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Arterial dissections, which involve an abrupt tear in the wall of a major
artery resulting in the intramural accumulation of blood, are a family of
catastrophic disorders causing major, potentially fatal sequelae. Involving
diverse vascular beds, including the aorta or coronary, cervical, pulmonary,
and visceral arteries, each type of dissection is devastating in its own way.
Traditionally they have been studied in isolation, rather than collectively,
owing largely to the distinct clinical consequences of dissections in different
anatomical locations — such as stroke, myocardial infarction, and renal failure.
Here, we review the shared and unique features of these arteriopathies
to provide a better understanding of this family of disorders. Arterial
dissections occur commonly in the young to middle-aged, and often
in conjunction with hypertension and/or migraine; the latter suggesting
they are part of a generalized vasculopathy. Genetic studies as well as
cellular and molecular investigations of arterial dissections reveal striking
similarities between dissection types, particularly their pathophysiology, which
includes the presence or absence of an intimal tear and vasa vasorum
dysfunction as a cause of intramural hemorrhage. Pathway perturbations
common to all types of dissections include disruption of TGF-B signaling,
the extracellular matrix, the cytoskeleton or metabolism, as evidenced
by the finding of mutations in critical genes regulating these processes,
including LRPI1, collagen genes, fibrillin and TGF-B receptors, or their
coupled pathways. Perturbances in these connected signaling pathways
contribute to phenotype switching in endothelial and vascular smooth muscle
cells of the affected artery, in which their physiological quiescent state
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is lost and replaced by a proliferative activated phenotype. Of interest,
dissections in various anatomical locations are associated with distinct sex
and age predilections, suggesting involvement of gene and environment
interactions in disease pathogenesis. Importantly, these cellular mechanisms
are potentially therapeutically targetable. Consideration of arterial dissections
as a collective pathology allows insight from the better characterized
dissection types, such as that involving the thoracic aorta, to be leveraged to
inform the less common forms of dissections, including the potential to apply
known therapeutic interventions already clinically available for the former.

arterial dissection, aortic dissection, spontaneous coronary artery dissection (SCAD),
cervical artery dissection (CeAD), TGF-8, extracellular matrix, vascular smooth muscle
cells (VMSCs), endothelial cells (ECs)

Arterial features define
vulnerability to dissections

An arterial dissection is a structural failure of an arterial
wall that results in an intramural bleed, which forms an
intramural hematoma (IMH) that dissects the vessel wall. As
the IMH expands it causes the ipsilateral vessel wall to bulge
into the vessel lumen toward the contralateral wall, which in
smaller diameter vessels leads to obstruction of blood flow.
This obstruction prevents tissue perfusion causing ischemia
and/or infarction. If the dissection is accompanied by an intimal
tear, obstruction of the true lumen can be due to the IMH
causing a thrombus that extends into and occludes the true
lumen or can give rise to emboli that occlude distal arterial
branches, resulting in micro-infarcts. The one exception to
IMH-induced luminal occlusion is dissection of the aorta,
which has a very large diameter, wherein the most concerning
complication is not obstruction of blood flow or embolic
events, but extension of the dissection into the pericardial space
resulting in a hemopericardium that can causes pericardial
tamponade, or extension of the dissection into a smaller
diameter branch, such as a renal artery, resulting in renal
ischemia or infarction. Dissections occur in medium and large
arteries; with occurrences decreasing with diminishing arterial
size (Figure 1). Clinically, dissections are often categorized by
anatomical location. This localization predicates the medical
specialty best-relating to the dissection — aortic and coronary
artery dissections, which cause heart failure, are the focus
of cardiologists; cervical dissections, which lead to migraines,

Abbreviations: ECs, endothelial cells; VSMC, vascular smooth muscle
cell; AD, aortic dissection; SCAD, spontaneous coronary artery
dissection; CeAD, cervical artery dissection; WGS, whole genome
sequencing; FMD, fibromuscular dysplasia; IMH, intramural hematoma;
ECM, extracellular matrix.
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or in severe cases, stroke, are the focus of neurologists.
Despite the growth of vascular medicine as a specialty that
bridges these anatomic regions, few reviews to date have
considered these conditions collectively as a spectrum of
diseases. Undeniable similarities between arterial dissections
implicate common disease mechanisms. Aortic dissection, one
of the best studied arterial dissection types, is associated with
dysfunction of interlinked TGF-p signaling pathways, and
disruption of extracellular matrix (ECM) structure, cytoskeletal
function and vascular smooth muscle cell metabolism (1).
Combining this research with increasing knowledge from other
types of dissections and with heritable diseases commonly
associated with arterial dissections will provide insight for better
therapeutic intervention and prevention, which are severely
lacking in many of these lesser understood dissection disorders.

