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Proteoglycan accumulation is a hallmark of medial degeneration in thoracic aortic aneurysm

and dissection (TAAD). Here, we defined the aortic proteoglycanome using mass spectrometry,
and based on the findings, investigated the large aggregating proteoglycans aggrecan and

versican in human ascending TAAD and a mouse model of severe Marfan syndrome. The aortic
proteoglycanome comprises 20 proteoglycans including aggrecan and versican. Antibodies against
these proteoglycans intensely stained medial degeneration lesions in TAAD, contrasting with
modest intralamellar staining in controls. Aggrecan, but not versican, was increased in longitudinal
analysis of Fbn1meR/meR aortas. TAAD and Fbn1™s*/meR aortas had increased aggrecan and versican
mRNAs, and reduced expression of a key proteoglycanase gene, ADAMTS5, was seen in TAAD.
Fbn1meR/meR mice with ascending aortic dissection and/or rupture had dramatically increased
aggrecan staining compared with mice without these complications. Thus, aggrecan and versican
accumulation in ascending TAAD occurs via increased synthesis and/or reduced proteolytic
turnover, and correlates with aortic dissection/rupture in Fbn1™*/™R mice. Tissue swelling imposed
by aggrecan and versican is proposed to be profoundly deleterious to aortic wall mechanics and
smooth muscle cell homeostasis, predisposing to type-A dissections. These proteoglycans provide
potential biomarkers for refined risk stratification and timing of elective aortic aneurysm repair.

Introduction

Thoracic aortic aneurysm and dissection (TAAD) causes significant morbidity and mortality, yet the molecular
changes occurring in the aortic wall that promote dilatation and predisposition to dissection are poorly under-
stood. Gene mutations affecting components of the vascular smooth muscle cell (SMC) contractile apparatus
such as smooth muscle a-actin as well as extracellular matrix (ECM) components, such as fibrillin-1 (leading to
Marfan syndrome) result in TAAD, implying that a continuum from cells to ECM is required for maintenance
of aortic integrity (1-4). Intriguingly, the histopathologic hallmark of TAAD, termed medial degeneration, is a
shared characteristic of these diverse conditions (5). Proteoglycan accumulation, typically ascertained by Alcian
blue staining, along with elastic fiber fragmentation and SMC loss, is a defining component of medial degenera-
tion (5, 6). However, the molecular identity of the proteoglycans accumulating in TAAD and their significance
in TAAD pathogenesis remain undefined. Under normal conditions, proteoglycans such as versican have been
shown to contribute to the transmural distribution of residual stresses in the ascending aorta, and normalize
tensile stresses across its wall (7). However, recent work utilizing computational models suggests that pathologic
accumulation of versican in the aortic wall can generate an interstitial swelling pressure that may be mechani-
cally disruptive to fibrillar ECM and may initiate delamination in the tunica media (6, 8-11). Proteoglycans can
generate a Donnan osmotic pressure due to inherent fixed negative charges on glycosaminoglycan (GAG) side
chains (12, 13). These fixed charges attract mobile counterions such as sodium and thus, interstitial water, driv-
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ing a swelling pressure in the region carrying the fixed charges. Computational models that have incorporated
the effects of proteoglycan pools into an otherwise normal aortic media have predicted that these pools result in
increased stresses of magnitude sufficient to sever elastic fibers and microfibril-cell connections (9, 10). Further-
more, it was predicted that asymmetric proteoglycan/GAG pools, i.e., with complex shapes, coalescing pools, or
finger-like projections into the media or higher fixed-charge density would result in greater local stress concen-
trations (9). In addition to contributing to medial delamination, these swollen aggregates of proteoglycans may
alter the tension placed on microfibril-cell connections that are vital to mechanosensing of aortic SMCs (9). This
modification to the mechanotransduction apparatus may subvert the normal signaling required for aortic SMCs
to sense and respond to stress, contributing to dysregulated ECM homeostasis (8-10, 14, 15).

Although previous proteomic analyses of the aorta identified several proteoglycans (16), one aim of
the present study was to selectively isolate the proteoglycans in the ascending aortas of normal and TAAD
patients for characterization of their complete proteoglycanomes. This analysis identified not only versican,
but also aggrecan, a large aggregating proteoglycan with considerably greater potential for mechanical and
cellular disruption than versican. We therefore determined the spatial distribution of aggrecan and versican
in normal and ascending TAAD aortas. We also sought to understand the mechanism of their accumula-
tion by investigating the expression of the genes and proteases implicated in their turnover. Finally, we
directly determined the relationship between proteoglycan accumulation and ascending aortic dissection
or rupture in a mouse model of severe Marfan syndrome. The findings suggest that accumulation of aggre-
gating proteoglycans, particularly aggrecan, within the aortic tunica media may be profoundly disruptive
to ECM integrity, potentially contributing to the pathogenesis of thoracic aortic aneurysm and dissection.

