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Parallel Murine and Human Plague Proteomics
Reveals Pathways of Plague Rupture

Tomas Vaisar; Jie H. Hu;” Nathan Airhart, Kate Fox, Jay Heinecke, Roberto . Nicosia, Ted Kohler,
Zachary E. Potter(®, Gabriel M. Simon, Melissa M. Dix, Benjamin F. Cravatt, Sina A. Gharib®;" David A. Dichek”

RATIONALE: Plague rupture is the proximate cause of most myocardial infarctions and many strokes. However, the molecular
mechanisms that precipitate plaque rupture are unknown.

OBJECTIVE: By applying proteomic and bioinformatic approaches in mouse models of protease-induced plaque rupture and in
ruptured human plaques, we aimed to illuminate biochemical pathways through which proteolysis causes plaque rupture and
identify substrates that are cleaved in ruptured plaques.

METHODS AND RESULTS: We performed shotgun proteomics analyses of aortas of transgenic mice with macrophage-specific
overexpression of urokinase (SR-uPA™° mice) and of SR-uPA*° bone marrow transplant recipients, and we used bioinformatic
tools to evaluate protein abundance and functional category enrichment in these aortas. In parallel, we performed shotgun
proteomics and bioinformatics studies on extracts of ruptured and stable areas of freshly harvested human carotid plaques.
We also applied a separate protein-analysis method (protein topography and migration analysis platform) to attempt to identify
substrates and proteolytic fragments in mouse and human plaque extracts. Approximately 10% of extracted aortic proteins
were reproducibly altered in SR-uPA*© aortas. Proteases, inflammatory signaling molecules, as well as proteins involved with
cell adhesion, the cytoskeleton, and apoptosis, were increased. ECM (Extracellular matrix) proteins, including basement-
membrane proteins, were decreased. Approximately 40% of proteins were altered in ruptured versus stable areas of human
carotid plaques, including many of the same functional categories that were altered in SR-uPA*° aortas. Collagens were
minimally altered in SR-uPA*° aortas and ruptured human plaques; however, several basement-membrane proteins were
reduced in both SR-uPA*° aortas and ruptured human plaques. Protein topography and migration analysis platform did not
detect robust increases in proteolytic fragments of ECM proteins in either setting.

CONCLUSIONS: Parallel studies of SR-uPA*® mouse aortas and human plaques identify mechanisms that connect proteolysis
with plague rupture, including inflammation, basement-membrane protein loss, and apoptosis. Basement-membrane protein
loss is a prominent feature of ruptured human plaques, suggesting a major role for basement-membrane proteins in
maintaining plaque stability.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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and can be asymptomatic for decades.! However, ~ most common cause of instability of both coronary and
coronary and cerebral atherosclerosis can become  cerebral atherosclerosis is plaque rupture, the physical
unstable, precipitating angina, myocardial infarction,  disruption of an atherosclerotic plaque that exposes

Human atherosclerosis is usually an indolent disease transient ischemic attacks, strokes, and death.?® The
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Mechanisms of Protease-Induced Plaque Rupture

Novelty and Significance

What Is Known?

* Most myocardial infarctions and many strokes are
caused by rupture of atherosclerotic arterial plaques.

+ Candidate-gene approaches have associated elevated
artery wall protease activity and proteolysis of plaque
structural proteins—especially collagens—with plaque
rupture in humans.

* Mouse models have established a causal relationship
between elevated plaque protease activity and histo-
logical features of plaque rupture.

What New Information Does This Article

Contribute?

* Unbiased proteomic studies performed in a mouse
model of protease-induced plaque rupture and in rup-
tured human plaques identify specific basement-mem-
brane proteins that are depleted in both the mouse and
human plaques.

* Bioinformatics analyses of the proteomics data identify
extracellular proteolysis, loss of cell-substrate adhe-
sion, inflammation, and apoptosis as key vascular wall
processes that precede plaque rupture.

* Loss of plaque basement-membrane proteins predom-
inates over loss of plaque collagens both in the mouse
model and in ruptured human plaques.

* The mouse model of plaque rupture replicates bio-
chemical processes—particularly those associated with
extracellular matrix loss—that are found in ruptured
human plaques.

Plaque rupture is the proximate cause of most athero scle-
rosis-associated morbidity and mortality (including most
heart attacks and many strokes); however, the underly-
ing molecular mechanisms are unknown. Identification of
these mechanisms would guide development of thera-
peutics and might identify diagnostics that predict plaque
rupture. ldentification of plaque rupture mechanisms
would be facilitated by availability of an animal model
that reproduced biochemical processes underlying
plaque rupture and in which vascular tissue was available
before plaque rupture. Instead of using a candidate-
gene approach, we used unbiased proteomics and bio-
informatics to identify specific proteins and biochemical
processes associated with plaque rupture. Moreover, we
performed these studies both in ruptured human plaques
and in a mouse model of protease-induced plaque rup-
ture. We confirmed key findings in a human validation
cohort. Extracellular proteolysis, loss of basement-mem-
brane proteins, loss of cell-matrix adhesion, and inflam-
mation were common to both ruptured human plaques
and the mouse model. Surprisingly, plague collagens
were minimally altered in both settings. Although specific
proteolytic fragments were not identified, combined data
from the mouse and human studies illuminated a series
of biochemical processes through which elevated plaque
protease activity leads to basement-membrane proteoly-
sis, apoptosis, inflammation, and plaque rupture. These
findings suggest novel and attractive targets for interven-
tions aimed at preventing plaque rupture.

Nonstandard Abbreviations and Acronyms

BM bone marrow

BMT bone marrow transplantation
CM culture medium

ECM extracellular matrix

FA formic acid

FDR false discovery rate

GO gene ontology

LAMA laminin subunit alpha

MMP matrix metalloproteinase

PROTOMAP protein topography and migration
analysis platform

a transgene including the human
scavenger receptor promoter and the
mouse Plau gene

SR-uPA

thrombogenic plaque contents, leading to luminal throm-
bosis, thromboembolism, and vessel occlusion.2* Despite
the importance of plaque rupture as the proximate cause
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of major adverse cardiovascular events, the molecular
mechanisms that cause plaque rupture remain poorly
understood. A better understanding of these mechanisms
could facilitate recognition of rupture-prone plagues and
hasten the development of therapies that prevent plaque
rupture, thereby reducing myocardial infarctions, strokes,
and cardiovascular deaths.

Proposed causes of plaque rupture include hemody-
namic forces,®® plaque cell apoptosis or senescence,®
abnormal plaque microvasculature,’®  endoplasmic
reticulum stress,"" plaque microcalcifications,' inflam-
matory cytokines that alter plaque ECM (extracellular
matrix) metabolism,’® and increased vascular protease
activity®'3°15 Increased protease activity has received
significant attention as a cause of plaque rupture, with
candidate proteases including cathepsins, serine prote-
ases, and MMPs (matrix metalloproteinases).'® A role for
proteases in plaque rupture is supported by detection
of both increased protease activity and increased colla-
gen cleavage in advanced human plaques.'”'® Preclinical
data that support a role for proteases in plaque rupture
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include studies in which MMP deficiency or inhibition in
mice increased plaque collagen content (interpreted as
an indication of plaque stability),'*2" and a study in which
overexpression of constitutively active MMP9 in vascular
wall cells of atherosclerotic mice produced histological
features that are shared with ruptured human plaques.?
However, these studies have not produced a consen-
sus that plaque rupture is caused primarily by proteoly-
sis,?® and the pathways that connect plaque proteolysis
with plaque rupture remain hypothetical.®* Identification
of these pathways could provide new drug targets and
could also reveal markers of unstable atherosclerosis.?>?

To further investigate a role for proteases in plaque
rupture, we have developed a transgenic mouse model
in which the human scavenger receptor promoter drives
macrophage-specific overexpression of the mouse uro-
kinase-type plasminogen activator (Plau [urokinase-type
plasminogen activator]) gene.?” These SR-uPA*° mice
have accelerated atherosclerosis; however, they die sud-
denly between 10 and 30 weeks of age, before devel-
oping a plaque rupture phenotype. We overcame this
obstacle by transplanting bone marrow (BM) from SR-
uPA*© Apoe™~ (apolipoprotein E) donors into 35-week-
old nontransgenic Apoe™~ recipients (that already have
rupture-prone innominate artery lesions).?® Innominate
artery lesions in SR-uPA*® bone marrow transplant
(BMT) recipients have an increased prevalence of his-
tological features of plaque rupture, including frequent
intraplaque hemorrhage (61%) and fibrous cap disrup-
tion (789%). Moreover, aortas of SR-uPA*° BMT recipi-
ents have significantly elevated MMP activity.?®

Because the SR-uPA*® mouse model convincingly
connects increased artery wall protease activity with his-
tological features of plaque rupture, we hypothesized that
atherosclerotic arteries of SR-uPA*® mice and of recipients
of SR-uPA*® BMT would be informative experimental set-
tings for (1) unbiased proteomic studies aimed at elucidat-
ing the pathways through which elevated vascular protease
activity causes plaque rupture and (2) identifying specific
protein or peptide markers of plaque rupture caused by
elevated vascular protease activity. Accordingly, we per-
formed proteomic analyses of aortas of SR-uPA™° mice
and of SR-uPA*® BMT recipients, and we applied bioin-
formatics tools to identify protein networks that are altered
by increased aortic protease activity and could plausibly
connect increased protease activity with plaque rupture. To
help accomplish these goals, we also analyzed extracts of
atherosclerotic aortas of SR-uPA*® BMT recipients with
protein topography and migration analysis platform (PRO-
TOMAP), a proteomic analysis methodology designed to
identify proteolytic events and peptide fragments in com-
plex mixtures of proteins.® To explore the clinical relevance
of findings from this mouse model, further test its valid-
ity as a model of human plaque rupture, and gain insights
into mechanisms of human plaque rupture, we also per-
formed shotgun proteomics, bioinformatics analyses, and
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PROTOMARP studies on extracts of ruptured and stable
areas of freshly harvested human carotid atherosclerotic
plaques (using both discovery and validation cohorts) and
we compared our results to those obtained from the SR-
uPA*°® mouse. Our results show that basement-membrane
protein loss is a reproducible finding in ruptured human
plagues and is also a prominent feature of the SR-uPA*°
mouse plaque rupture model.

METHODS

The data that support the findings of this study are available
from the corresponding author on reasonable request. This
study does not involve testing of a therapeutic or diagnostic
agent in animal models. Please see the Major Resources Table
in the Data Supplement.

Animal Studies

To begin development of tissue protein extraction techniques
for enrichment of ECM proteins, aortic segments were obtained
postmortem from a chow-fed rabbit that was euthanized in the
course of unrelated experiments®' All other animal experi-
ments were performed with mice. All mice were Apoe™~ and
were progeny of at least 10 generations of C57BL/6 back-
crosses. Mice with macrophage-specific overexpression of
urokinase-type plasminogen activator (SR-uPA*© mice) were
progeny of mice generated in our laboratory?” These mice are
hemizygous for a transgene that includes the murine Plau gene
driven by the human scavenger receptor promoter. SR-uPA*°
mice were bred with nontransgenic mice (SR-uPA>®) to yield
SR-uPA*™® and SR-uPA®? littermate controls. We used aortas
of four 20-week-old mice (both SR-uPA*° and SR-uPA%°) to
further develop protein extraction techniques; the remaining
experimental mice (=93, plus 18 BM donors) are described in
detail below. We used only female experimental mice because
the accelerated atherosclerosis and plaque rupture phenotypes
that we investigated here were described in female mice.?"?
These phenotypes have never been investigated in males. All
mice were housed in a specific-pathogen-free facility and gen-
otyped by PCR for the SR-uPA allele.?”

To generate a first set of samples for proteomic analyses,
B-week-old SR-uPA*° (n=12) and SR-uPAY? (n=13) litter-
mates were fed a diet containing 21% fat and 0.15% cho-
lesterol by weight (TD88137; Harlan-Teklad). One SR-uPA*°
mouse died before its planned harvest. After 15 weeks on diet,
proximal thoracic aortas (described in more detail below) were
harvested and were either frozen immediately (6 SR-uPA*°
and 6 SR-uPA™) or were explanted and cultured to generate
conditioned medium (5 SR-uPA*° and 7 SR-uPA%°), Two of the
SR-uPA%? samples were later excluded for technical reasons
(evidence of significant blood contamination in one sample and
low peptide counts in a second sample), leaving 5 conditioned
medium samples per group.

A separate cohort of SR-uPA”® mice (n=68) was main-
tained on a normal laboratory diet until 35 weeks of age,
then lethally irradiated with 10.5 Gy (Cesium-137 gamma-ray
source) and transplanted by tail vein injection of ~1.2x107
BM cells from 12- to 19-week-old donors. Forty-five mice
received BMT from SR-uPA*° donors (n=10 donors), and 23
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mice received BMT from SR-uPA%° donors (n=8 donors). BMT
recipients received neomycin-containing water (2 mg/mL) for
1 week before and 2 weeks after BMT and were maintained on
a normal laboratory diet post-BMT. Mice were enrolled as BMT
recipients only if they appeared in excellent health. After enroll-
ment, mice were not randomized between the 2 BMT donor
genotypes because of their genetic homogeneity and their uni-
formly healthy appearance at the time of BMT. Allocation con-
cealment was also not performed because the experimenter
was aware of which BM genotype the next enrollees were
going to receive. However, this awareness came only at a late
stage: as BMT recipients aged toward 35 weeks, their treat-
ment allocation was determined by availability of donor mice
of each BM genotype and whether enroliment in one or the
other group had been completed. In addition, the genetic homo-
geneity of the BMT recipients, their uniformly healthy condi-
tion, and the severe phenotype resulting from BMT with the
experimental (SR-uPA*?) versus control (SR-uPA°) BM make
it highly unlikely that lack of allocation concealment would alter
the results. After BMT, mice were monitored for signs of dis-
tress such as inactivity and failure to groom. Twelve SR-uPA*/°
BMT recipients and 2 SR-uPA%°® BMT recipients died or were
euthanized (due to deteriorating health) before their planned
harvests (8 weeks post-BMT). Aortas were harvested from 33
SR-uPA*° BMT recipients and 21 SR-uPAY°® BMT recipients.