Dissections are thought to originate in two of the three
arterial layers - in the innermost layer, composed of an
endothelial cell (EC) monolayer (tunica intima; intima), and
in the thick muscular middle layer (tunica media; media)
composed of concentric layers of vascular smooth muscle cells
(VSMCs) and ECM that together form the lamellar unit (2). The
outermost layer, an ECM coating (tunica adventitia; adventitia)
is not a site of dissection-initiation (Figure 2).

These arterial layers vary anatomically. As muscular arteries
branch further away from the heart their thickness decreases
because of a decreasing number of lamellar units within the
tunica media. This muscular layer provides the mechanical
qualities — distensibility and elasticity — of a vessel. Without
these properties, the vessel would lack compliance, resulting
in excessive pressure within the vessel that would impair the
ejection of blood from the heart. These large conduit arteries
are also referred to as elastic arteries, owing to their high
levels of elasticity facilitated by an abundance of elastin-rich
ECM. As vessel size decreases, the amount of ECM, relative to
VSMCs, is reduced. Medium-sized vessels are thus referred to as
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FIGURE 1
Arterial dissections are reported in large- and medium-sized arteries throughout the body at varying frequencies within the population. The risk
of dissection varies with sex and age. Reported incidences correlate with average intimal medial thickness. Created with BioRender.com.

muscular arteries (or distributing arteries). As arteries branch from the lumen. However, under pathological conditions, such
further into resistance vessels, the media is further reduced as atherosclerotic plaque-formation where there is a barrier to
(3). Dissections have not been reported in resistance vessels. oxygenation via luminal diffusion, vasa vasorum can extend
Branching of arteries adds complexity in vascular structure, inward toward the lumen to also perfuse the subendothelial
contributing to arterial microenvironments. For example, non- tunica media (9, 10). While medial vasa vasorum are required for
linear vessel morphology, including divergent junctions or perfusion of the media in muscular arteries, such as the thoracic
bifurcations, exposes differing arterial regions to varying blood aorta, muscular veins and the pulmonary artery, thinner-walled
flow forces (shear stress). vessels, such as the abdominal aorta, only have adventitial vasa
vasorum, which are not essential for perfusion and integrity of

the medial layer (11).
Elastic and muscular arteries require Flow in medial vasa vasorum has been largely understudied
vasa vasorum except in the aorta, so the physiology of vasa vasorum flow
remains unclear. It is unknown, for example, if and to what
Larger arteries that exceed 29 lamellar units or are >5 mm in extent flow in medial vasa vasorum is supported by their own
thickness (with the exception of the coronary arteries) have vasa VSMCs and/or pericytes, and whether or not flow in the vasa
vasorum, which are required for perfusion and oxygenation of vasorum is dependent on compressive forces, such as peristaltic
the arterial wall (4). Functionally, vasa vasorum are end arteries, pressure of the media resulting from VSMC contraction (11,
terminating close to the adventitial-medial layer and are drained 12). The scale and structure of the vasa vasorum confer several
by postcapillary venules (5, 6). The vasa vasorum capillary bed interesting microfluidic properties: (1) Flow of blood through
is highly irregular, forming kinks, twists, and outpouchings (7, these vessels will mostly be laminar, as viscous forces dominate
8). Typically, vasa vasorum perfuse only the outer two-thirds of over inertial forces at these scales, as evident from Reynolds
the medial layer, the inner third being oxygenated by diffusion Number (Re, below), however, both eddies and to some extent
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FIGURE 2

Typical architecture of medium to large, elastic and muscular arteries. Arteries comprise of three layers — the tunica intima is the innermost layer
consisting of an endothelial monolayer; abluminal this monolayer is an ECM membrane located between the intima and the media, the latter
being the second layer of the artery. The tunica media is concentrically layered with lamellar units of VSMCs bounded by elastin- and
collagen-rich fibers. In larger arteries, the media is perfused by capillaries known as vasa vasorum, which enter the media through the
outermost layer, the tunica adventitia; an ECM and fibroblast-rich layer. Created with BioRender.com.

turbulence can be induced following intimal failure, leading to

flow disturbances;
Re = p_vL
0
where p is fluid density, v is fluid velocity and L is vessel length,
and p is fluid viscosity.