Results
Aggrecan and versican are components of the normal and TAAD proteoglycanomes. Proteoglycan isolation from
human ascending aorta by anion-exchange chromatography (Figure 1A) was confirmed by the detection of
chondroitin sulfate (CS) in high-salt fractions using safranin-O dot blot, fluorophore-assisted carbohydrate
electrophoresis (FACE), and versican Western blot (Figure 1, B-D; see complete unedited blots in the supple-
mental material). Liquid chromatography—tandem mass spectrometry (LC-MS/MS) of isolated proteogly-
cans from 3 control and 3 TAAD cases identified a total of 20 proteoglycans known to bear GAG species, i.e.,
CS, dermatan sulfate, heparan sulfate (HS), and keratan sulfate (Table 1). Of these, the large hyaluronan-bind-
ing aggregating proteoglycans aggrecan and versican, small leucine-rich CS proteoglycans decorin and bigly-
can, and HS proteoglycans perlecan and collagen XVIII were identified in all 6 proteoglycanomes, whereas
others were identified inconsistently (Table 1). Identification of aggrecan and versican in normal aorta and
TAAD proteoglycanomes, together with their propensity for generating significant swelling pressure when
confined in tissue, led to their prioritization for follow-up investigation in normal and TAAD samples.
Aggrecan and versican accumulate in the tunica media and medial degeneration lesions in ascending TAAD.
Movat pentachrome stains of normal aortas showed a typical lamellar structure, whereas TAAD aortas
consistently revealed medial degeneration with areas of intense blue staining indicating proteoglycan accu-
mulation, along with a sparse SMC population and loss of elastic lamellae with fragmented elastic fibers
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jeiinsight.97167DS1). In control subjects, aggrecan immunofluorescence revealed varying patterns, rang-
ing from sparse staining confined to the pericellular matrix of a subpopulation of aortic SMCs to a mul-
tifocal intralamellar distribution in the tunica media (Figure 2A and Supplemental Figure 2A). However,
TAAD aortas consistently demonstrated stronger aggrecan staining restricted to the tunica media that was
not only intra- and translamellar, but was intense in medial degeneration lesions (Figure 2, A and B, and
Supplemental Figure 2A). Versican immunofluorescence in control aortas revealed a uniform intralamellar
distribution with intact medial architecture (Figure 2A and Supplemental Figure 2B). In contrast, TAADs
demonstrated increased versican staining that spanned multiple lamellar units and was intense in areas of
medial degeneration (Figure 2, A and B, and Supplemental Figure 2B). Versican staining intensity was
greater in TAAD aortas than controls (Figure 2A and Supplemental Figure 2B). Combined immunofluo-
rescence for aggrecan and versican showed that some areas of medial degeneration contained aggrecan,
others contained versican, and some contained both (Figure 2A). Aggrecan and versican staining was con-
sistently stronger in TAAD patients independent of the primary etiology (Supplemental Figure 2, A and
B). Because aggrecan accumulation was unexpected, it was confirmed using another aggrecan-specific anti-
body, with similar results (Supplemental Figure 3).
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Figure 1. Isolation and analysis of proteoglycans from human control ascending aortas and ascending thoracic aortic aneurysm
and dissection (TAAD). (A) Workflow of human aorta proteoglycan (PG) extraction, isolation by diethylaminoethyl (DEAE)-Sephacel
chromatography and analysis. LC-MS/MS, liquid chromatography-tandem mass spectrometry; GuHCI, guanidine hydrochloride. (B)
Top: Evaluation of DEAE-Sephacel fractions for glycosaminoglycan (GAG) content by safranin-0 dot-blot assay. Bottom: Colori-
metric quantification of safranin-0 dot blot after solubilization of precipitate using cetylpyridinium chloride. FT, flow-through. (C)
Fluorophore-assisted carbohydrate electrophoresis analysis for hyaluronan (HA) and chondroitin sulfate (CS) GAGs. A preparation
of purified HA and CS mono- and disaccharides was used as the standard as indicated on the left. GalNAc, N-acetylgalactosamine.
Sulfation positions of the saccharides are indicated as non-sulfated (0S), 25, 45, and 6S. (D) Western blot analysis of FT and pooled
DEAE-Sephacel PG-containing fractions 1-3. Monoclonal antibody 12C5 recognizes the versican G1 domain and polyclonal antibody
VC recognizes both versican and a disintegrin-like and metalloprotease domain with thrombospondin type 1 motifs (ADAMTS)
protease-cleaved versican. 12C5 Western blot was performed under nonreducing conditions and VC Western blot under reducing
conditions. All samples were digested with chondroitinase ABC prior to electrophoresis. Medium from HEK 293T cells transiently
expressing recombinant human versican N-terminal fragment (versikine) was used as the positive control (Pos) for both antibodies.

The aggrecan neoepitope antibody revealed a variable distribution of cleaved aggrecan in control aorta
ranging from staining of pericellular matrix of a minority of vascular SMCs (Figure 3) to staining that
spanned lamellae. Control aortas had minimal intralamellar staining with the versican neoepitope anti-
body, whereas TAADs showed cleaved versican in areas of medial degeneration (Figure 3). While versican
cleavage in TAAD aortas often colocalized with versican deposition, indicating a relatively uniform turn-
over, the larger aggrecan pools were devoid of cleaved aggrecan (note absence of yellow staining indicating
colocalization in top row of Figure 3), which had mostly a pericellular localization.

Aggrecan, but not versican, accumulates in a mouse model of severe Marfan syndrome. Proteoglycan dynam-
ics was not previously studied in mouse models of aortic disease. The temporal relationship of aggrecan
and versican with ascending aortic aneurysm progression and normal aortic growth was therefore com-
pared in a longitudinal analysis of Fbn[™¢?/™R mice, which are widely used as a model of severe Marfan
syndrome (17) and wild-type littermates. FbnI™s®/™R mice underexpress fibrillin-1 and die from TAAD
within the first few months of postnatal life (average survival, 2.5 months) (18). Immunofluorescence
analysis delineated the spatial distribution of aggrecan within the healthy and diseased aortas. At post-
natal day 16 (P16), aggrecan was confined to the inner third of the wild-type tunica media and limited to
one-half of the circumference of the aorta, whereas FbnI™¢?/ ™R mice had more intense aggrecan staining
throughout the aortic circumference. Nearly all aggrecan staining seen at P16 in wild-type aorta was lost
by P30, and was absent at P45, P60, and P90 (Figure 4A). In contrast, P30, P45, P60, and P90 Fbni™s®/
meR aorta consistently demonstrated aggrecan staining, which was significantly increased as determined
from measured mean integrated density (median [interquartile range (IQR)]): at P30, (6.0 [37.3] FbnI™e®/
meR vs. 0 [0] wild type, P =0.034); at P45 (34.9 [35.4] FbnI™s*/™eR vs. 0 [0.3] wild type, P = 0.034); and P60
(1.5 [2.3] FbnI™e®/meR ys 0 [0.2] wild type, P = 0.05). Thus, the observed difference in aggrecan staining
was most conspicuous at P45 (Figure 4A). Robust cleaved aggrecan staining was evident in the wild-type
aorta. It increased from P16 to P60, and was slightly reduced at P90, but was absent at P45 (Figure 4B).
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Table 1. Proteoglycanomes of normal and ascending TAAD aortas