The individual responsible for enrolling mice, performing BMT,
harvesting aortas, and collecting conditioned medium was not
blinded to BM donor genotype. Lack of blinding was due to prac-
tical considerations (to avoid mixing up experimental and control
mice) and to our assessment based on previous studies that the
severe phenotype engendered by transplantation of SR-uPA*°
BM was unlikely to be altered by minor variations in handling of
the mice and their tissues. We did not perform formal sample size
and power calculations before commencing the study. Instead, the
number of mice enrolled was selected prospectively based on a
goal of achieving n=6 in all experimental groups. Selection of n=6
was based on our extensive experience with tissue proteomics,
as well as our expectation that pooled samples would be needed
to generate a sufficient amount of protein for PROTOMAR. The
number of human plaques selected for protein extraction and
analysis was also set prospectively at 6. In both cases, members
of the team with experience in proteomic analyses suggested that
the use of 6 independent biological replicates would be adequate
to detect biologically important differences in the vascular pro-
teome. Mice were housed in a specific-pathogen-free facility in
cages with absorbent bedding (Natural Absorbent V4 inches Bed-
0'Cobs; Andersons Lab Bedding). All animal protocols and proce-
dures were approved by the University of Washington Office of
Animal Welfare.

Studies on Human Carotid Plaques

Patients scheduled for carotid endarterectomy at the
University of Washington Medical Center, Harborview Medicall
Center or the VA Puget Sound Health Care System provided
informed consent for their tissues to be studied and for de-
identified clinical information to be abstracted from their med-
ical records. Inclusion criteria for the study were preoperative
for carotid endarterectomy, medically stable, age 50 to 80,
English speaking, willing to participate in study, and able to
give informed consent before the day of surgery. Potential
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subjects at the VA Puget Sound Health Care System were
excluded if they were already enrolled in a different (imaging-
based) study to which their surgically removed carotid plaques
were already committed. There were no other specific exclu-
sion criteria. All protocols involving human subjects were
approved by the Human Subjects Division of the University
of Washington and the Institutional Review Board of the VA
Puget Sound Health Care System.

Processing of Mouse Aortic Tissue and
Generation of Aorta-Conditioned Medium

At the time of harvest (15 weeks after initiating the high-fat diet,
for mice not receiving BMT; 8 weeks after BMT for the BMT
recipients) mice were anesthetized with ketamine (140 mg/kg)
and xylazine (40 mg/kg), saline perfused, and exsanguinated
via cardiac puncture. For mice not receiving BMT, the proximal
thoracic aorta was removed from the point at which it exits the
heart to a point halfway between the left subclavian artery and
the diaphragm. For BMT recipients, the same aortic segment was
removed, with the innominate artery attached. Aortic segments
destined for protein extraction were trimmed free of periadven-
titial fat in situ, excised, then snap-frozen in liquid nitrogen, and
stored at —80°C. To obtain aortic segments for explant culture,
mice were anesthetized and perfused in the same manner. Aortas
were trimmed in situ, excised (from aortic root to midway between
the left subclavian artery and the diaphragm, without attached
innominate), washed 3x at 37°C in 2 mL of M199 (Gibco 11043-
023; 20 minutes per wash), then placed in wells of a 96-well
plate in 110 pL of M199 medium at 37°C. After 20 hours, the
conditioned medium was collected and stored at —80°C.

Human Plaque Harvest and Processing

A total of 22 carotid plaques were removed in the operating
room as part of a clinically indicated procedure. Freshly removed
plaques were placed in a tube containing ice-cold PBS with
25 mmol/L EDTA, 1X Halt protease-inhibitor cocktail (Pierce
Biotechnology, no. 87786) and 1X Halt phosphatase-inhibitor
cocktail (Pierce Biotechnology, no. 78420) and transported to
the laboratory. As part of the surgical procedure, some plaques
were divided with a single axial incision that opened up the
vessel lumen. Other plaques arrived intact and were divided axi-
ally via a single incision extending through the common carotid
segment then through the internal carotid artery segment. The
specimens were then rinsed 5x with 50 mL ice-cold PBS,
placed in the inverted lid of a tissue culture dish with the axial
incision facing upwards, and covered with ice-cold PBS with
protease and phosphatase inhibitors/EDTA.

Using forceps for traction, we then exposed the lumen of the
carotid plaque and examined the lumen surface for presence
of an ulcerated lesion with thrombus/hemorrhage (a ruptured
plaque). Such lesions were typically located at the bifurcation,
opposite the external carotid artery takeoff. Plaques without
gross evidence of rupture were not studied further. The area with
the ulcerated lesion, including the full thickness of the plaque
specimen below it, was trimmed with a scalpel to remove tissue
adjacent to the ulcerated lesion. These ruptured plaque speci-
mens were typically rectangular solids, with sides of ~0.5 to 1.0
cm and a thickness of 1 mm. If the ulcerated area was large, we
divided it into 2 pieces, to provide a backup sample in case we
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encountered technical difficulties extracting and analyzing the
first sample. A scalpel was then used to cut one thin, full thick-
ness slice from both the caudal and cranial ends of each sample.
These slices of ruptured plaque tissue were placed in 10% for-
malin for 48 hours, then stored in 70% ethanol for later histo-
logical analysis. The remainder of the ruptured plaque specimens
was snap-frozen in liquid nitrogen and stored at —80°C for later
protein extraction. To select stable plaque tissue, we then exam-
ined the lumen of the remaining plaque tissue to locate areas
that did not have surface ulceration, thrombosis, or hemorrhage
and could be easily dissected free. These areas were typically at
or near the caudal end of the specimen and often included tissue
from the common carotid artery. Segments of this plaque area
(stable plague tissue)—approximately equal in surface area to the
ruptured specimen, but thinner (<1 mm)—were dissected free.
If possible, more than 1 stable segment was dissected free per
sample. A scalpel was used to cut thin slices from the caudal and
cranial ends of these stable plaque specimens, and the slices
were placed in 10% formalin for 48 hours, then transferred to
70% ethanol. The remainder of the stable plaque specimens
were snap-frozen in liquid nitrogen and stored at —80°C for later
protein extraction.

We initially collected 16 carotid plaques. One plaque was
delivered as a fragment and was excluded from further study.
On gross examination, 8 plaques did not show any evidence
of luminal thrombosis, one plaque had equivocal evidence of
luminal thrombosis, and one plaque had only a small area of
luminal thrombosis; all were excluded. Extracts of the remain-
ing 6 ruptured plaques (and of adjacent stable plaque tissue)
were analyzed using shotgun proteomics. We planned to ana-
lyze these same extracts using PROTOMAP; however, the
extracts were lost in a laboratory accident. Therefore, we col-
lected an additional 6 carotid plaques. Extracts of this second
set of 6 plaques—plus new extracts of back-up ruptured and
stable segments of one plaque from the first set of 6 plaques—
were processed for PROTOMAP analyses. Because of techni-
cal issues (eg, disconnected tubing resulting in sample loss),
only b of these 7 samples yielded PROTOMAP data. Extracts
of the second set of 6 plaques were also analyzed with shotgun
proteomics as a validation cohort for discoveries made with the
first set of 6 plaques.

Protein Extraction From Tissues
To develop a method that would enrich the extracts in ECM
proteins, we tested 2 tissue extraction protocols. According to
the first protocol (P1; similar to a published protocol),* frozen
tissue was pulverized in liquid nitrogen and resuspended in
20 mmol/L phosphate buffer pH 7.0 with 10 mmol/L EDTA,
1X Halt protease-inhibitor cocktail, and 1X Halt phosphatase-
inhibitor cocktail. The suspension was incubated at 37°C for
10 minutes then centrifuged at 12000g for 15 minutes at
4°C. The supernatant (fraction 1; termed P1F1) was stored at
—80°C. The pellet was resuspended in 4 mol/L guanidine HCI
in 50 mmol/L acetate buffer (pH 5.8), incubated overnight on a
rotator at 4°C, then spun at 16 000g for 15 minutes at 4°C. The
supernatant (fraction 2; termed P1F2) was dialyzed against
distilled water at 4°C overnight and either stored at —80°C (for
shotgun proteomics) or lyophilized (for PROTOMAP).
According to the second protocol (P2), frozen tissue was
pulverized in liquid nitrogen and resuspended in ice-cold 50
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mmol/L Tris 10 mmol/L EDTA (pH 8.0) with 1X Halt protease-
inhibitor cocktail and 1X Halt phosphatase-inhibitor cocktail.
The suspension was homogenized through sonication on ice: 3
cycles of 10-second on/10-second off, 5 minutes on ice, then
another 3 cycles of sonication (10-second on/10-second off),
using a sonic dismembrator (Fisher Scientific, no. FB120) at
an amplitude setting of 40%. The suspension was then cen-
trifuged at 100000g for 45 minutes at 4°C. The supernatant
(fraction 1, termed P2F 1) was stored at —80°C. The pellet was
resuspended in ice-cold 50 mmol/L Tris 10 mmol/L EDTA (pH
8.0), and sonication was performed followed by centrifugation,
as for fraction 1. The resulting supernatant (fraction 2, termed
P2F2) was stored at —80°C.

Because pilot experiments testing the protocols described
above showed that the P1F2 fraction contained the largest
number of ECM proteins (Results), we used the P1 protocol
to extract protein from experimental mouse aortas and from
human carotid plaques and performed all proteomics analyses
on fraction 2. For mice that did not receive BMT, individual aor-
tas (n=12) were extracted and extracts analyzed individually. For
mice that received BMT, individual aortas (n=54) were pooled
into groups of 3 and extracted (33 aortas from SR-uPA*°
recipients were pooled to generate 11 samples; 21 aortas
from SR-uPAY? recipients were pooled to generate 7 samples).
We pooled samples to have sufficient protein for both shot-
gun proteomics and PROTOMAP analyses. For both SR-uPA*©
and SR-uPAY® BMT recipients, the 6 pooled samples with the
highest amounts of protein were used for proteomics analyses;
other samples were not analyzed.

Sample Processing and Shotgun Proteomics
Analysis

The concentration of protein in aortic and carotid extracts was
measured with the Bradford assay. For trypsin digestion, an ali-
quot of protein extract corresponding to 10 pg of protein was
diluted first to 50 pL with 100 mmol/L ammonium bicarbon-
ate and subsequently with 1% RapiGest (Waters 186001861)
in 100 mmol/L ammonium bicarbonate to 100 uL (final con-
centration 0.5% RapiGest). Samples were then denatured
and reduced with 5 mmol/L dithiothreitol by heating at 65°C
for 1 hour, and alkylated with 15 mmol/L iodoacetamide (30
minutes at room temperature in the dark). Excess iodoacet-
amide was quenched with additional 5 mmol/L dithiothreitol,
and the sample was digested with trypsin (Promega, V5111) at
1:20 w/w ratio overnight at 37°C with mixing. After digestion,
RapiGest was hydrolyzed by addition of 1% trifluoroacetic acid,
and the pellet was separated by centrifugation at 14000g for
10 minutes. The samples were desalted by solid-phase extrac-
tion using Oasis HLB 96-well pElution Plate, dried down and
stored at —80°C until LC-MS analysis. Before analysis, samples
were reconstituted with 0.1% formic acid (FA) in 5% acetoni-
trile to a concentration of 0.2 pg/uL.

The digested peptides (0.3 g for lysates) were injected on a
trap column (in-house packed 40x0.1 mm, 5 pm XBridge BEH
C18, Waters), desalted for 5 minutes at a flow of 4 pL/min and
separated on a pulled tip analytical column (in-house packed
280x0.075 mm, XBridge BEH C18, 3.5 um, Waters) heated to
50°C with a 3-segment linear gradient of acetonitrile, 0.1% FA
(B) in water, 0.1% FA (A) as follows: O to 5 minutes 1% to 10%
B, 5 to 155 minutes 10% to 25% B, 155 to 185 minutes 25%
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to 35% B, followed by column wash at 80% B and reequilibra-
tion at a flow rate 0.4 uL/min (Waters NanoACQUITY UPLC).
MS/MS (tandem mass spectrometry) spectra were acquired
on Orbitrap XL (Thermo Scientific) operated in data-depen-
dent mode on charge states 2 to 4 with 8 MSMS scans with
dynamic exclusion for 30 seconds, collision-induced dissocia-
tion (CID) fragmentation (NCE 35%) and MSMS acquisition
in the linear ion trap. MS spectra were acquired at resolution
60000 in the Orbitrap, and MSMS spectra (precursor selection
window 2.0 Da) were acquired in the linear ion trap. Peptides
and proteins were identified using the Comet search engine,*
with PeptideProphet and ProteinProphet validation®*% (search
criteria included 20 ppm tolerance window for precursors and
nominal resolution for products, Cys alkylation, and Met oxida-
tion as fixed and variable modifications, respectively). Except
for analyses performed during method development, we
applied stringent protein identification criteria: protein identifi-
cations were considered valid only if at least 3 unique peptide-
spectrum matches were detected in at least 4 samples in an
analyzed group of experimental or control samples. Proteins
that failed this test were not included in later analyses. Even
after applying this test, some of the identified proteins were not
detected in all of the samples. For samples in which a protein
was not detected, we used O for the number of peptide-spec-
trum matches for that protein.

