chronic aneurysm symptoms 0 10 (71%) 10 (63%)

N/A=not available; TAA=thoracic aortic aneurysm; TAD=thoracic aortic dissection.
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