SWISS-PROT
Accession

P16112

P13611

P07585

P21810

P07204
P16070
Q6UVK1

P19827

P19823

086UX2

P10124
P51884
006828

P20774
P398160

000468
P33060

P35052
075487
Q39Y625

Control TAAD
Proteoglycan Gene GAG Positive Unique % Coverage: Mean Positive Unique % Coverage:
Name samples % (n) peptides: Mean (range) samples peptides: Mean (range)
(range) % (n) Mean
(range)
Aggrecan ACAN CS/KS  100% (3/3) 19 (4-37) 10.6 (3.4-16.6) 100% (3/3) 10(5-14) 6.47 (41-8.8)
Versican VCAN s 100% (3/3) 19 (2-30) 8.8(2.6-12.0) 100% (3/3) 29(3-92) 13.3(12.9-
13.8)
Decorin DCN cs 100% (3/3) 5(3-8) 16.8 (111-25.4) 100% (3/3) 5(4-5) 19.96 (17.6-
21.2)
Biglycan BCGN s 100% (3/3) 32 (5-79) 36.4 (13.6-76.1) 100% (3/3) 8(3-11)  28.62(27.7-
29.4)
Thrombo-modulin  THBD CS 0% (0/3) - - 33% (1/3) 1 417
CD44 CD44 s 33% (1/3) 3 12.6 33% (1/3) 1 3.35
Chondroitin CSPG4 csS 33% (1/3) 21 16.7 0% (0/3) - -
sulfate
proteoglycan 4
Inter-alpha- ITIH1 () 66% (2/3) 3(3) 7.2 (71-7.4) 33% (1/3) 2 3.77
trypsin inhibitor
heavy chain 1
Inter-alpha- ITIH2 csS 66% (2/3) 3(1-4) 4.6 (1.9-73) 0% (0/3) - -
trypsin inhibitor
heavy chain 2
Inter-alpha- ITIH5 S 66% (2/3) 3 (2-4) 15.9 (15.0-16.8)  33% (1/3) 1 9.84
trypsin inhibitor
heavy chain 5
Serglycin SRGN CS/HS 33% (1/3) 1 14.6 0% (0/3) - -
Lumican LUM KS 33% (1/3) 2 6.5 0% (0/3) = =
Fibromodulin FMOD KS 100% (3/3) 3 (1-5) 11.2(3.7-18.9) 66%(2/3) 2(1-2) 5.985 (5.6-
6.4)
Mimecan”® OGN KS 33% (1/3) 5 21.5 0% (0/3) = =
Perlecan HSPG2 HS 100% (3/3) 108(25-204) 34.4(9.5-60.2) 100% (3/3) 76 (54-91) 27.64(19.8-
34.6)
Agrin AGRN HS 66% (2/3) 3 (1-5) 3.6 (14-5.9) 100% (3/3) 9(4-16) 9.54 (4.5-15.1)
Collagen XVIII, o1 COL18A1 HS 100% (3/3) 10 (3-24) 9.5(3.9-19.0) 100% (3/3) 5(3-6) 513 (31-6.7)
chain
Glypican1 GPC1 HS 66% (2/3) 1(1) 31(31) 33% (1/3) 2 6.63
Glypican 4 GPC4 HS 66% (2/3) 2(1-3) 4.9(31-6.8) 0% (0/3) - -
Glypican 6 GPC6 HS 33% (1/3) 1 3.2 0% (0/3) = =

The data show the results of analysis of tryptic peptides of proteoglycan core proteins using an Orbitrap Elite mass spectrometer. "Mimecan was only
identified in proteomics of unenriched aorta extract, suggesting a lack of glycosaminoglycan (GAG) attachment. All other proteoglycans were identified in
the anion-exchange eluate. CS, chondroitin sulfate; HS, heparan sulfate; KS, keratan sulfate.

insight.jci.org

In contrast, FbnI™®*/msR gortas had little cleaved aggrecan in the aortas at all time points examined other
than P16, with a significant difference at P60 (1.9 [1.8] vs. 26.2 [4.0], P = 0.05) (Figure 4B). We observed
little to no versican nor cleaved versican immunofluorescence in most wild-type and FbnI™s®/™eR gortas at
the time points examined (Supplemental Figure 4).

FbnlmsR/mR gscending aortas that dissect or rupture have consistently greater aggrecan accumulation than
ascending aortas of euthanized Fbnl"*'"* mice. A reduction in aggrecan staining was noted in Fbnl™e®/
meR mice after P45 (Figure 4, A and B). Therefore, we stained ascending aortas of FbnI™s*/™R mice that
died of aortic dissection/rupture for aggrecan and quantitatively compared this to ascending aortas of
FbnI™eR/meR mice that were euthanized at similar time points (Figure 5). This analysis revealed a dramatic
increase in aggrecan accumulation in aortas from mice that died of aortic dissection/rupture versus
euthanized mice. In these mice, aggrecan staining spanned the full thickness and entire circumference of

https://doi.org/10.1172/jci.insight.97167 4
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Figure 2. Aggrecan and versican accumulate in human ascending thoracic aortic aneurysm and dissection (TAAD). (A) Aggrecan (red) and versican (green)
accumulate primarily within the aortic tunica media (M). A and | indicate the aortic adventitia and intima, respectively. Images in columns 2-4 represent
higher magnification views of the areas contained within the white boxes in the left-hand column. LDS, Loeys-Dietz syndrome. Scale bars: 200 pm. The
images are representative of 6 control and 20 TAAD cases. (B) Intense aggrecan and versican staining is seen in areas of medial degeneration in a case of idio-
pathic TAAD (left-hand panels) and Marfan syndrome (right-hand panels), identified here as regions with fragmented or absent elastic fibers (green) and few
smooth muscle cells (nuclei stained blue) in TAAD aortas. The images are representative of 20 TAAD cases. Scale bars: 200 pm. (€) Quantification of aggrecan
and versican within medial degeneration lesions. Representative areas of aggrecan and versican staining were quantified for control samples. Each data point
represents an independent biological replicate. Differences between groups were assessed using the Mann-Whitney U test with JMP Pro software (version 13).
Bars represent the median with interquartile range. Aggrecan: n = 4 control, n =19 TAAD. Versican: n = 4 control, n = 20 TAAD. **P < 0.01.

the tunica media of the ascending aorta, including strong staining in the areas of dissection and rupture

(Figure 5, A and B). There was an approximately 30-fold increase in aggrecan staining in post-P45 Fbn-
ImeR/meR mijce that died of aortic dissection/rupture versus post-P45 euthanized FbnI™*/™eR mice (34.6

[15.4] dissection/rupture vs. 1.2 [3.3] euthanized, P = 0.006) (Figure 5C).
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Figure 3. A disintegrin-like and metalloprotease domain with thrombospondin type 1 motifs (ADAMTS) protease-medi-
ated aggrecan and versican proteolysis occurs in human ascending thoracic aorta aneurysm and dissection (TAAD).
Representative immunofluorescence images demonstrate the distribution of ADAMTS-generated aggrecan (anti-NITEGE)
and versican (anti-DPEAAE) neoepitopes in a control subject (left-hand column) and a TAAD subject having Marfan
syndrome. Minimal staining for both proteoglycan neoepitopes is evident in the control. The TAAD aorta shows intense
staining for cleaved versican and relatively lower staining intensity for cleaved aggrecan in areas of medial degeneration.

The right-hand (merged) column shows a higher-magnification view of the area contained within white boxes in the left
(merged) column. The images shown are representative of 6 controls and 20 TAAD cases. Scale bars: 50 pm.