Relative quantification of proteins was accomplished using
spectral counting and the PepC statistical approach (PepC ver-
sion 1.0.).3° We used PepC, a statistical procedure developed
for proteomic data analysis and validated in multiple stud-
ies®57% as a method for identifying proteins that are differen-
tially abundant between groups of tissue extracts or between
groups of tissue culture medium (CM). PepC combines dual
statistical tests, ttest, and G test, with random permutation test-
ing to allow computation of false discovery rates (FDR). Before
applying the PepC algorithm, the measured peptide-spectrum
matches for each protein were normalized to the total peptide-
spectrum matches across all proteins in that sample. Individuals
responsible for performing the proteomics experiments and
for the initial analyses of proteomics data were blinded both
to mouse genotype and to whether individual plaque extracts
were from ruptured or stable areas.

Sample Processing and Analysis by
PROTOMAP Approach

A 100 pg aliquot of each protein sample was separated via a
10% SDS-PAGE gel for 850-volt hours. The gel was washed in
water and manually excised into 0.5 cm bands. Bands that cor-
responded to the migration of molecular weight markers were
noted, and this information was used to estimate the molec-
ular weights of proteins migrating in each band. Bands were
subjected to in-gel trypsin digestion as previously described.®
Briefly, bands were washed in 100 mmol/L ammonium bicar-
bonate, and proteins were reduced in 10 mmol/L tris(2-car-
boxyethyl) phosphine at 37°C for 0.5 hours and then alkylated
with 55 mmol/L iodoacetamide in the dark for 0.5 hours. The
bands were then dehydrated by washing in 1:1 acetonitrile:100
mmol/L ammonium bicarbonate. Gel bands were then dried
and resuspended in 40 pL of trypsin at 10 ng/pL. Upon re-
swelling of the gel bands, 25 mmol/L ammonium bicarbonate
was added to a final volume of 200 pL, and the gel bands were
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placed at 37°C overnight. Supernatants containing peptides
were removed, and the gel bands were further extracted with
5% FA and acetonitrile. The pooled supernatants were dried
and stored at —80°C until analysis. Before analysis, samples
were resuspended in 10 pL buffer A (95% H,O, 5% acetoni-
trile, 0.1% FA) and autosampler loaded onto a 100 pm (inner
diameter) fused silica capillary column with a 5 um tip contain-
ing 10 cm of C18 resin (Aqua 5 pm, Phenomenex).

LC-MS/MS (liquid chromatography-tandem mass spec-
trometry) analysis was performed on an LTQ ion trap mass spec-
trometer (ThermoFisher) coupled to an Agilent 1100 series
high-performance liquid chromatography. Peptides were eluted
from the column using a 2-hour gradient of 5% to 100% buffer
B (buffer B: 20% H,0, 80% acetonitrile, 0.1% FA). The flow
rate through the column was 0.25 pL./min, and the spray voltage
was 2.5 kV. The LTQ spectrometer was operated in data-depen-
dent scanning mode, with one full MS scan (400-1800 m/z)
followed by an MS? scan of the most abundant ion, followed
by an MS? scan of the second most abundant ion, sequentially
through the seventh most abundant ion, with dynamic exclu-
sion enabled (20-second duration). A subset of the human
plaque samples was analyzed on an LTQ-Velos Elite Orbitrap
mass spectrometer (ThermoFisher) coupled to an Agilent 1200
series high-performance liquid chromatography in similar fash-
ion to the ones described above, but the full MS scan (120000
resolution) was followed by twenty MS? scans of the top 20
most abundant ions with dynamic exclusion enabled (20-sec-
ond duration).

PROTOMAP Data Collection and Analysis
The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE*°
partner repository with the data set identifiers PXD020405
and PXD020406. Raw mass spectrometry data were con-
verted to MS2 format using RawXtract (version 1.9.9.2)4
Peptide spectral matching was accomplished with ProLuCID.*?
ProLuCID was configured to allow for differential oxidation of
methionine (16 or 15.9949 amu for LTQ or Elite, respectively)
and required cysteines to be carboxamidomethylated (+ 57,
570215 amu for LTQ or Elite, respectively). The data were
searched using a human or mouse reverse-concatenated non-
redundant (gene-centric) FASTA database that was assem-
bled from the UniProt database (http://www.uniprot.org/)
downloaded on 11/5/2012 or 11/9/2012, respectively. The
resulting matched MS? spectra were assembled into protein
identifications and filtered using DTASelect (version 2.0.47)
using default settings. The data were then processed using
custom Perl scripts as previously described.*® For each result-
ing peptograph, spectral counts were averaged for each band
and condition and displayed with error bars representing stan-
dard errors of the mean.

Individual proteins were identified by PROTOMAP if at least
20 total spectral counts were detected among all of the sam-
ples analyzed. To use the PROTOMAP MW. COMPARE tool
to identify proteins with a shift in average migration on SDS-
PAGE between extracts of experimental and control samples,
we used a spectral count minimum of 20 per protein and a
minimum average migration shift of 3 bands between experi-
mental and control samples. To use the PROTOSORT algorithm
to identify proteins that display changes in abundance and/or
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migration, we used a fold-change of 3 between the experi-
mental and control samples, a mimimum of 10 spectral counts
for the fragment to be recognized, and a mimimum of 25 total
spectral counts per protein.

Histology

Slices of fixed human plaque tissue (2 slices from each of the
ruptured and stable specimens) were processed into paraffin.
From each tissue block, five b-pm-thick sections were cut at
eight 50-um steps (5 sections, then 25 um discarded tissue,
then repeat x 7) covering a total of 400 pm. Hematoxylin and
eosin and Masson trichrome stains were performed on eight
B50-pm step sections per tissue slice and were examined with
the assistance of a vascular pathologist (RF. Nicosia). An
observer blinded to specimen identity graded the slides for the
presence or absence of intimal hemorrhage/thrombosis (ie,
extravascular red blood cells or fibrin clot, detected as a bright
red intimal mass on trichrome-stained slides), cholesterol clefts,
and calcification. Intimal hemorrhage/thrombosis was graded
as definite (large amount of red blood cells/clot in intima), pos-
sible (small amount of free red blood cells in intima, either with
minor cap disruption or no cap disruption; thought potentially
due to processing artifact), or absent. Cholesterol clefts and
calcification were graded as present or absent.

Immunohistochemistry

Sections of both stable and ruptured human plaque seg-
ments described above were used for immunohistochemistry.
All immunostaining was performed using a Leica BOND RX
Automated IHC Research Stainer, with reagents from Leica
Biosystems except as indicated. Initial studies were performed
only with sections of stable plaques, with the goal of localiz-
ing LAMAS (laminin subunit alpha 5), HSPG2 (heparin sulfate
proteoglycan 2), and COL18A1 (collagen type XVIII alpha 1
chain) and confirming that these proteins are present in caps
of advanced yet stable atherosclerotic lesions. For all slides,
antigen retrieval was performed with proteinase K for 15 min-
utes at 37°C. Primary antibodies and dilutions were rabbit
anti-mouse laminin ab serum (clone 504; a gift from Dr Lydia
Sorokin, Munster University; 1:1000),** mouse monoclonal
anti-mouse endostatin (a fragment of COL18A1; Santa Cruz
Biotechnology sc-32720; 1:100), and rat monoclonal anti-
HSPG2 (Abcam ab2501; 1:100). Negative control primary anti-
bodies and dilutions were rabbit IgG (R&D Systems AB-105-C;
1:1000), mouse IgG (Mouse Negative Control Clone MOPC-
21; PA0996; 1.7 mg/L), and rat IgG2b K isotype Control (BD
Biosciences 553986; 1:1000). Bound primary antibodies were
detected with the anti-rabbit IgG Polymer Detection System,
the anti-mouse IgG Polymer Detection System, and mouse-
adsorbed unconjugated rabbit anti-rat IgG.

To test whether LAMAS and HSPG2 were depleted in
caps of ruptured human plaques, we performed additional
immunohistochemical stains of sections of 3 ruptured human
plaque segments and one stable human plaque segment, using
antibodies validated by Rickelt and Hynes for use in immuno-
histochemistry.* Primary antibodies (mouse monoclonal anti-
LAMAB; AMAb91124; Atlas Antibodies and rabbit polyclonal
anti-HSPG2; Boster Biological Technology; PB9277) were
applied at 1:250 and 1:750 dilutions, respectively. According
to data provided by the manufacturers (available on product
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sheets), both of these antibodies detect the corresponding
full-length proteins (400 and 468 kDa, respectively). Negative
control primary antibodies are listed above. Primary antibod-
ies were applied after antigen retrieval with the Leica HIER
2 reagent (EDTA; for LAMAB) or HIER 1 reagent (citrate;
for HSPG2), with both solutions applied for 20 minutes at
100°C. Bound LAMAb antibody was detected with rabbit anti-
mouse IgG, followed by incubation with HRP (horseradish
peroxidase)-polymerized goat anti-rabbit IgG. Bound HSPG2
antibody was detected with HRP-polymerized goat anti-rabbit
IgG. Peroxidase activity was detected with diaminobenzidine
substrate, and slides were counterstained with hematoxylin.

Immunoblotting

We performed Western blot analysis of tissue extracts from
the same stable and ruptured human plaque segments (7
each) used for shotgun proteomics. For analysis of HSPG2
and LAMAD, 30 pg of the extracts were loaded onto 3% to
8% Tris-acetate SDS-PAGE gels and transferred to nitrocel-
lulose membranes. HSPG2 was visualized with 0.375 pg/mL
of HSPG2 antibody (PB9277; Boster Biological Technology)
in 5% milk/PBST (phosphate-buffered saline/Tween) over-
night. LAMAD was visualized with a 1:800 dilution of LAMAD
antibody (AMAb91124, Atlas Antibodies) in 5% milk/PBST
overnight, after stripping the HSPG2 blot. For analysis of
COL18A1, 30 ug of the same tissue extracts were run on 4%
to 12% Tris-Glycine SDS-PAGE gel, transferred to a nitro-
cellulose membrane, and visualized with COL18A1 antibody
(ab207162 Abcam) diluted 1:1000 in 5% milk/PBST over-
night. In all cases, bound antibody was detected with an appro-
priate secondary antibody coupled with HRP and SuperSignall
West Femto Maximum Sensitivity Substrate (no. 34096,
ThermoFisher Scientific).

Statistics

We assessed the correlation of individual protein spectral
counts among extracts of mouse aortas and extracts of human
plaque segments by calculating pairwise Spearman correla-
tion coefficients. We applied correspondence analysis, a form
of multidimensional scaling® as implemented in the TM4 soft-
ware*® (https://sourceforge.net/projects/mev-tm4/), to deter-
mine whether global variation in the ensemble of extracted
proteins distinguished the 2 experimental groups of mouse
aortas and the 2 experimental groups of human plaque seg-
ments. Multiple hypothesis testing was addressed using a per-
mutation-based FDR analysis within the PepC algorithm and
with an FDR threshold of <0.05 to determine significant differ-
ential abundance. PepC is sensitive to the distribution and dis-
persion of spectral counts. In the second shotgun proteomics
study of human plaques, differences in abundance of 10 pro-
spectively identified proteins were analyzed with the nonpara-
metric Wilcoxon rank-sum test. To facilitate comparison of data
sets, we also applied the Wilcoxon rank-sum test retrospec-
tively to analyze differences in human and mouse ECM proteins
that we had already identified as statistically significant using
PepC, a method that controls for multiple hypothesis testing.
Two-dimensional hierarchical clustering of differentially abun-
dant proteins was performed, and the primary branch point was
used to segregate samples and proteins.*®
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For functional enrichment analyses, we used web-based
programs  (Webgestalt:  http://www.webgestaltorg/ and
Reactome: https://reactome.org/), along with proteins identi-
fied by PepC as differentially abundant. These programs use
several databases: Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genome, Reactome, Disgenet, Mammalian
Phenotype Ontology, Human Phenotype Ontology, and Online
Mendelian Inheritance in Man. Functional enrichment was
determined using a hypergeometric test, and over-represented
categories were identified after adjusting enrichment P values
for multiple hypothesis testing using a strict FDR cutoff <0.01
(more-complete lists using FDR <0.05 are provided in the
Tables in the Data Supplement).

By leveraging available gene-product interaction resources
(https://analysis.ingenuity.com/pa/, https://string-db.org/), a
protein interaction network**® was constructed based on dif-
ferentially abundant proteins extracted from mouse aortas. To
increase confidence in biological relevance, the connectivity
among network members was limited to relationships based on
experimentally verified direct interactions.