(2) The circumferential stress (o, below), derived from
Laplace’s Equation, acts perpendicular to the radius of the
lumen. For small vessels circumferential stress is relatively low,
as it scales directly with internal pressure. This acts to dilate
the vessel, the radius of the lumen and the thickness of the
vessel wall (13, 14). Vasa vasorum lumens range from ~2 pm
to 329 pwm, with an average luminal size of ~40 um (15).
A vessel of this size should accommodate the pressure moving
through an artery, at diastole, without failing. As such, failure
of the vasa vasorum by pressure overload is unlikely, unless
the surrounding environment no longer provides the required
compressive forces;

where P is internal pressure, r is lumen radius and w
is wall thickness.

Placing the above relationship into context, arteries on
average, have an inner lumen that is 25 times larger than that
of the vasa vasorum. To reduce stress within the arterial wall,
the wall thickness must increase. The average arterial wall can
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be 150 times thicker than the average wall thickness of the vasa
vasorum (assuming wall thickness of an average arteriole) (16).

(3) To a certain extent, the vasa vasorum can be expected
to exhibit viscoelasticity to accommodate the sudden rise in
pressure, which results in rapid, non-linear dilation of the lumen
that tapers off if the pressure is maintained. The extent to
which the vasa vasorum is compressed or dilated depends on
the surrounding tissue, including the ECM and its constituents
exhibit both viscoelastic and strain-stiffening behavior (17);

(4) The flow of blood through the vasa vasorum, from the
adventitia to the media, scales directly with pressure, as given
by the Hagen-Poiseuille Equation (below) and inversely with
length of the vessel, i.e., the longer the vessel, the lower the
flow rate (Q). The high degree of tortuosity of the vasa vasorum
has several effects: while the vessels are better protected from
longitudinal strains, the increase in vessel length increases the
pressure required to drive blood from their entry point in the
adventitia to their termination in the media and on to the
postcapillary venules;

nrt AP
8L

where, r is vessel radius, AP is pressure difference,  is viscosity
and L is vessel length.

(5) The localization of vasa vasorum in the outermost
section of the media is proposed to be a function of the
compressive pressure exerted by the surrounding matrix and the
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underlaying luminal pressure (18). The extent to which the vasa
vasorum propagate axially through the media depends on the
pressure drop across the vessel (AP = pressure at inlet — pressure
at outlet) and the point at which luminal pressure overcomes the
necessary pressure to drive blood throughout the length of the
vessel (pressure at lumen > pressure at outlet).

Anatomical differences in vasa vasorum are evident. The
coronary arteries, while relatively thin walled, are exposed to
large cyclical deformations, owing to the movement of the heart.
Cyclical compression of vasa vasorum significantly reduces flow
rate within the vessels, reducing nutrient exchange and oxygen
delivery. As such, it is unsurprising that the density of vasa
vasorum in coronary arteries is higher than that of carotid or
renal arteries and is almost 10 times greater than that of the
femoral arteries. In the case of the femoral artery, a high density
of vasa vasorum is not required as its vasa vasorum do not
undergo cyclical compression and, as such, are able to maintain
relatively constant blood flow with fewer branches and with
slightly larger luminal diameters (~22%) (19).

There are also structural and site-specific differences
between the vasa vasorum of different arteries. The endothelial-
surface-fraction (endothelial surface area/vessel wall volume)
of the coronary artery vasa vasorum exceeds that of renal or
femoral arteries by threefold, while the vascular-area-fraction
(vasa vasorum area/vessel wall area) of the coronary artery vasa
vasorum is roughly twice as high (20). Accordingly, the vasa
vasorum within the coronary arteries are designed to withstand
higher pressures, permitting greater perfusion than the vasa
vasorum of other arteries. Disruption of blood flow through the
vasa vasorum has been shown to increase tissue stiffness leading
to detachment of the layers near the adventitial-medial border.
This suggests that the vasa vasorum play a vital role in aortic
wall integrity (15). As tissue stiffens, the artery is less efficient at
dampening oscillations and pulsatility arising from systolic and
diastolic phases of the heart, resulting in greater flow instability.
This instability can be characterized by the Womersley number
(o, below) representing the ratio of unsteady forces to viscous
forces (21). The Womersley number is very small in the vasa
vasorum (0.1), indicating that viscous forces dominate within
these vessels and are well dampened from pulsatility. In contrast,
main arteries are exposed to pulsatility that is approximately
100 times larger than for vasa vasorum (22). For example, the
Womersley number for the ascending aorta, thoracic aorta,
abdominal aorta and the femoral artery are 17.8, 12.1, 7.38, and
3.14, respectively (23).

D,

2 [

p2mf

a = re2J
where Dy, is the diameter of the vessel, p is fluid density, f is
heart rate and p is blood viscosity.