Versican Aggrecan

Increased proteoglycan expression and reduced ADAMTS5 mRNA in TAAD aortas. To determine the potential
mechanisms of the observed accumulation of aggrecan and versican in TAAD, we used real-time quantita-
tive PCR (RT-qPCR) to evaluate expression of ACAN and VCAN and the genes encoding proteases that have
been implicated in their turnover, namely ADAMTS1, ADAMTS4, ADAMTSS5, ADAMTS9, ADAMTSI5,
and ADAMTSZ20. This analysis revealed a significant increase in VCAN but not ACAN expression in TAAD
(Supplemental Figure 5). Notably, ADAMTS5 mRNA, encoding a disintegrin-like and metalloprotease
domain with thrombospondin type 1 motifs 5 (ADAMTSS), a protease with a major role in aggrecan and
versican turnover (19, 20), was significantly reduced in TAAD aortas (Supplemental Figure 5). Expression
of other ADAMTS protease genes was not significantly altered.

ACAN in situ hybridization in control human aorta demonstrated sporadic expression by a few SMCs
(Figure 6A). In contrast, numerous SMCs in TAAD aortas expressed ACAN, with clusters of ACAN-posi-
tive cells typically seen in medial degeneration lesions (Figure 6A). In situ hybridization of VCAN in control
human aorta demonstrated expression by most cells in the inner third of the tunica media, with reduced
staining in the outer medial layers (Figure 6A). In contrast, TAADs demonstrated intense expression in
the inner third of the tunica media with persistent VCAN expression in the outer tunica media (Figure 6A).
Acan expression was sparse in wild-type mouse aorta at P16 and P45 (Figure 6B). In striking contrast, Acan
was expressed by most SMCs in FbnI™e®/mR aortas at P16 and P45 (Figure 6B). Wild-type and FbnlmsR/meR
mouse aortas at P16 and P45 displayed limited Vean expression, restricted to scattered cells within the tuni-
ca media (Figure 6B). Transcriptome comparison of the FbnI™®/meR aorta and wild-type aorta ranked Acan
at or near the top of matrix-related genes that are dysregulated from early (P16, P30) to a more advanced
stage (P60) of TAAD, whereas Vean was not as substantially altered (Supplemental Table 4).

Discussion

In order to define the proteoglycanomes of the normal and TAAD aortas, we reduced the molecular com-
plexity of aortic extracts by selectively isolating proteoglycans for proteomic analysis. We consistently
identified aggrecan, versican, and 4 other proteoglycans among a total of 20 core proteins. Because aggre-
can and versican form aggregates with considerable potential for tissue disruption, we investigated their
distribution in TAAD and identified dramatic accumulation, especially in medial degeneration lesions,
strongly suggestive of altered biosynthesis and/or proteolytic turnover. RNA analyses supported increased
ACAN and VCAN transcription in human TAAD and increased Acan mRNA in mouse TAAD. ADAMTS
proteases, a group of secreted proteolytic enzymes, have been implicated as major aggrecanases and versi-
canases (20, 21). Although staining for aggrecan and versican neoepitopes suggests ongoing proteolysis by
ADAMTS proteases in TAAD aortas, we also observed reduced expression of ADAMTSS, a key protease
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Figure 4. Aggrecan accumulates in
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the Fbn1me*/meR ascending aorta. The temporal and spatial distribution of aggrecan and a disintegrin-like and metal-

loprotease domain with thrombospondin type 1 motifs (ADAMTS) protease-cleaved aggrecan was determined in wild-type mice and Fbn1me®/mR mice, a
model for severe Marfan syndrome, at various postnatal (P) ages (shown in days). (A) Aggrecan immunofluorescence in wild-type and Fbn1me*/™R ortas.
Images are representative of staining in n = 3 wild type and n = 3 or 4 (P90) at each time point for FbnTms*/mR mice. Scale bars: 100 um. (B) Quantifica-

tion of fluorescence signal in the wild-type (wt) and Fbn1ms?/meR (mgR) groups represented in A are shown as median with interquartile range. Differences
between groups were assessed using the Mann-Whitney U test with JMP Pro software (version 13). n = 3-4. *P < 0.05. (€) Immunofluorescence of the
NITEGE neoepitope arising from ADAMTS-cleaved aggrecan in wild-type and Fbn1m*/meR aortas. Images representative of staining in n = 3 or 4 (P90) wild-
type and n = 3 at each time point for Fbn1™*/mR mice. Scale bars: 100 um. (D) Quantification of fluorescence signal in the experimental groups represented
in € shown as median with interquartile range. n = 3-4. *P < 0.05.

insight.jci.org  https://doi.org/

in their turnover. In contrast, ADAMTS1 and ADAMTS4 mRNAs, encoding major proteoglycan-degrading
enzymes (20), were not significantly altered. These findings suggest a role for increased production of
aggrecan and versican, as well as reduced proteolytic turnover over an extended period of time as the basis
for a net accumulation of these proteoglycans in TAAD.

Since a shortcoming of human postoperative specimen analysis is lack of temporal information, we con-
ducted a longitudinal analysis of aggrecan and versican content, gene expression, and proteolytic turnover in a
mouse model of severe Marfan syndrome having early onset, progressive ascending thoracic aortic aneurysms,
and lethal thoracic aortic dissection/rupture (18). The results were concordant with the major findings in human
TAAD in most respects, including aggrecan accumulation, increased 4can mRINA expression, and reduced
aggrecan proteolysis relative to wild-type mice. A notable contrast with human TAAD was that versican was
present at low levels in wild-type and Fbni™*/™e® mouse aortas. In situ hybridization identified dramatically
increased Acan mRNA in Fbnl™?/™R tunica media SMCs, although Vean mRNA expression was modestly
increased. Extrapolating the longitudinal analysis of aggrecan and versican dynamics in FbnI™R?/™R aorta to
the pathophysiology of TAAD is consistent with a mechanism in which vascular SMCs increase aggrecan and
versican expression, whereas their proteolysis after deposition in ECM is concomitantly reduced.