RESULTS

Development of a Protocol to Extract Aortic
ECM Proteins

Because we hypothesized that plaque rupture is initiated
by proteolysis of artery wall ECM, we developed a tissue
extraction protocol that maximizes extraction of arterial
ECM proteins. We compared 2 protocols for their abil-
ity to extract ECM proteins, using rabbit aortas because
they are larger than mouse aortas and, therefore, more
suitable for protocol development. Both protocols
(termed P1 and P2; Methods) provide 2 protein fractions
per sample (termed F1 and F2). Analysis of the 4 frac-
tions (P1F1, P1F2, P2F1, and P2F2) using shotgun pro-
teomics suggested that P1F2 was most enriched in ECM
proteins (data not shown). To confirm this, we next com-
pared P1 and P2 using thoracic aortas of Apoe™~ mice.
We extracted 2 aortas with P1 and 2 aortas with P2,
yielding 8 total samples (2 each of P1F1, P1F2, P2F1,
and P2F2), and confirmed that the P1F2 fractions con-
tained the largest number of unique proteins as well as
the most unique proteins in the GO category ECM (Data
Set | in the Data Supplement). Of the 73 unique ECM
proteins detected in any of the 4 fractions, 68 (93%)
were present in P1F2 (Figure | in the Data Supplement).
We, therefore, used the P1F2 fractions for all remaining
mouse and human tissue analyses. Importantly, although
the P1F2 fraction extracts were optimized for enrich-
ment with ECM proteins, these fractions also contained
many cell-associated proteins, as described below.
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Proteomics of Aortic Extracts From SR-uPA*+/°
and SR-uPAY° Apoe~~ Mice

To begin to discover how elevated protease expression
alters the atherosclerotic plague proteome, we extracted
proteins from thoracic aortas of 20-week-old SR-uPA*°
and SR-uPA%° mice (both Apoe™~; n=6 per group) and
analyzed them by shotgun proteomics. This analysis iden-
tified 775 unique proteins (Data Set Il in the Data Sup-
plement). The relative abundance of individual proteins
in the extracts was highly reproducible among the 12
samples with mean pairwise Spearman correlation coef-
ficients of 0.86 (range 0.79-0.89) within each genotype
and 0.78 (range 0.74-0.82) between the 2 genotypes.

Correspondence analysis based on variability in
abundance across all 775 unique proteins clearly seg-
regated SR-uPA™° from SR-uPA%° aortas, confirming
global differences between the aortic proteomes of the
2 genotypes (Figure 1A). Using a previously validated
statistical procedure (PepC),%6%" we detected significant
differences in individual protein abundance between
the SR-uPA*™® and SR-uPA%° aortas. One hundred
proteins (13% of all identified proteins) were differen-
tially abundant in SR-uPA*© versus SR-uPA%? aortas at
FDR<0.05 (Data Set Il in the Data Supplement).3” Pro-
teins increased in SR-uPA*° aortas included PLAU as
well as 2 other extracellular proteases that are involved
in ECM remodeling (MMP-2 matrix [metalloproteinase
2] and MMP-3 matrix [metalloproteinase 3]). Surpris-
ingly, the remaining 58 more abundant proteins included
many intracellular proteins related to the cytoskeleton
and cell adhesion (Table 1), suggesting that cytoskeletal
structure and cell adhesion are altered in response to
elevated vascular protease activity. Furthermore, elevated
extracellular protease activity in SR-uPA™° aortas® led
to decreased abundance of numerous (25) aortic ECM
proteins. Notably, 12 of the 25 (48%) were basement-
membrane proteins (Table 1).

To obtain a more global view of the pathways that
connect elevated vascular protease activity to plaque
rupture, we performed unsupervised hierarchical clus-
ter analysis on the 100 differentially abundant proteins
(Figure 1B). We also interrogated multiple gene anno-
tation, pathway, and mammalian disease databases,
with a goal of applying functional enrichment analysis
to the 2 distinct profiles that emerged from the cluster
analysis. These analyses confirmed that the group of
proteins significantly more abundant in SR-uPA*° aor-
tas was highly enriched in functional categories related
to cell adhesion (eg, adherens junction, focal adhesion,
and cadherin binding; FDR<5x 1070 for all), cytoskel-
eton (eg, actin cytoskeleton, cytoskeletal protein bind-
ing, cytoskeleton organization; FDR<2x10~* for all) as
well as immuno-inflammatory programs (eg, signaling by
interleukins, JAK-STAT (Janus kinase-signal transducer
and activator of transcription) signaling, and cytokine
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Figure 1. Proteomic analyses
identify global differences in protein
abundance and biological processes
@® SR-uPA00 in aortas of SR-uPA*° and SR-uPA"°
@® SR-uPA*0 mice.
A, Correspondence analysis was applied
to 775 proteins identified in extracts
of aortas of SR-uPA*° and SR-uPA%?
mice. Individual mice of the 2 genotypes
are represented by colored spheres. B,
Heatmap of 2-dimensional hierarchical
cluster analysis for the 100 differentially
abundant proteins (false discovery rate
cadherin binding [FDRI<0.05). A complete list of these
actin filament binding proteins is in Data Set Il in the Data
o . shock Supplement. C, Functional enrichment
slgnajxilg_g¥A2t§:;iL;I:;:; analysis of the differentially abundant
interleukin-12 signaling proteins reveals over-represented
vascular graft occlusion biological processes. A complete list of
EPH-ephrin signaling these categories is in Data Sets Il and IV
in the Data Supplement.
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signaling; FDR<1.5x107® for all; Figure 1C and Data
Set Il in the Data Supplement, in which proteins in each
over-represented category are listed). A review of func-
tional categories over-represented among proteins that
were less abundant in SR-uPA™° aortas confirmed sig-
nificant reductions in ECM and basement-membrane
proteins (eg, ECM organization, basement membrane,
elastic fiber formation, basal lamina, and ECM proteogly-
cans; FDR<4x107'° for all; Figure 1C and Data Set IV
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in the Data Supplement, in which proteins in each over-
represented category are listed).

A protein interaction network was built based on
known direct interactions among the differentially abun-
dant proteins (Figure 2 and Data Set V in the Data Sup-
plement) and confirmed that the differentially abundant
proteins that are associated with the extracellular space
tended to have decreased abundance in SR-uPA*/° aor-
tas; whereas, the differentially abundant proteins that are
located in the cell membrane, cytoplasm, and nucleus
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Table 1. Cytoskeletal, Cell Adhesion, and Extracellular Matrix Proteins With Significantly Different Abundance in Aortas of

SR-uPA*° Mice

Cytoskeletal Proteins* Cell Adhesion Proteinst Extracellular Matrix Proteinst
Increased in SR-uPA*/° Aortas Increased in SR-uPA*/° Aortas Decreased in SR-uPA*° Aortas
Protein SR-uPA*"° SR-uPA"° Protein SR-uPA*° SR-uPA"° Protein SR-uPA*° SR-uPAY°
ARPC1B 74125 1.6+0.6 HDLBP 9+3.3 1.9+1.4 EMILIN1 3.2+1.7 11.5%2.9
CAPZB 11+25 5.8%+1.7 ACTB 57.1+6.8 42918 LTBP4 17.915 40.4+4.3
CFLA 15.8+£2.7 9.9+1.2 ARPC1B 7.4%2.5 1.6+0.6 AGRN 9.3%2.7 21.3+2.4
MYH9 42.6+10.1 22.7145.6 CAPZB 1125 5.8%1.7 ATP5B 70.418.1 95.9+13
LCP1 10.3%1.1 6.2+2.2 CFL1 15.81£2.7 9.9+1.2 COL15A1 18.315.1 29.8+5.8
SPTBN1 14.4+45 41+1.6 EEF2 18+2.2 10.7£3.7 COL1A2 12,235 18.2+2.9
CORO1C 3.9+1.1 1.5+1.3 GNB2 9.5+1.8 4.3+0.3 ELN 8.7+2.9 15+2.5
FLNB 9.3+1.1 2.1+1.4 PDIA3 46.514.5 36.6+£4.7 FN1 309.3%£35.9 399.7+40.9
SEPT9 3+0.9 0.5+0.8 RPS2 10.3%£1.6 6.2+1.2 HSPG2 207.4%+16.3 272.8+175
ACTN4 28.7£2.3 14.5+2.4 ANXA1 28.913.4 22.243.1 LAMAS 16.4+2.2 35.8+7.8
AHNAK 54.2+9.7 36.2+6.7 LRP1 16.2+3.4 7.810.4 LAMB2 53.2+5.3 70.7+5
ACTB 57.116.8 42.9+8 MYH9 42.6+10.1 22.715.6 LOXL1 38.9£3.2 58.918.4
MAP4 4,73 0.4+0.6 PLAU 17.41£6.5 0+0 NID1 39.6+5.3 64.3+7.7
PLEC 25.84+2.3 7.8+2.2 PLEC 25.8+2.3 7.8+2.2 NID2 21.9+3.3 31.5%£1.3
TCP1 15.1+£1.9 8.2+2.7 LCP1 10.3+1.1 6.2+2.2 EFEMP1 2.5%1.2 11.8%14.1
MVP 21.5%£3.4 12.2+3.2 RPS5 4.3+1.3 1.940.7 SERPINE2 8.9+3 16.9+£2.2
RCCH1 4.1%1 1.8+1.4 SPTBN1 144145 41+1.6 VTN 17.914.2 25.3+3.9
ANXA1 28.91+3.4 22.2+3.1 THY1 2.8+0.6 0.7+0.9 WISP2 6.4+2.3 10.8+2
THY1 2.8+0.6 0.7+0.9 HSP90B1 41.6+£2.6 24.745.3 FBLNS 46.515.6 80.1+£10.5
HSP90B1 41.6%+2.6 24.715.3 CORO1C 3.9%+1.1 1.5+1.3 POSTN 51.4+5.3 63.2+3.7
ANXA8 8.5+2.3 3.7+1.2 FLNB 9.3+1.1 21+1.4 HTRA1 13.5+6.7 29.812.5
EEF2 18+2.2 10.7+3.7 SEPT9 3+0.9 0.5+0.8 MFAP4 36+5.9 47416
GNB1 13.412.2 3.9%1.1 SND1 10.1£5.4 2.8+1.2 PLG 10.31£6.6 22.2+5.6
VCP 31.3+5.8 19t4 ACTN4 28.7+2.3 145124 BCAM 5.6+3.5 12+3.1

AHNAK 54.2+9.7 36.2+6.7 LAMC1 50.5+5.9 64.2+6.4

RPL4 16.7£2.1 11.5+25
PUF60 5.8+1.2 3+1.2
DDOST 10.9%3 5512

Data are mean%SD. All differences were significant (FDR<0.05; Data Set Il in the Data Supplement). FDR indicates false discovery rate; and GO, gene ontology.

“Includes all proteins in GO categories: 0015629 (actin cytoskeleton), 0030863 (cortical cytoskeleton), 0005856 (cytoskeleton), 0007010 (cytoskeleton organization),

or 0008092 (cytoskeletal protein binding).

tincludes all proteins in GO categories: 005912 (adherens junction), 005925 (focal adhesion), or 0007155 (cell adhesion).
#Includes all proteins in GO categories: 0031012 (extracellular matrix), 00030198 (extracellular matrix organization), 0050840 (extracellular matrix binding),
0005201 (extracellular matrix structural constituent), or 0005604 (basement membrane; these are in bold type).

tended to have increased abundance in SR-uPA™° aortas.
This observation was further corroborated by GO cellular
component enrichment analysis (Data Sets Il and IV in
the Data Supplement). The protein interaction network
analysis also identified several densely connected hubs,
including FN1 (fibronectin 1), MYH9 (myosin heavy chain
9), and ACTB (beta actin), that may represent drivers of
the network’s function.*®® Although extracellular and
structural proteins, such as FN1, MYH9, and ACTB, may
not be thought of as likely network drivers, ample evi-
dence from humans and mice suggests that alterations
of extracellular and structural proteins can profoundly
impact complex intracellular processes.®'~%® Collectively,
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these data indicate that PLAU overexpression in mouse
atherosclerotic tissue—which can cause plaque rup-
ture?®—activates proinflammatory signals, depletes ECM
components including basement-membrane proteins,
and upregulates intracellular pathways related to cell-
cell adhesion, cell-matrix adhesion, and the cytoskeleton.

Proteomics of Medium Conditioned by SR-
uPA*° and SR-uPA%° Aortas

Several groups have investigated the pathogenesis of
plague rupture via proteomic analyses of the plaque
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Figure 2. Protein interaction network analysis reveals numerous interactions of proteins that are differentially abundant in

aortas of SR-uPA*/° mice.

A protein-protein relational network was built based on experimentally validated direct interactions. The network is comprised of 87 proteins,
each portrayed as a circular node (all nodes are identified in Data Set V in the Data Supplement). Key highly connected nodes (hubs) are labeled
together with 2 members of the matrix metalloproteinase family of extracellular proteases and several extracellular matrix components. ACTB
indicates beta actin; AGRN, agrin; BCAM, basal cell adhesion molecule; ELN, elastin; FBLND, fibulin 5; FN1, fibronectin 1; HSPG2, heparan
sulfate proteoglycan 2; LAMADB, laminin subunit alpha 5; LAMB2, laminin subunit beta 2; LAMC1, laminin subunit gamma 1; LTBP4, latent
transforming growth factor binding protein 4; MMP2, matrix metalloproteinase 2; MMP3, matrix metalloproteinase 3; MYH9, myosin heavy chain
9; NID1, nidogen1; NID2, nidogen 2; and PLAU, urokinase-type plasminogen activator.

secretome (ie, proteins released in culture by explanted
human plaques).®*% Therefore, as a complementary
approach to our aortic tissue extract analyses, we used
the same shotgun proteomics methods to analyze the
secretome of SR-uPA*® and SR-uPA%? aortas (n=b per
group). Proteomic analysis of aortic tissue CM detected
921 unique proteins (Data Set VI in the Data Supple-
ment). This approach offered a distinct view of the aortic
proteome because nearly half of these proteins (431;
47%) were not identified in tissue extracts.