Theoretically, to allow vasa vasorum blood flow in the
absence of a supporting muscular layer requires that the
distending forces or hydrostatic pressure within the vasa
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vasorum exceed the compressive forces in the media (12,
24). The efficacy with which arteries maintain the appropriate
level of distensibility and elasticity to allow appropriate flow -
both at the tissue and cellular level - is subject to the
appropriate ECM composition and, thus, physical properties, as
well as structural, and metabolic proteins. Expression of these
proteins is influenced by environmental factors, such as sex,
aging, and lifestyle.

Endothelial cells are the first layer of
defense in arteries

The EC monolayer forming the intima is the first line of
protection against infection and injury, acting as a selectively
permeable barrier to prevent toxin- and pathogen-entry into
tissues, and is an important interface between the immune
system and its cognate perfused tissues. Critical to vascular
function, ECs are one of the main factors governing vascular
tone (25). EC communication with the underlying VSMCs
modulates vasodilation via the gaseous messenger nitric oxide
(NO) secreted following VSMC contraction. NO signaling by
ECs has been shown to regulate not only VMSC contractility,
but also ECM composition (26), as well as inhibiting platelet
aggregation (27) and regulating VSMC metabolism and
proliferation (28, 29).

Of particular relevance to arterial dissections, ECs also
play a key role in mediating the response to injury. ECs
and megakaryocytes are the only cells that produce the
glycoprotein, von Willebrand factor (vWF), a carrier protein
for factor VIII required for blood coagulation (30). Following
damage to the intima, vVWF binds to platelet membrane
glycoproteins and exposes ECM to mediate platelet adhesion
leading to clot formation. The majority (95%) of VWEF is
secreted constitutively by ECs, however, 5% is retained by
ECs and stored in cellular vesicles known as Weibel-Palade
bodies, ready for localized release if required (31). EC-
derived extracellular vesicles are important in mediating VSMC
activation. Extracellular vesicles derived from rat ECs that were
subjected to serum depletion were found to alter the VSMC
proteome by upregulating VSMC stress responses as well as
cellular metabolism (32).

Endothelial cell identity is fluid

The body is estimated to contain 2.54 £ 1.05 x 102
ECs (33). Under physiological conditions quiescent ECs have
an average lifespan of approximately 6 years and account for
only ~0.1% of the daily turnover of all cells (34, 35). Under
conditions of growth or injury, ECs are activated, becoming
“synthetic” or “secretory,” through upregulation of proliferative
and secretory pathways [(36); Figure 3]. There are many
subtypes of activated ECs, perhaps best defined by the inducing
stimulus. Activation can be induced by blood vessel growth
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(angiogenesis) through growth factor signaling, such as by
fibroblast growth factors (FGF) and vascular endothelial growth
factor (VEGF), which upregulate proliferative, migratory, and
invasive processes. Disturbances in blood flow force (shear
stress), and inflammation (acute and chronic) can activate
ECs. These activated cells upregulate inflammatory processes,
including expression of inflammatory proteins such as VCAM1
and ICAMI1, which promote immune cell infiltration (36, 37).
Recent hypotheses propose that this inflammatory type of EC
dysfunction occurs in response to SARS-CoV-2 infection (38).

Anatomy and sex influence endothelial cell
identity

Quiescent ECs vary anatomically. A recent single cell
sequencing analysis, which allowed the development of the
first murine endothelial atlas, studied over 32,000 cells from
11 anatomical regions and identified 78 subclasses of ECs
based on their transcriptome (39). This work confirmed earlier
findings from DNA microarray analysis of ECs originating
from different tissues and vessel types (40). These studies
found that ECs group by vessel type, such as artery and
vein, and also showed heterogeneity amongst cell types.
Interestingly, ECs were found to have upregulation of pathways
that were relevant to their anatomical origin - for example,
ECs from the blood-brain barrier were upregulated for solute
transport processes, while ECs derived from the liver and
spleen, organs that filter and protect from pathogens, were
upregulated for scavenging and immuno-regulating processes
(40). Anatomical region and vascular type variations in ECs
are not surprising given differences in the stimuli to which
these cells are exposed. A study of human umbilical vein
ECs from the same donor displayed variation in both their
proteomes and lipidomes following exposure to differing
shear stress (5 vs. 15 dynes/cm2) (41). These differences
may represent potential anatomical vulnerabilities, rendering
ECs from certain arteries more susceptible to particular
stressors than others.