The biophysical properties of proteoglycans are key to their role in mediating aortic medial homeostasis
and ECM integrity. The tissue hydration arising from a normal, physiological level of interstitial proteogly-
cans likely creates an optimal osmotic swelling pressure that endows the elastic lamellar unit with the ability
to resist cyclic compression while simultaneously placing the elastic fibers and radially oriented microfibril-
cell connections into tension (6, 9, 10, 22). The tension of ECM-cell connections may optimize mechano-
sensing by the vascular SMCs, leading to an appropriate adaptation of the surrounding ECM by balanced
proteoglycan secretion and proteolysis. This key SMC-ECM interaction may be compromised in TAAD (14)
owing to excess swelling pressure exerted by aggrecan and/or versican, which may contribute to the reported
cellular maladaptation (9, 10, 13). In addition to the biophysical impact, glycosylated versican is antiadhesive
and is excluded from focal contacts (23-25). The ensuing loss of cell adhesion may also be a major factor
in SMC deterioration and a maladaptive biosynthetic response. We speculate, as others have, that massive
proteoglycan accumulation in TAAD is not only disruptive mechanically, but may also affect SMC viability,
possibly leading to cell death by anoikis (26). Thus, medial degeneration lesions are a chasm for cells, lacking
sufficient adhesive properties, promoting cell-cell and cell- ECM discontinuity, creating high stress concentra-
tions, and resulting in a microenvironment that is less conducive to SMC survival (6). Furthermore, inclusion
of aggrecan instead of, or in addition to versican in predictive models (6, 9, 10) will likely exacerbate the previ-
ously estimated deleterious effects of proteoglycans (summarized in Figure 7).

Versican has been extensively studied in the context of vascular SMCs. Production of versican
and hyaluronan is increased by transforming growth factor-p and platelet derived growth factor, and
increased intracellular and medial hyaluronan has been reported in vascular SMCs and aortic tissue,
respectively, from patients with Marfan syndrome (8, 27). The ability of versican to inhibit elastic fiber
assembly is unlikely to underlie the loss of elastic fibers in TAAD, since elastin assembly is complete by
the end of the juvenile period (28). Although aggrecan has been detected in the aorta of the developing
chick embryo (28, 29), in atherosclerotic lesions in mice deficient in the Apo E/low density lipoprotein
receptor (30), in the aorto-pulmonary septum of elastin haploinsufficient mice (31), and in the ECM
of the normal human aorta, it has not previously been considered as a major vascular matrix molecule.
Although it was not previously investigated in TAAD (32), analysis of abdominal aortic aneurysm tis-
sue by a quantitative proteomics approach found significantly less aggrecan than controls (33), which is
intriguing since abdominal aneurysms rarely dissect (34).

10.1172/jci.insight.97167 8
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Figure 5. Severe aggrecan accumulation occurs in Fbn1™®/™R mice with ascending thoracic aorta dissection/rupture.
(A) Aggrecan immunofluorescence in aortas of Fhn1™*/™R mice that were euthanized and mice that died from ascend-
ing thoracic aorta dissection and/or rupture. The images are representative of aortas from 6 euthanized mice and 5
dissected/ruptured thoracic aortas whose postnatal (P) ages in days are indicated. The lower row contains magnified
views of the boxed areas in the upper row. Scale bars: 100 um; asterisks identify the aortic lumen. (B) Aggrecan is pres-
ent at high levels at sites of dissection and rupture. Asterisks and arrows denote the aortic lumen and the site of dis-
section or rupture, respectively. These images are representative of 3 dissected/ruptured aortas where the disruption
of the aortic wall was visualized histologically. (C) Quantification of aggrecan immunofluorescence in euthanized P60
and P90 Fbn1meR/meR mice (n = 3 of each, total n = 6) and Fbn1™¢*/mR mice older than P45 who died with ascending aortic
dissection or rupture (n = 5, ages P52, P60, P64, P64, and P80). Each data point represents an independent biological
replicate. Differences between groups were assessed using the Mann-Whitney U test with JMP Pro software (version
13). Bars represent the median with interquartile range. **P < 0.01.

We therefore propose that aggrecan and/or versican accumulation in TAAD is a major contributor to
dissection risk, which is supported by dramatically increased aggrecan staining seen in dissected and rup-
tured aortas from Fbnl™e*/™eR mice. In this mouse model, aggrecan rather than versican accumulation was
noted. Since aggrecan has an order of magnitude more CS chains than versican (33), it has the potential to
exert a greater swelling pressure and to be correspondingly more anti-adhesive than versican, which might
explain the impact observed in the mice. VCAN gene expression increased in the vascular SMCs of a patient
with Loeys-Dietz Syndrome and a patient with Arterial Tortuosity Syndrome (34), as well as a cohort of
patients with ascending aneurysm of unknown primary etiology (35). Our results corroborate these stud-
ies as well as a recent transcriptome analysis of aortas with acute type-A dissection that found significant
downregulation of ADAMTS5 relative to control (36). Overall, the findings suggest a scenario where TAAD
SMCs, surrounded by excess proteoglycans, do turn them over proteolytically, but not to a degree that
prevents their accumulation over time before succumbing to cell death via anoikis. In this event, the proteo-
glycan pool persists, serving as the tombstone of the SMC. The data show that proteoglycan pooling occurs
at multiple sites within the aorta, presumably over extended time scales in humans with a TAAD-causing
primary pathology, progressively weakening the structure until vessel-level failure occurs in the form of an
aortic dissection. In FbnI™¢*/™eR mice, which present a genetically homogeneous model of severe Marfan
syndrome, the observed aggrecan accumulation showed a significant association with dissection and rup-
ture. We have not yet undertaken a similar analysis in human TAAD, because of the broad spectrum of
underlying causes, requiring analysis of a large number of cases representing each primary etiology. This is
an important and potentially challenging area for future research. We speculate that proteoglycan accumu-
lation may not only occur in TAAD as a formal disease process, but as a chronic degenerative phenomenon
contributing to aging of the aorta (5). We further speculate that this phenomenon is accelerated in TAAD
by underlying genetic defects in the cell-ECM continuum.
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Although proteoglycan pooling has long been recognized as a histopathologic hallmark of TAAD, it
has only recently been implicated in the pathogenesis of dissection (6, 9, 10, 37). A previous immunohis-
tochemical characterization of proteoglycans in aortic dissection concluded that versican was neither pres-
ent in areas of medial degeneration nor increased in patients with aortic dissection (38). The use of mass
spectrometry together with immunofluorescence using well-characterized aggrecan and versican antibodies
in the present study provides unequivocal evidence of their presence in normal aorta and TAAD, especially
in medial degeneration lesions. Another study identified increased CS in TAAD tissue compared with con-
trols, supporting the present findings (39).

Analysis of the FhnI™e®’™eR mice provided several potentially novel insights. The temporal pattern of
aggrecan accumulation in the FbnI™®/™R mouse is consistent with the likelihood of aggrecan being respon-
sible, at least in part, for aortic structural vulnerability and initiating medial delamination, as half of these
mutant mice typically succumb to aortic dissection/rupture at 2.5 months (18). The finding that wild-type
aortas contained ample cleaved aggrecan while FbnI™®/mR aortas did not, suggests that aggrecan accumu-
lation may arise from both upregulation of Acan mRNA and reduced proteolytic clearance.