Statistical analysis with PepC revealed that 45 of
the 921 proteins (4.9%) were differentially abundant

Circulation Research. 2020;127:997-1022. DOI: 10.1161/CIRCRESAHA.120.317295

(FDR<0.05) in CM of SR-uPA*° versus SR-uPA%°
explants. Functional enrichment analysis of the 45 dif-
ferentially abundant CM proteins revealed—congruently
with results obtained with aortic tissue extracts—that
categories related to cell adhesion and cytoskeleton
(eg, focal adhesion, cell-substrate junction, adherens
junction, and cytoskeleton) were significantly over-rep-
resented among proteins that were increased in SR-
uPA*° CM (FDR<3x 107 for all; Data Set VIl in the Data
Supplement, in which proteins in each over-represented
category are listed). Functional categories related to
apoptosis (eg, apoptotic execution phase, apoptotic
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cleavage of cellular proteins, and apoptosis) were also
significantly over-represented among proteins that were
increased in SR-uPA*° CM (FDR<b5x 1072 for all; Data
Set VIl in the Data Supplement). Also congruent with the
aortic tissue extract data, ECM-related categories as well
as other categories related to the extracellular space (eg,
extracellular space, ECM organization, blood coagula-
tion, fibrinolysis, complement, and coagulation cascades)
were significantly over-represented among proteins that
were less abundant in SR-uPA*° CM (FDR<107® for all;
Data Set VIII in the Data Supplement, in which proteins
in each over-represented category are listed).

Proteomics of Aortic Extracts From SR-uPA*+/°
and SR-uPAY”° BMT Recipients

Older SR-uPA*® mice cannot be used to discover the
impact of increased vascular protease activity on the
proteome of more-advanced atherosclerotic lesions
because SR-uPA*° mice die suddenly between 10 and
30 weeks of age.?” We, therefore, used a BMT approach
and 3b-week-old Apoe™~ recipients to determine
how increased protease activity alters the proteome
of advanced atherosclerotic lesions (which are pres-
ent in innominate arteries of older Apoe~ mice).2858
Eight weeks after BMT from either SR-uPA*° or SR-
uPA®® donors, we removed recipient innominate arter-
ies (with proximal aortas attached), extracted proteins,
and analyzed the extracts with shotgun proteomics.
We included the proximal aorta because we were
unable to extract sufficient protein from innominate
arteries alone. Importantly, although lesions in these
43-week-old mice are more advanced than lesions in
the 20-week-old SR-uPA*° mice described above, the
SR-uPA™° BMT recipients are exposed to elevated lev-
els of PLAU for a substantially shorter period of time (8
versus 20 postnatal weeks).

Analysis of aortic extracts of BMT recipients (n=6
samples per group, each pooled from 3 mice) revealed
1465 unique proteins. PepC analysis identified 56 pro-
teins that were differentially abundant between SR-
uPA*0 versus SR-uPAY® BMT recipients (3.8% of the
total proteins identified; FDR<0.05; Data Set IX in the
Data Supplement). Pathway analyses revealed that
extracellular space was the only functional category
that was over-represented among the 32 more abun-
dant proteins (FDR=8.5x107% Data Set X in the Data
Supplement, in which proteins in each over-represented
category are listed). Functional categories significantly
over-represented among the 24 less-abundant proteins
also included extracellular space (FDR=4x1078, Data
Set Xl in the Data Supplement, in which proteins in each
over-represented category are listed). Other categories
over-represented among less-abundant proteins again
included ECM as well as glycosaminoglycan binding,
proteinaceous ECM, focal adhesion, and complement
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and coagulation cascades (FDR<1x107° for all; Data
Set Xl in the Data Supplement).

Proteomics of Ruptured and Stable Areas of
Human Carotid Artery Plaques

To determine whether the changes in protein abundance
that we detected in the mouse models are also presentin
ruptured human plaques, we applied shotgun proteomics
to extracts of ruptured and stable areas of carotid artery
plaques removed from 6 individuals (12 total samples;
all plaques were removed for clinical indications). Demo-
graphic and clinical characteristics of the 6 patients from
whom these plaques were removed are in Table | in the
Data Supplement (cohort 1). Histological sections of
ruptured and stable areas were examined for evidence
of advanced atherosclerosis, including intimal hemor-
rhage/thrombosis, cholesterol clefts, and calcification
(Figure 3). As expected, intimal hemorrhage/thrombosis
was far more common in ruptured areas: sections from
all 6 ruptured areas had either definite (5) or possible
(1) intimal hemorrhage/thrombosis whereas none of
the sections from stable areas showed definite intimal
hemorrhage/thrombosis and only one showed possible
intimal hemorrhage. Cholesterol clefts and calcification
were equally common in sections from both ruptured and
stable areas (*b0% of sections in both groups showed
cholesterol clefts, calcification, or both). Therefore,
advanced atherosclerosis was present in all samples, but
intimal hemorrhage/thrombosis was essentially confined
to samples taken from areas judged by gross examina-
tion to be ruptured plaques.

Shotgun proteomics of the 12 plaque extracts iden-
tified 1161 unique proteins (Data Set XlI in the Data
Supplement). Relative abundance of individual proteins
in the extracts was highly reproducible among both the
ruptured and stable samples, with mean pairwise Spear-
man correlation coefficients of 0.86 (range 0.79-0.90)
among the stable samples and 0.80 (range 0.71-0.85)
among the ruptured samples. In contrast, the relative
protein abundance was much less correlated among
the ruptured and stable samples: mean pairwise Spear-
man correlation coefficients of 0.60 (range 0.37-0.78).
Correspondence analysis based on variability in abun-
dance across all 1161 proteins clearly segregated the
ruptured and stable samples (Figure 4A). Differential
protein abundance analysis using PepC found that 489
of the 1161 proteins (42%) were differentially abundant
between ruptured and stable areas. Among the 150
more abundant proteins, only one (0.7%) was also more
abundant in aortic extracts of 20-week SR-uPA*° versus
SR-uPAY? mice: HIST1H1B (histone cluster 1 H1 family
member B). Among the 339 less-abundant proteins, only
13 (4%) were also less abundant in aortic extracts of
20-week SR-uPA™° versus SR-uPAY® mice. Strikingly, 7
of the 13 proteins that were significantly less abundant
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Figure 3. Macroscopic and histological images of ruptured and stable segments of human carotid plaques.

Human carotid plaques were removed for clinical indications. Images are of 3 freshly harvested plaques (A—C, D=F, and G-I) and stained
sections of 2 ruptured (J-K and L=M) and 2 stable (N=O and P-Q) plaques. Ruptured segments (boxes in B, E, and H) and stable segments
(arrows in C, F, and I) were dissected free. A scalpel was used to cut thin slices from the caudal and cranial edges of the dissected segments.
These slices were embedded in paraffin, and the remainder of each segment was used for protein extraction. Sections of 2 ruptured plaque
segments (J=M; boxes in J and L are expanded in K and M) show disrupted intima with adherent thrombus (arrows; thrombus fragmentation is
likely sectioning artifact). Sections of 2 stable plaque segments (N-O and P-Q; O and Q are expanded from N and P, respectively) show intact
fibrous caps (arrows in N and P) and lipid-rich necrotic cores (asterisks) containing cholesterol clefts and foam cells. J-Q, m=vascular media. Size
bars are 50 pm (J, L, N, and P) and 20 pm (K, M, O, and Q). J=Q, Masson trichrome stain.

in both ruptured human plaques and SR-uPA*° aor-
tas were basement-membrane proteins (AGRN [agrin],
HSPG2, LAMAB, LAMB2 [laminin subunit beta 2],
LAMCT1 [laminin subunit gamma 1], NID1 [nidogen 1],
and NID2 [nidogen 2]), and another 4 of the 13 proteins
were also ECM proteins (ELN [elastin], FBLN5 [fibulin
5], LTBP4 [latent transforming growth factor binding
protein 4], and MFAP4 [microfibril-associated protein
4]). The cell-surface laminin receptor (BCAM [basal cell
adhesion molecule]) was also less abundant in both SR-
uPA*? aortas and ruptured human plaques. Therefore, at
the individual protein level, overlap between SR-uPA*°
aortas and ruptured human plaques is highly focused on
a small number of basement-membrane and other ECM
proteins.

Unsupervised hierarchical cluster analysis of the 489
differentially abundant proteins revealed distinct protein
abundance patterns in ruptured versus stable plaque
areas (Figure 4B). Functional enrichment analysis fur-
ther revealed that categories over-represented among

Circulation Research. 2020;127:997-1022. DOI: 10.1161/CIRCRESAHA.120.317295

proteins that were more abundant in ruptured areas (Fig-
ure 4C and Data Set XlII in the Data Supplement, in which
proteins in each over-represented category are listed)
included those related to inflammation (eg, activation of
immune response, acute inflammatory response, defense
response, and complement activation; FDR<1x107"®
for all), atherosclerosis (eg, arteriosclerosis and arterial
occlusive disease; FDR<5x 1072 for both), blood coag-
ulation (eg, thrombosis, hemostasis, blood coagulation,
and platelet degranulation; FDR<5x107'? for all) and
apoptotic cell clearance (FDR<6x107%). Similar to our
results comparing aortas of SR-uPA*° versus SR-uPA"°
mice, categories over-represented among proteins that
were less abundant in the ruptured areas included sev-
eral ECM and basement-membrane protein-related cat-
egories (eg, ECM, basement membrane, basal lamina,
and laminin complex; FDR<8x 10~° for all; Figure 4C and
Data Set XIV in the Data Supplement, in which proteins
in each over-represented category are listed). Other cat-
egories over-represented among less-abundant proteins
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Figure 4. Proteomic analyses
identify global differences in protein
abundance and biological processes
in paired samples of ruptured and
stable human carotid artery plaque
segments.

A, Correspondence analysis was

applied to the 1161 identified proteins.
Individual plaques from the 2 areas

are represented by colored spheres. B,
Heatmap of 2-dimensional hierarchical
cluster analysis for the 489 proteins
that are differentially abundant (false
discovery rate [FDR]<0.05) between
ruptured and stable plaque segments.

A complete list of these proteins is in
Data Set Xll in the Data Supplement. C,
Functional enrichment analysis of the
differentially abundant proteins reveals
over-represented biological processes. A
complete list is in Data Sets XlIl and XIV
in the Data Supplement.

included cell adhesion (adherens junction, focal adhe-
sion, cell-substrate junction, cadherin binding, and inte-
grin binding; FDR<2x107® for all), and cytoskeleton
(cytoskeleton, actin cytoskeleton, regulation of cytoskel-
eton organization FDR<3x 1070 for all).

Despite little overlap at the individual protein level
between the SR-uPA*° model (ie, 20-week-old trans-
genic mice) and ruptured human plaques, several of
the functional categories that were over-represented
among the differentially abundant proteins in ruptured

1010  September 25, 2020

human plaques overlap congruently with functional
categories that were over-represented among the
differentially abundant proteins in aortic extracts of
SR-uPA*® mice (Figures 1C and 4C). This overlap
between human and mouse results was particularly
robust for functional categories related to the less-
abundant proteins, including ECM and basement-
membrane proteins (Table 2). Among proteins with
increased abundance both in ruptured human plaques
and in the SR-uPA*® model, categories related to the
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Table 2. GO Categories Significantly* Over-represented by Less-Abundant Proteins in Both SR-
uPA*"° Aortas and Ruptured Segments of Human Plaques

Cellular Component

Biological Process

Molecular Function

Proteinaceous extracellular matrix

Extracellular structure organization

Cell adhesion molecule binding

Extracellular matrix

Extracellular matrix organization

Integrin binding

Extracellular matrix component

Regulation of cell-substrate adhesion

Extracellular matrix structural constituent

Basement membrane

Biological adhesion

Extracellular matrix binding

Basal lamina

Cell-substrate adhesion

Glycosaminoglycan binding

Laminin complex

Cell adhesion

Cell-matrix adhesion

Regulation of cell adhesion

FDR indicates false discovery rate; and GO, gene ontology.

*For all categories, FDR<0.01 in both mouse aortas and human plaques.

immune response (eg, interleukin-4 and -13 signal-
ing) were highly over-represented. Among proteins
with decreased abundance in both settings, categories
related to the ECM and basement membrane were
highly over-represented (eg, ECM, proteinaceous ECM,
ECM organization, ECM component, ECM proteogly-
cans, ECM binding, ECM structural constituent, base-
ment membrane, basal lamina, laminin complex, elastic
fiber formation, basal lamina, integrin binding, and cell
adhesion molecule binding; Figures 1C and 4C, Table 2,
Data Sets Ill, IV, XIll, and XIV in the Data Supplement).
However, enrichment patterns in some functional cat-
egories were discordant. For example, proteins in GO
categories adherens junction, focal adhesion, and
actin cytoskeleton were more abundant in SR-uPA*©
aortas but less abundant in ruptured human plaques
(FDR<5x 107 for all).

We also compared the human plaque proteomic data
to results obtained with the mouse BMT model. Among
the 150 more abundant proteins in ruptured plaque seg-
ments, only one protein (0.7%) was also more abundant
in aortic extracts of 20-week SR-uPA*° versus SR-
uPAY® BMT recipients (LTF [lactotransferrin]). Among
the 339 less-abundant proteins in ruptured plaque seg-
ments, only 6 (2%) were also less abundant in aortic
extracts of 20-week SR-uPA™° versus SR-uPAY° BMT
recipients. Four of the 6 proteins are in the GO category
ECM (ABISBP [ABI family member 3 binding protein],
LTBP2, LTBP4, and MYL6 [myosin light chain 6]), and
one is an adhesion-plaque protein (ZYX [zyxin]); none
were basement-membrane proteins. Compared with this
small number of congruently abundant proteins, there
was a more substantial overlap in functional category
over-representation between the human plaques and
aortic extracts of the BMT recipients. The only category
over-represented among more abundant proteins in aor-
tic extracts of SR-uPA*° BMT recipients (extracellular
space; FDR=8.5x107°) was also highly over-represented
among the more abundant proteins in ruptured human
plaques (FDR<1x107'). Ten of the 18 (56%) func-
tional categories over-represented among less-abundant

Circulation Research. 2020;127:997-1022. DOI: 10.1161/CIRCRESAHA.120.317295

proteins in aortic extracts of SR-uPA*°® BMT recipients
(Data Set Xl in the Data Supplement; FDR<0.01 for all)
were also over-represented among less-abundant pro-
teins in ruptured human plaques (Data Set XIV in the
Data Supplement; FDR<1x107® for all). These catego-
ries were again focused on ECM and included ECM,
proteinaceous ECM, ECM organization, focal adhesion,
collagen binding, glycosaminoglycan binding, and others.

PROTOMAP Analysis of Extracts of Human
Carotid Plaques and Mouse Aortas

The reduced abundance of several structural ECM pro-
teins—including basement-membrane proteins—in both
SR-uPA*® aortas and ruptured human plaques sug-
gested that these proteins might be targets of proteoly-
sis. We, therefore, analyzed the human plaque extracts
with PROTOMARP, a proteomic analysis methodology that
identifies proteolytic events and peptide fragments in
complex protein mixtures.®° For these analyses, we col-
lected 6 additional carotid plaques (all removed for clini-
cal indications; Table | in the Data Supplement, cohort 2)
and extracted proteins from a ruptured area and a stable
area of each plaque. We also extracted proteins from
backup segments of one plaque from the first patient
cohort (Table | in the Data Supplement, cohort 1). Techni-
cally satisfactory data were obtained for both ruptured
and stable areas of 5 of the 7 plaques. Demographic and
clinical characteristics of the b patients whose plaques
yielded satisfactory PROTOMAP data are in Table | in the
Data Supplement (cohort 3).

Atotal of 2059 proteins were identified by PROTOMAP.
Primary data are accessible at http://www.scripps.edu/
cgi-bin/cravatt/pmap_project_page.pl?pname=Dichek
(data set 161027 BvA). To detect evidence of increased
proteolysis in ruptured versus stable plaque segments—
and to potentially identify proteolytic fragments that are
markers of plaque rupture—we first used the PROTOMAP
MW. COMPARE tool to identify proteins with a shift in
average migration on SDS-PAGE between extracts of rup-
tured and stable plaques. This tool identified 49 proteins
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Figure 5. Representative peptographs of extracts of ruptured vs stable human plaque segments.

A and B, Extracts of ruptured (red) and adjacent stable (blue) segments of 5 human carotid plaques were analyzed using the PROTOMAP
protocol. The extracts were subjected to SDS-PAGE, and the gels were cut into 22 slices, each corresponding to a molecular weight range.
After in-gel trypsin digestion, peptides were extracted, identified by tandem mass spectrometry, and spectral counts were aggregated over all

22 slices. A, Proteins with differential abundance of lower-molecular weight peptides in extracts of ruptured vs. stable segments: ceruloplasmin
(CP), angiotensinogen (AGT), ITIH4 (inter-alpha-trypsin inhibitor heavy chain), GPLD1 (phosphatidylinositol-glycan-specific phospholipase

D), FAS (coagulation factor V), SERPIND1 (serpin family D member 1), LAMB2 (laminin subunit beta-2), and SVIL (supervillin). B, ECM
(Extracellular matrix) proteins that are significantly less abundant in extracts of ruptured vs stable human plaque segments: ACAN (aggrecan
core protein), FBLN5 (fibulin 5), FMOD (fibromodulin), HAPLN (hyaluronan and proteoglycan link protein 1), LAMAB (laminin subunit alpha 5),
MFAP4 (microfibril-associated glycoprotein 4), LTBP1 (latent-transforming growth factor beta-binding protein 1), and VCAN (versican). A and B,
Horizontal bars in each peptograph portray the total spectral counts for protein-specific peptides in each of the 22 gel slices (mean+SEM; n=Db).
Gel-slice number is on the leftward y-axis; molecular weight of the gel slices (in kilodaltons) is on the rightward y-axis.
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with differential migration in ruptured versus stable areas.
However, only 5 of the 49 proteins had a higher average
migration distance in the ruptured plaque samples (ie, a
shift to lower molecular weight, suggestive of increased
proteolysis). The remaining 44 proteins had a lower aver-
age migration distance (shift to higher molecular weight)
in the ruptured plaque samples.

We next used the PROTOSORT algorithm, which iden-
tifies proteins that display changes in abundance and/
or migration. We hypothesized that increased proteolysis
of structural ECM components (or other proteins) in rup-
tured plaques would yield more abundant small peptides,
with increased migration. We examined the peptographs
(graphs of peptide abundance versus gel-slice number; a
surrogate for molecular weight)®° of the 593 candidate pro-
teins identified by PROTOSORT. In most cases, the pep-
tographs indicated that these proteins were identified by
PROTOSORT based on differences in protein abundance.
However, we also identified several proteins that appeared
more fragmented in extracts of ruptured areas (eg, CP
[ceruloplasmin], AGT [angiotensinogen], ITIH4 [inter-alpha-
trypsin inhibitor heavy chain], GPLD1 [phosphatidylinositol-
glycan-specific phospholipase D], FAS [coagulation factor
5], and SERPIND1 [serpin family D member 1]) and a
smaller number of proteins that appeared more fragmented
in extracts of stable areas (eg, LAMB2 [laminin subunit
beta 2], SVIL [supenvillin]; Table Il in the Data Supplement
and Figure bA). Notably, although most of the proteins that
appeared more fragmented in ruptured areas are in the GO
category extracellular space and at least 2 are listed in GO
categories related to ECM (cell-matrix adhesion and ECM
organization for AGT; ECM for GPLD1), none of these pro-
teins are structural ECM components.

To look more specifically for evidence of increased
proteolysis of structural ECM proteins, we examined
the peptographs of proteins extracted from the rup-
tured plague samples. We identified—among the 339
proteins found by shotgun proteomics to be signifi-
cantly less abundant in ruptured areas of the first set
of human plaque extracts (Data Set Xl in the Data
Supplement)—69 proteins that are in the GO category
ECM (Table IIl in the Data Supplement). All 69 pro-
teins were also identified by PROTOMAP analysis of
the second set of plaque extracts. Concordant with
data from the shotgun analyses, PROTOMAP tools
found that 21 (30%) of these ECM proteins were sig-
nificantly less abundant (£<0.05) in ruptured versus
stable areas, and an additional 14 (20%) tended to
be less abundant (ie, 0.06<P<0.2) in ruptured areas
(Table Il in the Data Supplement). However, a review
of all 69 peptographs (Figure 5B and data not shown)
did not provide any additional evidence that these ECM
components had undergone increased proteolysis in
ruptured plaque tissue (ie, we did not find increased
abundance of low-molecular weight peptides in rup-
tured plaque tissue).
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We next repeated all of the PROTOMAP analy-
ses described above on aortic extracts of SR-uPA*°
and SR-uPA%® BMT recipients. As with the human
plague data, these analyses did not associate sig-
nificant decreases in individual protein abundance (in
aortas of SR-uPA*° BMT recipients) with concomi-
tant increases in small fragments of the decreased
abundance proteins. For example, of the 39 proteins
found by shotgun proteomics to be significantly less
abundant in SR-uPA*/© aortas (Data Set Il in the Data
Supplement), 36 were also identified by PROTOMAP
in aortic extracts of SR-uPA*° and SR-uPA%® BMT
recipients. Peptographs of these 36 proteins revealed
only one protein (NID2) with a modest trend towards
increased abundance of lower-molecular weight frag-
ments in aortic extracts of SR-uPA™° BMT recipients
(Figure Il in the Data Supplement).

Validation of Decreased Abundance of
Basement-Membrane Proteins in Ruptured
Human Plaques

In parallel with the PROTOMAP analyses of human
plague extracts, we performed shotgun proteomics (Data
Set XV in the Data Supplement) on extracts of the 6 new
plaques initially collected for the PROTOMAP experi-
ment; Table | in the Data Supplement, cohort 2). Because
7 basement-membrane proteins were less abundant in
both SR-uPA*? aortas and in ruptured human plaques
in the initial discovery cohort, we focused our analysis on
these 7 proteins. We also focused on the 3 collagens that
we had identified as less-abundant in ruptured versus
stable plaque segments of the discovery cohort (Data Set
XlI'in the Data Supplement). Therefore, this second set
of plaque extracts served as an independent validation
cohort to test hypotheses generated from the first set of
human plaque extracts. In agreement with the discovery
cohort analysis, b of the 7 basement-membrane proteins
were significantly less abundant in ruptured versus stable
segments (A<0.005 for LAMC1, LAMAbS, LAMB2, and
HSPG2; A<0.05 for NID1; Figure 6A) while the other
2 showed a strong trend towards decreased abundance
(R<0.1 for AGRN and NID2). In contrast, of the 3 col-
lagens, only COL18A1—which is a basement-membrane
protein®®—was also significantly less abundant in the vali-
dation cohort (A<0.005). Reanalysis of the mouse data
using the Wilcoxon rank-sum test (Figure 6B) confirmed
that all 7 of these basement-membrane proteins (and
only COL18A1 of the 3 collagens) were significantly
less abundant in SR-uPA*? aortas (Figure 6B).

Immunoblotting of Human Plaque Extracts

We then used immunoblotting in an attempt to vali-
date our mass-spectrometry-based detection of

September 25,2020 1013

=)
=
=0
=
==
=
=
m
17}
m
==
=
=)
=



https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317295

=
(]
=
=T
Ll
(7]
L
(-
—
=<
=
=
(==
(—]

Vaisar et al Mechanisms of Protease-Induced Plaque Rupture
A Basement-membrane proteins Collagens
AGRN LAMC1 LAMA5 LAMB2 HSPG2 NID1 NID2 COL5A1 COL14A1 COL18A1
kK # *% *kk kK kK *kk Fkk Fkk kK *kk * *%k # *% *kk # *kk *kk
30 .« 100d - . 200
EL_I 100 150 100 60 50 12 é
6001 60
P 751 75 40 150
2 20 ? 100 40 I?i . 8
g . 30 .
< 50 50 4001 . $ 100 40
: 2
5 10 Q 50 25 Q 20 5 B 20 4 é d]
z B8 200 . 50 20
25 10 t%ﬁ .
. ]
ol * ' or__* o - - ‘' o - [ ' o0 L -
1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
B
AGRN LAMC1 LAMAS5 LAMB2 HSPG2 NID1 NID2 COL5A1 COL14A1 COL18A1
kK 70 *% Fkk *kk *kk Fkk ek *
25 300" & 0
% 40 7o 70 304, 15.0 50
20
> 60 270 &2 60 125 60 45
8 30 25
g 8] . 60 240] | 50 EI 10,0 40
o
40
% 0 50 20 40 20 75 E 35
EI & 50 210 EI
. . 5.0 2 30
SR-UPA +/0 0/0 +/0 0/0 +/0 0/0 +/0 0/0 +/0 0/0 +/0 0/0 +/0 0/0 +/0 0/0 +/0 0/0 +/0 0/0

Figure 6. Depletion of basement-membrane proteins in ruptured human carotid plaques and in aortas of SR-uPA*'° mice.