Overall, the findings show that aortic dissection/rupture is consistently associated with accumula-
tion of aggrecan in the tunica media (in the FbnI™R/™eR mice), suggesting that aggrecan may be an impor-
tant contributor to dissection pathogenesis and may serve as a biomarker of aortic disease progression/
dissection risk in humans, which requires further investigation. Unexpectedly, nearly all aortas of both
wild-type and FbnI™®/me® mice were devoid of versican at P16, P30, P45, P60, and P90, and wild-type
aorta was nearly devoid of any immunoreactive aggrecan and versican at P30, P45, P60, and P90. This
finding suggests that the postnatal murine aorta normally has a low steady-state versican content and
both versican and aggrecan may be turned over rapidly, potentially by ADAMTS proteases. Although
relatively little is known about the specific roles of ADAMTS proteases in vascular SMCs and the aorta,
a recent study identified aortic aneurysm associated with proteoglycan accumulation in AdamtsI*/~ mice
(40). Since mouse models are widely used for understanding human TAAD, the disparity in versican
accumulation in TAAD and Fbnl™e®/meR aortas is a noteworthy difference.

In conclusion, this work suggests that accumulation of large aggregating proteoglycans arising from the
combination of increased production and reduced proteolysis may be a consistent and deleterious event in
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Figure 7. Model depicting the impact of large aggregating proteoglycan accumulation in ascending thoracic aortic aneurysm and dissection (TAAD). In
the normal aorta (left) the proteoglycans (PGs) aggrecan and versican as well as glycosaminoglycans provide compressive stiffness to the elastic lamellar
units and place elastic fiber/microfibril-cell connections into tension. Pathologic accumulation of proteoglycans in TAAD (right), together with elastic fiber
fragmentation may reduce smooth muscle cell-extracellular matrix connections. This loss of adhesive and mechanical input is proposed to perturb vascu-
lar smooth muscle cell mechanosensing and viability, depicted here as loss of the normal smooth muscle cell spindle shape and rounding in TAAD. lllustra-
tion is by David Schumick and reprinted with the permission of the Cleveland Clinic Center for Medical Art & Photography ® 2017. All rights reserved.

TAAD regardless of primary etiology. The findings strengthen the evidence for a disruptive role for proteo-
glycan accumulation in TAAD biomechanics, and identify aggrecan and versican as potential biomarkers
for disease severity and risk of aortic dissection. Additionally, further understanding the regulation of pro-
teoglycan dynamics may provide new targets for nonsurgical therapy of TAAD.

Methods

Human aorta specimens. Cases of ascending TAAD undergoing elective surgery (ascending aneurysm) or
emergency surgical repair (acute type-A dissection) were prospectively enrolled in an approved study after
written informed consent was obtained from participants or family members. Participants with ascending
TAAD due to any primary etiology were included, although suspected autoimmune aortitis, chronic aor-
tic dissection, or iatrogenic dissection were excluded. Maximum ascending aortic diameter was collected
from contrast-enhanced computed tomography scans in most participants, and transesophageal echocar-
diography was used in 2 participants. The presence of aortic valve disease was assessed with preoperative
echocardiography and bicuspid aortic valve was confirmed via direct inspection in the operating room. The
diagnosis of connective tissue disease was made via clinical genetic testing when desired by the participants
and obtained from the medical records. Clinical details are listed in Supplemental Table 1. Ascending aor-
tas collected from heart transplant donor tissue provided by Lifebanc that were not utilized for transplan-
tation for reasons other than the health of the tissue, or patients undergoing aortic valve surgery without
aneurysmal disease were used as controls. Tissue was frozen immediately after resection and stored at
—80°C. Resected aortas were collected prospectively from 36 participants with ascending aortic aneurysms
and 21 participants with acute type-A dissections. The patients encompassed a representative cross section
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of known causes of TAAD, with the majority of cases being idiopathic (Table 2). Aortas from 5 organ
donors and 3 participants undergoing valve replacement served as controls.

Mouse model of severe Marfan syndrome. Mice with targeted mutagenesis of the Fbnl locus that reduces
the level of fibrillin-1 to approximately 20% of normal were previously described (14). The mice were
backcrossed to 100% purity (>10 generations) in the C57BL/6J strain in 1996 and subsequently maintained
by biannual backcrosses to this strain. Ascending aortas were obtained after euthanasia from homozygous
mutant males (Fbn™s?/mR) and wild-type littermate male mice at P16, P30, P45, P60, and P90 (n = 3 for
each group) or after natural, but premature death due to aortic dissection and/or rupture. Necropsy was
performed on these dead mice and they were determined to have died of aortic dissection/rupture if a
substantial amount of blood was found on entering the thoracic cavity. The aorta was processed and tissue
was fixed in 10% neutral-buffered formalin overnight prior to paraffin embedding.

Proteoglycan isolation. Aorta proteoglycans were isolated and analyzed from 3 ascending thoracic aortic
aneurysms and 3 control ascending aortas according to the schematic shown in Figure 1A. Aorta samples
with intact intimal, medial, and adventitial layers but having supra-adventitial connective tissue and fat
removed were partially thawed. Tissue (600 mg) was placed in 6 ml proteoglycan extraction buffer (4 M
guanidine hydrochloride, 2% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate [CHAPS], 50
mM sodium acetate, pH 6.0) containing 1 tablet of cOmplete Mini EDTA-free Protease Inhibitor (Roche).
The tissue was homogenized using an Ultra-Turrax T2 or T10 homogenizer IKA Works Inc.) and rotated
end-over-end for approximately 16 hours at 4°C. The homogenate was centrifuged for 15 minutes at 20,000 g
and the supernatant (aorta protein extract) was retained. Sephadex G50 Fine (Amersham Biosciences) size-
exclusion chromatography was utilized to exchange the proteoglycan extraction buffer into G50 buffer (8
M urea, 0.5% CHAPS, 50 mM sodium acetate, 150 mM NaCl, pH 7.0) and render the extract compatible
with anion-exchange chromatography. The aorta protein extract was loaded onto a 4-ml diethylaminoethyl
(DEAE)-Sephacel column (Sigma-Aldrich) and washed with 5 column volumes of G50 buffer containing
250 mM NaCl. Strongly anionic proteins were eluted in a single step with G50 buffer containing 1 M NaCl.
Proteoglycan-containing fractions were identified by safranin-O dot blot by extracting precipitated safranin-O
from the nitrocellulose membrane with 10% cetylpyridinium chloride and measuring absorbance at 560 nm
(Cytation 5, BioTek Instruments) (41). Additionally, protein concentration was determined by UV absorbance
at 280 nm (Nanodrop 1000, Thermo Fisher Scientific). Proteoglycan-containing fractions were pooled and
dialyzed into 20 mM (4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid) (HEPES) with 150 mM NaCl.