A, Data from 2 sets of human carotid plaques. Shotgun proteomics was performed on stable (open bars) and ruptured (shaded bars) segments
of 2 independent sets of plaques (1 and 2). Analyses were performed independently, 1 y apart. Proteins were selected for this analysis based

on their significantly decreased abundance in the first set of human plaques and—for basement-membrane proteins—congruently decreased
abundance in SR-uPA*® mouse aortas. B, Data from aortas of 20-week-old SR-uPA*® and SR-uPA®® mice. A and B, Individual data points (n=6
per group) indicate individual plaque segments (A) or aortas (B); group medians and interquartile ranges are shown. PSM indicates peptide-

spectrum match. P #<0.1, *<0.05, *<0.01, and **<0.005.

basement-membrane protein loss in ruptured human
plague segments. Loss of basement-membrane pro-
teins was of particular interest because these proteins
were decreased in both ruptured human plaques and
in SR-uPA*° aortas. Western blots of 7 paired protein
extracts of stable and ruptured segments (1 from cohort
1; 6 from cohort 2) were probed to detect LAMAS and
HSPG2. Due to depletion of first sample, a separate blot
of 6 paired extracts was probed to detect COL18A1
(Figure Ill in the Data Supplement). The LAMAB anti-
body detected a band of ~400 kDa (consistent with
intact LAMAD) in 6 of the 7 extracts of stable segments
and in O of the 7 extracts of ruptured segments. More-
over, lower-molecular weight bands were more promi-
nent in extracts of the ruptured plaque segments. When
the blot was probed with the HSPG2 antibody, higher-
molecular weight bands (+200-300 kDa) were again
more prominent in the extracts of stable plaques, and
lower-molecular weight bands were more prominent in
extracts of ruptured plaques. The immunoblot probed for
COL18A1 revealed far more immunoreactive bands in
extracts of ruptured versus stable plaques (consistent
with increased proteolysis), although some of these frag-
ments were of relatively high molecular weight. Bands
corresponding to the molecular weight of the intact pro-
tein were not reliably detected on immunoblots for either
HSPG2 or COL18AT1.
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Location of Basement-Membrane Proteins in
Advanced Human Plaques

To verify the presence and begin to determine the
location of basement-membrane proteins that were
revealed by mass spectrometry to be depleted in rup-
tured plaques (and were also depleted in SR-uPA*°
aortas), we performed immunohistochemistry on sec-
tions of stable segments of each of the 6 human
plaques from cohort 1. We could not perform extensive
or quantitative immunohistochemistry that compared
stable and ruptured plaque tissue because nearly all
of the ruptured plaque tissue was used for protein
extraction, and only thin slices cut from the ends of
the plague segments were available for sectioning and
staining. Moreover, most of the sections of ruptured
plagues contained no plaque cap tissue. We stained
the sections for LAMAD, HSPG2, and COL18A1
because these were the 3 most abundant basement-
membrane proteins in the stable plaque segments, and
all 3 were significantly and substantially decreased in
ruptured versus stable areas of both cohorts 1 and 2
(Figure BA). All 3 proteins were abundant in the vascu-
lar media but were also present in and around smooth
muscle cell (SMC)-like cells in the plaque fibrous caps.
LAMAB and HSPG2 were also abundant in the endo-
thelium/subendothelium; however, COL18A1 was
detected in this location only rarely and at apparently
low levels (Figures IV and V in the Data Supplement).
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Last, we attempted to confirm the loss of HSPG2 and
LAMAD from ruptured plaque tissue and localize loss of
these basement-membrane proteins to the plaque fibrous
caps. We focused on HSPG2 and LAMAD because well-
validated antibodies are available for detecting these
proteins in tissue sections.** Importantly, both of these
antibodies detect the corresponding full-length proteins
on Western blots (Methods). Using sections stained with
hematoxylin and eosin or Masson trichrome, a vascular
pathologist (R.F. Nicosia) could locate small fragments of
cap tissue in sections of only 3 of the ruptured plaques.
Using adjacent slides and a validated antibody to
HSPG2,* we found only faint staining in the 3 ruptured
plaque cap fragments. In all 3 samples, the plaque cap
fragments stained less intensely than adjacent vascular
media (Figure VI panels A through | in the Data Supple-
ment). In contrast, sections from a stable plaque segment
stained in parallel had strong staining for HSPG2 in the
fibrous cap, with more faint staining in the vascular media
(Figure VIJ through VIL in the Data Supplement). Parallel
studies with a validated LAMAbS antibody** did not yield
consistent results.

DISCUSSION

To identify the biological pathways through which
increased vascular proteolysis leads to plaque rupture,
to assess whether the SR-uPA*° mouse model repli-
cates biochemical features of human plaque rupture,
and to gain new insights into the mechanisms of human
plaque rupture, we performed proteomic analyses of ath-
erosclerotic aortas of mice with macrophage-specific
overexpression of PLAU (SR-uPA*° mice) and of rup-
tured human carotid plaques. Our major findings are as
follows: (1) Germline overexpression of PLAU in athero-
sclerotic aortas of 20-week-old mice reproducibly alters
the abundance of subsets of extractable aortic proteins
and of proteins in the aortic secretome: ECM proteins
are decreased; MMPs, as well as proteins related to
cell adhesion, cytoskeleton, inflammatory signaling,
and apoptosis, are increased. (2) Introduction of PLAU-
overexpressing macrophages into advanced athero-
sclerotic mouse lesions (for 8 weeks) primarily alters
extracellular proteins, including decreases in cell adhe-
sion and ECM proteins. (3) The proteome of a ruptured
area of a human carotid plaque differs markedly from
the proteome of adjacent stable plaque tissue: proteins
related to inflammation, atherosclerosis, and blood
coagulation are increased, whereas ECM, cell adhesion,
and cytoskeletal proteins are decreased. (4) Proteomes
of atherosclerotic aortas of SR-uPA*® mice and of rup-
tured human carotid plaques have limited overlap in the
differential abundance of specific proteins but show
strikingly similar decreases in protein abundance within
several ECM-associated functional categories and have
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congruent decreases in several individual basement-
membrane proteins.

We initially generated SR-uPA*® mice with a goal of
developing a mouse model of protease-induced plaque
rupture,?” and later found that transplantation of SR-
uPA™® BM into 3b-week-old nontransgenic Apoe™~
recipients?® reproduced critical histological features of
human plaque rupture.® We concluded that these histo-
logical findings—along with increased aortic PLAU and
MMP activity in SR-uPA*® BMT recipients—validated
the SR-uPA*™° mouse as a model of protease-induced
plaque rupture. However, this conclusion was based
primarily on anatomic data. Other than documenting
increased uPA and MMP activity in SR-uPA*° aortas, we
did not generate any biochemical data that might explain
how increased proteolytic activity caused plaque rupture.
We, therefore, conceived the present study to search for
these biochemical data, and thereby identify molecular
and cellular mechanisms underlying plaque rupture.

We designed the present study based on 3 assump-
tions: (1) that analyses of arterial tissue of 20-week-old
SR-uPA™® mice would reveal effects of increased pro-
tease activity on early mouse lesions; (2) that analyses
of arterial tissue of SR-uPA*° BMT recipients (8 weeks
after BMT) would reveal effects of increased protease
activity on more-advanced mouse lesions (including rup-
tured plaques); and (3) that analyses of ruptured human
plaques would reveal the effects of increased protease
activity on advanced human lesions. However, our results
showed that alterations in the arterial proteome are far
more extensive in aortas of 20-week-old SR-uPA*® mice
than in aorta/innominate arteries of the SR-uPA™°® BMT
recipients. This observation, likely due to the longer dura-
tion of uPA overexpression in 20-week-old SR-uPA*©
mice, prompted us to analyze results from the 3 experi-
ments according to the duration of exposure of plaque
tissue to increased protease activity: SR-uPA*°® BMT
recipients (8 weeks), SR-uPA*© mice (20 weeks), then
ruptured human plaques (>>20 weeks; Figure 7).

When analyzed in this manner, our proteomic data—
from both SR-uPA*"® mice and ruptured human plaques—
identify biochemical and cellular pathways that connect
elevated vascular protease activity to plaque rupture.
Aortas of mice exposed to elevated vascular protease
activity for only 8 weeks (ie, SR-uPA*° BMT recipients)
have relatively few differentially abundant proteins, pre-
dominantly located in the extracellular space. These
aortas likely model the initiation of protease-mediated
ECM degradation and cell-matrix detachment. In con-
trast, the aortas of mice exposed to elevated vascular
protease activity for 20 weeks (ie, SR-uPA*® mice)
have a far-larger number of differentially abundant pro-
teins that include cell-associated as well as extracellu-
lar proteins. Our data suggest that this stage of plaque
development likely models upregulation of cytoskeletal
and cell adhesion proteins in response to progressive
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PLAU Overexpression Ruptured Plaque
(Mouse) (Human)

8 weeks 20 weeks

Decreased Increased
Abundance -:-:.. Abundance

Unchanged

Intracellular Space

Extracellular Space

Cell-Matrix Detachment
Anoikis

>

Plaque Rupture
Hemorrhage, Necrosis

Duration of Exposure to Increased Proteolysis

56 100 489 Differentially Abundant Proteins
(4%) (13%) (42%) (% of total proteins)
11 ECM Proteins (number sig. decreased)

ECM Proteolysis
Disruption of Cell-Matrix Contacts
Cell Adhesion Proteins
Apoptosis-related Proteins
Cytoskeletal Proteins

Pro-inflammatory Proteins

Location of Protein
Abundance Changes

Figure 7. Shotgun proteomic analyses

of mouse and human plaques suggest
molecular and cellular mechanisms that
connect extracellular proteolysis with
plaque rupture.

Proteomic data from the mouse model of

PLAU (urokinase-type plasminogen activator)
overexpression (2 time points) and from human
plaques show stepwise increases in the number of
differentially abundant proteins (Data Sets I, IX,
and XIl in the Data Supplement) and corresponding
decreases in ECM protein abundance (Data Sets IV,
Xl, and XIV in the Data Supplement). Decreased
ECM (extracellular matrix) protein abundance is
likely caused by increased proteolysis. Eight weeks
exposure to elevated PLAU activity initiates
disruption of cell-matrix contacts, which increases by
20 wk. Also by 20 wk, ECM protein loss stimulates
homeostatic increases in cell adhesion and
cytoskeletal proteins, inflammation, as well as
programmed cell death (anoikis) triggered by loss

of cell-matrix contacts. Advanced human plaques
have more extensive proteolysis and disruption of
cell-matrix contacts, causing anoikis, and cell necrosis
with attendant loss of cell adhesion and cytoskeletal
proteins. Plaque cell death weakens plaque
structure, leading to rupture and an inflammatory
response to tissue injury. The lower part of the figure
illustrates the predominance of extracellular protein
abundance changes at early stages of plaque
proteolysis and the shift towards intracellular
protein abundance changes at later stages.

ECM degradation. The hypothesis that upregulation of
cytoskeletal and cell adhesion proteins is a homeostatic
cellular reaction to enhanced extracellular proteolysis is
consistent with the observed global pattern of altered
protein abundance in SR-uPA*° aortas (Figure 2): pro-
teins with decreased abundance are overwhelmingly
extracellular, whereas proteins with increased abun-
dance are overwhelmingly cell-associated. Moreover, this
hypothesis is consistent with substantial in vitro data that
connect extracellular proteolysis with alterations in cell
adhesion and cytoskeletal proteins.5°-¢* The aortic pro-
teome of 20-week-old SR-uPA*™° mice also shows ele-
vated levels of apoptosis-related proteins, likely released
from cells that are undergoing anoikis: programmed cell
death that results from loss of cell-ECM contacts.®®

The final biochemical steps associated with prote-
ase-mediated plaque rupture—that are not accessible
in the germline transgenic SR-uPA™° mice due to their
premature deaths?’—are reflected in the proteome of
ruptured human plaques (Figure 7). At this stage, matrix
proteolysis has progressed, and plaque cell death has
occurred along with loss of endothelial barrier func-
tion and appearance of intraplaque hemorrhage and
thrombosis. Accordingly, the human ruptured plaque
proteome is characterized by decreased levels of ECM
proteins as well as cell adhesion and cytoskeletal pro-
teins and increased levels of proteins associated with
blood cells and clotting (eg, hemoglobin, fibrinogen, and
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prothrombin). Taken together, our proteomic data map
a temporal series of biochemical and cellular events in
SR-uPA*? aortas and human carotid plagues that lead
from increased extracellular proteolysis to plaque rup-
ture (Figure 7).

The present study was also designed to leverage pro-
teomics to evaluate whether the SR-uPA*® mouse model
recapitulates key biochemical features of human plaque
rupture. With few exceptions,%6%” mouse models of plaque
rupture have been evaluated, promoted, and criticized
based solely on their histological—rather than their bio-
chemical—resemblance to ruptured human plaques.t®™
We are not aware of any mouse plaque rupture studies
in which biochemical data from the mouse model were
compared directly with similar data generated from rup-
tured human plaques. Generation of data that enabled
this comparison was challenging, because our SR-uPA*™°
mouse proteomic data were largely from stable plaques
(as any ruptured innominate artery plaques in tissue from
SR-uPA™® BMT recipients represent only a small frac-
tion of the total extracted arterial tissue), whereas our
human proteomic data were generated specifically from
ruptured plaque tissue. Despite these limitations, our
data strongly suggest that several key biochemical pro-
cesses that are well described in unstable and ruptured
human plagques—and are detected in our ruptured human
plagues—are also present in atherosclerotic plaques of
SR-uPA*™° mice. These processes include elevated levels
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of MMPs and reduced levels of ECM proteins'”'8; acti-
vation of inflammatory pathways®'3757; and activation of
apoptosis in association with ECM degradation.”™

The overlap in biochemical processes between SR-
uPA*™© aortas and ruptured human plaques is striking
because—as mentioned above—comparison of differ-
entially abundant proteins in 20-week-old SR-uPA*°
aortas with differentially abundant proteins in ruptured
human plaques juxtaposes different disease stages
and is, therefore, biased against finding common fea-
tures. Indeed, there were few individual proteins that
were commonly differentially abundant in both data
sets: of the 100 differentially abundant proteins in
the mouse data set and the 489 differentially abun-
dant proteins in the human data set, only 27 proteins
were differentially abundant in both. Nevertheless,
these 27 proteins included several proteins in the GO
category basement membrane that were significantly
decreased in both data sets: AGRN, HSPG2, LAMAD,
LAMB2, LAMC1, NID1, and NID2. These 7 basement-
membrane proteins represent 18% of the 39 proteins
that were significantly decreased in 20-week-old SR-
uPA*® mouse aortas, suggesting that basement-mem-
brane loss is a biochemical feature of human plaque
rupture that is particularly well modeled in SR-uPA*°
mouse aortas. We speculate that loss of basement-
membrane proteins—most likely because of proteoly-
sis—is an important and under-recognized contributor
to plaque rupture.