FACE. For validation of the isolation protocol, DEAE elution fractions were analyzed by FACE for
GAG content as previously described (42, 43). Briefly, proteins were digested with proteinase K and removed
by ammonium acetate/methanol precipitation. The remaining glycans were digested with 0.02 U/sample
Proteus vulgaris chondroitinase ABC (C2905-10UN, Sigma-Aldrich), 0.125 U/sample Streptococcus dysga-
lactiae hyaluronidase (100741-1A, Seikagaku), 0.02 U/sample Flavobacterium heparinum heparinase I and
III blend, and 5 U/sample heparinase II (H3917-50UN and H6512-10UN, respectively; Sigma-Aldrich).
The remaining saccharides and disaccharides were then fluorescently labeled with 2-aminoacridone and
analyzed by polyacrylamide gel electrophoresis. The gel was imaged using a ChemiDoc-It2 515 integrated
imaging system (UVP, LLC).

Western blotting. Samples were digested with 0.001 U/ul chondroitinase ABC from P. vulgaris (3667,
Sigma-Aldrich) for 2 hours at 37°C, reduced using 5% (v/v) B-mercaptoethanol, and denatured by boiling
at 100°C for 5 minutes prior to loading onto a 7.5% SDS polyacrylamide gel. Gels were electroblotted to
a polyvinyldifluoridene (PVDF) membrane (Immobilon — FL, EMD Millipore Corp.) for 1 hour at 333
mA in Tris (25 mM) — glycine (192 mM) buffer containing 20% methanol. The membrane was blocked
for 1 hour at room temperature with gentle rocking using Odyssey Blocking Buffer (927-50000, Li-Cor).
Primary antibody was diluted in Odyssey Blocking Buffer and incubated with gentle rocking for 16 hours at
4°C. The membrane was washed 3 times for 5 minutes each wash with gentle rocking using TBST (10 mM
Tris-HCI, 150 mM NaCl, pH 7.2, 0.1% Tween 20). Fluorophore-labeled IRDye goat anti-mouse or goat
anti-rabbit secondary antibodies were diluted 1:10,000 in Odyssey Blocking Buffer and incubated with the
membrane for 1 hour at room temperature with gentle rocking in the dark. The membrane was washed 3
times for 5 minutes each wash with gentle rocking using TBST followed by one 5-minute wash with gentle
rocking in TBS (10 mM Tris-HCI, 150 mM NaCl, pH 7.2) in the dark. The protein-bound antibodies were
visualized on the membrane using infrared fluorescence detection for Western blotting (Li-Core Biosci-
ences Odyssey CLx imaging system).
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Table 2. Participant demographics and clinical data

Control Thoracic ascending aneurysm  Acute type-A dissection
(n=8) (n =36) (n=21)
Age (years) 60 [12.2] 62 [17.7] 62[20.5]
Gender (% male) 50.0 72.2 571
TAAD etiology (n) N/A
Idiopathic 13 20
BAV 17 1
CTD 6 0
Aortic Diameter (mm) N/A 50 [11] 46 [8]
Comorbidities (%) N/A
Hypertension 58.0 81.0
Coronary artery disease 22.2 14.3
Stroke 5.6 14.3
Chronic kidney disease 5.6 4.8
Type Il diabetes 8.3 9.5
Current smoker 8.3 9.5

Continuous variables are expressed as median [IQR]. BAV, bicuspid aortic valve; CTD, connective tissue disease,
including Marfan syndrome (n = 2), Loeys-Dietz syndrome (n = 1), vascular Ehlers-Danlos syndrome (n = 2), and familial
thoracic aortic aneurysm and dissection (n = 1). Please see Supplemental Table 1 for additional participant details. Aortic
diameter and comorbidity data were not available (N/A) for controls.

Proteomic analysis of isolated proteoglycans. Aorta proteoglycans equivalent to 20 pug total protein were
lyophilized in a SpeedVac evaporator, reconstituted in 50 pl 6 M urea, 100 mM Tris, pH 7.0, reduced by
addition of 2.5 ul 200 mM dithiothreitol and alkylated using 200 mM iodoacetamide. The urea concen-
tration was reduced to 1.2 M by diluting the sample with 160 pl double-distilled water and the pH was
adjusted to >8.0 with 100 mM ammonium bicarbonate. Samples underwent consecutive overnight digests
using trypsin at an enzyme/protein ratio of 1:20 at room temperature. The tryptic peptide mixture was
desalted using Pierce C18 spin columns (Thermo Fisher Scientific), lyophilized in a SpeedVac evaporator,
reconstituted in 30 pl 1% acetic acid, and separated on a Dionex Ultimate 3000 nanoflow UHPLC system
using a 75 um X 15 cm, 3-pum particle size, Acclaim PepMap 100 C18 column (Thermo Fisher Scientific) at
a flow rate of 0.3 ul/minute. Peptides were eluted using buffers A (0.1% formic acid in water) and B (0.1%
formic acid in acetonitrile) with a stepwise gradient. After sample loading over 5 minutes with 2% buffer B,
elution was performed with a continuous gradient of 2%—40% buffer B from 5-110 minutes, followed by a
continuous gradient of 40%—80% buffer B over 5 minutes, and finally with 80% buffer B for an additional
5 minutes. The UHPLC column was coupled to a nanospray source through a PicoTip emitter (FS360-20-
15-N-20-C15, New Objective). An LTQ-Orbitrap-Elite high-resolution hybrid mass spectrometer (Thermo
Fisher Scientific) was used to collect spectra using a full-ion scan at a resolution of 60,000 over the mass/
charge range 300-2,000. MS? scans using collision-induced dissociation were performed on the 20 most
abundant precursor ions from MS! scans using the data-dependent mode with dynamic exclusion. MS?
spectra were matched to the UniProtKB/Swiss-Prot human database using Proteome Discoverer. The per-
colator function was utilized to select only matches with a Q value < 0.01 (<1% false discovery rate [FDR]).
The mass tolerance was 10 ppm for precursor ions and 0.8 Da for MS?. Carboxyamidomethylation of cys-
teine was set as a fixed modification and oxidation of methionine was set as a variable modification. Only
full tryptic peptides were considered with a maximum of 3 missed cleavage sites.

Histology and immunofluorescence. Full-thickness tissue blocks from the anterolateral aspect of human
ascending aortas were fixed in 4% paraformaldehyde for 48 hours at 4°C. The samples were paraffin embed-
ded for sectioning in the circumferential orientation and 6-um-thick sections were stained with Movat pen-
tachrome, Alcian blue, and Masson trichrome stains. Serial sections with areas of medial degeneration were
selected for an indirect immunofluorescence method from 20 TAAD cases. Six control aortas were utilized.
Sections were heated in citrate buffer, pH 6.0 for antigen retrieval and allowed to cool to room temperature,
treated with chondroitinase ABC (0.05 U/pl, diluted 1:200 in PBST (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na,HPO,, 10 mM Tris-HCI, 150 mM NaCl, 0.1% Tween 20, pH 7.2) with 5% normal goat serum), blocked
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for 1 hour at room temperature, and stained with antibodies against versican (anti-VC), which detects intact
and cleaved versican (cleavage at the E*!-A*? peptide bond; V1 isoform enumeration) (44), and aggre-
can (polyclonal AB1031, and mouse monoclonal MCA1454G). Rabbit polyclonal antibodies against an
ADAMTS protease—generated aggrecan neoepitope (NITEGE?*) and versican neoepitope (DPEAAE*!;
V1 enumeration) were used to localize aggrecan and versican cleavage, respectively. Complete details of
antibodies are listed in Supplemental Table 2. Alexa Fluor secondary goat anti-mouse or goat anti-rabbit
antibodies (Invitrogen) were diluted 1:200 in PBST and incubated on the tissue sections for 1 hour at room
temperature protected from light. Slides were washed 3 times for 5 minutes each wash using PBST and
1 time for 5 minutes using PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,, 10 mM Tris-HCI, 150
mM NaCl) in the dark, mounted using Prolong-Gold with the DNA label 4',6-diamidino-2-phenylindole
(DAPI, Thermo Fisher Scientific) and imaged on an Olympus BX51 microscope with a Leica DFC7000 T
camera using Leica Application Suite software. ImageJ (NIH) or Adobe Photoshop software was used for
postprocessing of images, specifically, white/black balancing and adjustment of brightness and contrast as
needed for clarity, with the adjustments being applied equally to the entire image for all images.

Immunofluorescence within the intima and media was quantified with ImageJ software using the
region of interest (ROI) tool when the aortic tissue did not occupy the entire field of view. Mean integrated
density was measured for the ROIs. All quantification was performed on images taken with the same expo-
sure settings and without postimage processing, with the exception of color thresholding applied equally to
all images to reduce background signal. The individual data points along with the median and IQR for each
group was plotted using GraphPad Prism (version 5).

RNA analyses. Acan and Vean mRNA in situ hybridization was performed using RNAScope (Advanced
Cell Diagnostics) following the manufacturer’s protocol. Briefly, 7-um sections were deparaffinized and
hybridized to human and mouse aggrecan and versican probe sets (ACAN, 506841; VCAN, 452241; Acan,
506841; Vean, 428311, Advanced Cell Diagnostics) using a HybEZ oven (Advanced Cell Diagnostics) and
the RNAScope 2.5 HD Detection Reagent Kit (322360, Advanced Cell Diagnostics).

For RT-qPCR, frozen human aortas were partially thawed and approximately 100-mg full-thickness
fragments from the proximal, antero-lateral aspect of the ascending aorta were obtained. Tissue was
minced, total RNA was isolated using TRIzol (Invitrogen), and 1 pg of RNA was reverse transcribed into
cDNA (SuperScript IIT Cellsdirect cDNA synthesis system, 46-6321, Invitrogen). RT-qPCR was performed
with Bullseye EvaGreen gPCR MasterMix (BEQPCR-S, MIDSCI) using a CFX96 thermal cycler (Bio-
Rad Laboratories) for the following genes: ACAN, VCAN, ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS?Y,
ADAMTS15, and ADAMTS20 (primer sequences available in Supplemental Table 3). GAPDH was used to
normalize mRNA quantity.

RNA-sequencing (RNA-seq) was carried out on total RNA purified from the aortas of P16, P30, and
P60 Fbnlme®'meR mice (n = 3 per group). Aortas were flash-frozen and total RNA was extracted using the
RNeasy Fibrous Tissue Mini Kit (Qiagen) with DNase treatment. Samples with an RNA integrity score
above 8 were used to make a poly(A)-primed cDNA library that was sequenced using the Illumina HiSeq
4000 system. Sequencing reads were aligned to the mouse reference genome ‘mm9’ using Tophat 2.0.8,
samtools-0.1.7, and bowtie 2.1.0. Differentially expressed genes (DEGs) were identified with Cufflinks
1.3.0. Tophat was used with the ensemble GTF file as a gene annotation reference and the option ‘no-
novel-juncs.” Output BAM files were directly subjected to differential gene expression identification using
Cufflinks with the options ‘multi-read-correct,” ‘upper-quartile-norm,” and ‘frag-bias-correct’ against the
mm9 genome. DEGs in mutant versus wild-type aortas were identified based on an FDR of 10% and a
minimum fold change calculated using log2([FPKM + 1]/[FPKM + 1]) = * log2(1.3), where
FPKM is fragments per kilobase of transcript per million mapped reads. Values for genes of interest were
extracted from the RNA-seq data for the present study. The data are available in the NCBI’s Gene Expres-
sion Omnibus (GEO GSE109722).

Statistics. Immunofluorescence experiments were performed with at least 3 independent biological replicates
for each group. The median and IQR was calculated for each replicate using GraphPad Prism (version 5). This
is expressed in the text as median [IQR]. Differences between groups were assessed using the Mann-Whitney U
test with JMP Pro software (version 13, SAS). Pvalues < 0.05 were considered statistically significant.

RT-gPCR experiments were performed with 3 independent samples and confirmed reproducibility.
The AACt method was used to calculate relative mRINA expression levels of target genes. A 2-tailed Stu-

conditionl condition2

dent’s ¢ test with significance level (P) of < 0.05 was used.
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Study approval. Prospective collection of aortic aneurysm and dissection tissue and of donor control
tissue was approved by the Cleveland Clinic Institutional Review Board (IRB 16-900 and IRB 2378). Mice
were used under a protocol (no. 08-276) approved by the Institutional Animal Care and Use Committee of
the Icahn School of Medicine at Mt. Sinai.
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