We considered whether our results could shed light on
whether human plaque rupture is driven by PLAU. If true,
the SR-uPA*® mouse—in which basement-membrane
protein loss and plaque rupture are definitely caused by
elevated PLAU activity—would reproduce human disease
even more closely. Others have hypothesized that human
plaque PLAU activity precipitates rupture because PLAU
is present in advanced human plaques, localizes at rup-
ture-prone areas, and its abundance is correlated with
plague stability8°-8 However, because measuring PLAU
in human plagues was not an objective of this study, we
did not optimize tissue processing protocols for detect-
ing PLAU protein or activity. Accordingly, PLAU was
not detected in human plaques by shotgun proteomics
and was detected in only one sample by PROTOMAP
analysis. It is, nevertheless, possible to use our results
to propose a causal relationship between loss of spe-
cific basement-membrane proteins in ruptured human
plaques and elevated plaque PLAU activity. Laminin,
nidogen, HSPG2, and collagen XVIII are cleaved by plas-
min, MMPS9, or MMP12. These 3 proteases are elevated
in ruptured human plaques and are activated either
directly or indirectly by PLAU.84® Therefore, our results
are consistent with the hypothesis that elevated human
plaque PLAU activity precipitates basement-membrane
protein loss and plaque rupture, although our experimen-
tal methods cannot establish causality.
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Basement-membrane protein loss due to pericel-
lular matrix proteolysis could lead to plaque rupture
via several mechanisms. The best-described mecha-
nism involves SMC and EC apoptosis (anoikis) that
is caused by loss of cell attachments to surrounding
basement-membrane proteins.’®"%788 Death of EC and
SMC would weaken cap structure while also trigger-
ing a local inflammatory response that includes entry of
protease-secreting inflammatory cells (eg, macrophages,
T cells, and mast cells) to the artery wall.”® Proteolysis
of subendothelial basement-membrane proteins such
as laminins increases artery wall permeability, facilitat-
ing inflammatory cell entry®” and potentially increases
lipoprotein entry as well. Migration and retention of
inflammatory cells are further stimulated by basement-
membrane proteolysis that releases chemotactic protein
fragments and exposes adhesive protein domains (well
described for laminins, agrin, other HSPGs, and nido-
gens).88°° Proteolysis of basement-membrane proteins
can also shift SMC away from a contractile phenotype,
weakening the fibrous cap®’ A critical role for base-
ment-membrane proteolysis that causes cap thinning
and SMC death is supported by GWAS data that link
coronary artery disease to a COL4A2 variant associated
with lower COL4A1 and COL4AZ2 expression, increased
SMC apoptosis, and fibrous cap thinning.? Other GWAS
data associate SMC phenotypic modulation (a conse-
quence of basement-membrane proteolysis)®" with
unstable coronary artery disease.®®

Loss of plaque fibrillar collagen—not of basement-
membrane components—has long been considered a
hallmark of human plaque rupture.’”® Consistent with
this, several functional categories related to collagen
were over-represented among less-abundant proteins
in both SR-uPA*© aortas and ruptured human plaques
(eg, collagen trimer in SR-uPA*® aortas; FDR<3x1073;
and collagen binding in ruptured human plaques;
FDR<3x1074). However, at the individual protein level,
no collagen molecule was decreased in both murine
and human settings, and the number of less-abundant
individual collagen molecules was small in both settings
and nonoverlapping: only COL14A1, COL18A1, and
COLbBA1 were lower in the discovery cohort of ruptured
human plaques; only COL1A2, COL15A1, and COL6A3
were lower in SR-uPA*? aortas. Therefore, neither type |
nor type Il (ie, fibrillar) collagen—thought to be the major
vascular collagens providing tensile strength and resis-
tance to plaque rupture®°6—were reduced in ruptured
human plaques. Indeed, few collagen molecules were
less abundant in ruptured versus stable plaque extracts:
in the first set of human plaques, only 3 of 15 identi-
fied collagens were significantly reduced. In the second
set, only 2 of 13 identified collagens were significantly
reduced in ruptured plaques extracts, and 2 were sig-
nificantly increased. In contrast to these modest changes
in collagen abundance, several basement-membrane
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proteins were decreased in both settings (9 individual
basement-membrane proteins in SR-uPA*° aortas; 17 in
the first set of ruptured human plaques; FDR<2x 10"
for basement-membrane protein loss in both settings).
Moreover, decreases in specific human basement-
membrane proteins were highly reproducible in the sec-
ond (independent) set of ruptured human plaques. Our
unbiased proteomic data thus suggest that basement-
membrane protein loss may be more critical than fibrillar
collagen loss in promoting plaque rupture.

We also hypothesized that if ECM components were
proteolyzed either in the SR-uPA*™° mouse or in ruptured
human plaques, we would detect increased levels of pro-
teolytic fragments in the corresponding tissue extracts.
To address this question, we used PROTOMAR, a tech-
nology designed to identify protease substrates and that
relies, in part, on detection of elevated levels of substrate
fragments.®® Identification of these substrates might help
both to identify the proteases that are responsible for
plaque rupture and to identify peptide markers of plaque
rupture.2*® |t is unclear why PROTOMAP did not iden-
tify ECM substrate fragments, especially because both
SR-uPA*™° aortas and ruptured human plaques have sig-
nificant increases in protease abundance and significant
decreases of several ECM proteins. Itis possible that pro-
tein fragments released during ECM proteolysis are: (1)
rapidly cleared from the interstitial space; (2) unstable in
arterial tissue in vivo; (3) inefficiently extracted from arte-
rial tissue; or (4) lost during processing of the extracts.
It is also possible that low size-resolution of the gel-LC
(liquid chromatography) approach and inherent variability
of in-gel digestion interferes with detection of proteolytic
fragments. Additional work optimizing the extraction and
identification of ECM peptide fragments is likely required
before PROTOMAP can be used to identify the in vivo
substrates of atherosclerotic plaque proteases.

We focused our study on identifying mechanisms of
plaque rupture because plaque rupture is the most com-
mon mechanism underlying coronary and carotid artery
thrombosis.*'® Plaque erosion can also precipitate coro-
nary and carotid thrombosis, although it is a less com-
mon etiology of both.*'® Because the design of our study
precluded systematic histological analysis of thrombosed
human plaque tissue, we cannot exclude that some of
our ruptured plaques may have been eroded. However,
for 2 principal reasons, we think it is unlikely that plaque
erosion accounted for a majority of our thrombosed
carotid plaques. First, in most clinical series examining
thrombosed carotid plaques, plaque rupture is more com-
mon (60% in the largest study)®” with plaque erosion
estimated to be responsible for <25% of carotid plaque
thrombosis.* Second, one of us (T. Kohler; unpublished
data) recently completed a systematic histological study
of 111 carotid plaques collected at the same institu-
tions as in the present study. Ruptured fibrous caps were
present in 54% of the plaques, luminal surface disruption
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with mural thrombus was present in 36% of the plaques,
and some plaques had both features (as reported
elsewhere).’® Accordingly, it is highly unlikely that the
thrombosed carotid segments studied herein were not
predominantly ruptured plaques. Moreover, key bio-
chemical features—including relatively low levels of ECM
and SMC-specific proteins (eg, ACTA2 [actin alpha 2,
smooth muscle], MYH11, and CNNT1 [calponin 1]) along
with high levels of proteins associated with atherogenic
lipoproteins (APOB [apolipoprotein B] and APOE)—were
generally shared by all of the ruptured plaque segments.
These biochemical features are more consistent with
the substrate of plaque rupture versus plaque erosion.™
These observations notwithstanding, a compelling argu-
ment has been made that basement-membrane prote-
olysis contributes importantly to plague erosion as well
as rupture.® According to this model, proteolysis of EC
basement membrane would precipitate endothelial des-
quamation and plaque erosion, whereas proteolysis of
the basement membrane surrounding SMC (especially
fibrous cap SMC) would trigger plaque rupture.®%®

We were concerned whether the significant reduc-
tions in abundance of basement-membrane proteins in
both the mouse and human studies were tightly linked
to plaque rupture processes (such as proteolysis) or
whether they were driven primarily by other compositional
differences between SR-uPA and nontransgenic mouse
aortas and between ruptured and stable segments of
human plaques. These other compositional differences
could include increased macrophages and lipid in SR-
uPA aortas?” and increased plasma proteins in ruptured
human plaque segments. Because these structural dif-
ferences cannot be eliminated as experimental variables,
this question may be impossible to answer. However,
several observations argue that the lower abundance
of basement-membrane proteins in ruptured human
plaques is not driven by increased plasma protein abun-
dance. First, as mentioned above, abundance of specific
basement-membrane proteins is reproducibly lower
in ruptured human plaques, but abundance of specific
collagens is not. Second, if the decrease in basement-
membrane proteins (as a percentage of total protein) in
ruptured human plaque segments were due to accumu-
lation of plasma proteins in ruptured plaque segments,
immunoblots that detect basement-membrane proteins
should show reproducible decreases in band intensities
in extracts of ruptured versus stable plaque segments;
yet they do not. Third, peptides derived from albumin (the
most abundant plasma protein) are no more abundant
in extracts of ruptured versus stable human plaque seg-
ments (mean 384 versus 337, A=0.54 in cohort 1; mean
806 versus 577, P=0.14 in cohort 2), discounting plasma
protein abundance as a major uncontrolled variable.

Our study has several limitations. Unlike human
plaques, mouse aortic plaques are too small to be spe-
cifically extracted, requiring that we extract proteins
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from larger segments of mouse aorta. These segments
may contain areas without advanced atherosclerosis,
diluting signals from the plaque-derived proteins. Simi-
lar considerations related to physical size prevented us
from performing proteomic studies solely on innominate
arteries of SR-uPA*® BMT recipients, in which plaque
rupture is common.?® Interpretation of our human data
must take into consideration that human plaques can-
not be harvested immediately before they rupture and
that ruptured/thrombosed plaques removed in the oper-
ating room have already entered a healing phase, with
corresponding changes in the plaque proteome. This
limitation might be addressed in future studies in which
proteomic analyses are performed on carotid plaques
that are removed based on noninvasive assessment
as high-risk but have not yet ruptured.®®'® Our abil-
ity to use the proteomics data to identify novel path-
ways and relationships is limited because our functional
enrichment and network analyses are based on known
biological processes and gene-product interactions.
However, the primary aim of our analyses was to com-
partmentalize the complex molecular events occurring
during plaque rupture within the context of well-defined
canonical annotations and experimentally verified inter-
actions. Another limitation is that our extraction protocol
(developed with a focus on enrichment of ECM proteins)
may not capture some important proteins and peptides.
Absence of these proteins would limit comparison of our
data with proteomic data generated by others using dif-
ferent extraction methods.?®?® In addition, because the
murine and human data exhibit only modest overlap in
altered expression of individual proteins, our data sug-
gest important differences between the biochemistry of
SR-uPA*? aortas and human carotid plaques. For exam-
ple, the proteases that are more abundant in SR-uPA*"°
aortas (MMP2 and MMP3) differ from the proteases that
are more abundant in ruptured human plaques (MMP?9,
MMP12, MMP19, neutrophil elastase, Cathepsins B, D,
G, and Z, chymase, carboxypeptidase B2, carboxypep-
tidase N, and mast cell carboxypeptidase). Accordingly,
development of pharmacological strategies that target
specific plaque proteases will need to rely on human
rather than mouse data. Finally, proteolysis is the most
likely cause of ECM loss from both SR-uPA*° aortas
and ruptured human plaques, and our immunoblots pro-
vide some support that ECM proteolysis is increased in
ruptured plagque segments. However, a mass spectrome-
try-based assay (PROTOMAP) did not detect increased
numbers of proteolytic fragments of the less-abundant
ECM proteins. This could be a result of technical limita-
tions of PROTOMAP methodology.

Unbiased discovery studies such as ours, which test
numerous hypotheses simultaneously, risk generating
falsely positive results, due only to chance. Concerns
regarding false positivity are most definitively resolved
when study predictions are borne out (eg, through
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validation of our results by other groups using similar
methodology or demonstration that interventions that
alter basement-membrane proteolysis have predicted
effects on plaque rupture). Nevertheless, we offer sev-
eral reasons why our results are unlikely to be explained
by chance: (1) we applied rigorous false discovery rate
thresholds to both the peptide abundance data and
the functional enrichment data; (2) in both murine and
human studies, the statistical significance of over-rep-
resentation of basement-membrane proteins among
the decreased abundance proteins was far below the
FDR threshold (FR<2x107"" for both); (3) 6 of the 7
basement-membrane proteins that were differentially
abundant in both mouse samples and human cohort 1
were in the top 30% of differentially abundant proteins
in cohort 1 (ie, these were not borderline differences);
and (4) the key findings on basement-membrane protein
abundance in plaques from cohort 1 were reproduced
independently in a second set of plaques (cohort 2). All
8 basement-membrane proteins (including COL18A1)
were also decreased in this second set, with £A<0.005
for b of the 8 proteins.

In summary, shotgun proteomic studies performed with
murine and human tissues identify biological pathways
that link elevated vascular protease activity with plaque
rupture and reveal that several biochemical features of
human plaque rupture (eg, inflammatory signaling, MMP
abundance, decreased ECM proteins) are replicated in
SR-uPA™® mouse aortas. Our results also suggest that
loss of basement-membrane proteins may play a central
role in precipitating plaque rupture.
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