Endothelial cell populations also differ on the basis of sex.
A comparison of umbilical vein EC transcriptomes between
boy-girl twin pairs at birth indicated sex-specific differences
in a number of pathways, such as enrichment in females for
epithelial to mesenchymal transition and hypoxia, and in males
the unfolded protein response and protein secretion (42). The
same comparison was made in human adults (from the general
population) and sex differences were again found, though some
pathways were different, suggesting a sex hormone (rather than
sex chromosome) effect whereby females had an enrichment
for estrogen response pathways (early and late), while males
had an increase in TGF-B pathway transcripts (42). These
variables could contribute to risk of vascular diseases - including
dissections — positively or negatively. Defining what is a healthy
baseline EC expression profile will likely provide important
insight into vascular diseases.
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Vascular smooth muscle cells are
essential for structure in medium to
large arteries

Under normal physiological conditions, VSMCs are
contractile cells with a spindle-shaped morphology, reinforced
by a well-ordered array of cytoskeletal proteins, including
myosin heavy chain 11 (MYHI11), a-smooth muscle actin
(ACTA2), calponin (CNN1), and transgelin (TAGLN). Cellular
contractility places a large metabolic demand on VSMCs. Yet,
despite the advantage of oxidative phosphorylation in terms of
energy economy, VSMCs use a combination of both oxidative
phosphorylation and glycolytic metabolism to an almost equal
extent when measured at rest (43). It is hypothesized that this
acts to buffer energy depletion and prevent an ATP crisis (44),
but persistent use of aerobic glycolysis (i.e., the Warburg effect)
is also consistent with continued proliferation of VSMCs, even
in adulthood. Despite these high energy demands, VSMCs are
relatively long lived with a half-life of 270 - 400 days (45).

Vascular smooth muscle cell identity is also
fluid

Like ECs, VSMCs can also undergo phenotypic switching
from the physiological contractile phenotype to a highly
proliferative synthetic cellular state in response to certain cues,
such as injury (Figure 3). Under stress conditions, expression
of cytoskeletal proteins, including MYH11, ACTA2, CNNI1,
and TAGLN, is reduced as cells switch from the contractile
to a synthetic state. Earlier research defined synthetic VSMCs
as cells that assume a more rounded morphology and have
increased proliferative, secretory and migratory properties (46).
Phenotype switching to the synthetic state coincides with
a metabolic shift to increased reliance on glycolysis (47).
Molecular triggers such as PDGF-BB, TGF-, actin A, retinoids,
angiotensin II, TNF-a, IGF-1, -1, endothelin-1, and NO as well
as reactive oxygen species and a reduced glutathione (GSH)
redox status, can all modulate the activation state of VSMCs
(46, 48, 49). Activation can also be mediated by shear stress —
synthetic VSMCs supplemented with media from ECs, even
under low physiological stress (12 dynes/cm?), will upregulate
contractile markers (50). VSMC phenotype has also been shown
to be regulated epigenetically and the capacity for phenotypic
modulation appears to be conserved across species, having been
demonstrated in rats, pigs, cows, and humans (46, 51, 52).

Increased understanding of VSMC phenotypic switching
has led to the traditional binary classification of contractile and
synthetic being reconsidered, since it is now clear that synthetic
VSMCs can transdifferentiate into several different lineages,
including foam cells, macrophage-like VSMCs, myofibroblast-
like VSMCs and osteoblast-like VSMCs [reviewed in (53)].
The field has been aware that these synthetic subtypes exist
(51), however, it is only with recent technologies, such as
advanced lineage tracing and single cell RNA-Seq, that they
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FIGURE 3

Phenotypic changes in the cellular and extracellular components of the artery in response to injury/infection. Created with BioRender.com.

have been explored in detail. Single cell sequencing analysis
of aortic tissue indicated that the tunica media consists of
five VSMC-like clusters, which are grouped according to their
gene expression profiles and indicate pathways associated with
contraction, stress responses, and cell cycling (with both low
and high contractile protein expression), and also fibroblasts
(54). The capacity of VSMCs to regulate these processes is
well documented to be perturbed in many vascular diseases,
particularly atherosclerosis [reviewed in (55)], but to date
has not been well explored in terms of its involvement in
arterial dissection pathophysiology. VSMC phenotype switching
has been described as a pathological mechanism of aortic
dissections (56), though importantly, this phenomenon is yet
to be considered for other arterial dissection types, such as
spontaneous coronary artery dissection (SCAD) or cervical
artery dissection (CeAD). How synthetic VSMCs are activated
in arterial dissections may differ between dissection subtypes
in other vasculopathies and this knowledge is likely critical for
understanding how and why these various vasculopathies occur.

Signaling from ECs is important for VSMC phenotype
switching. VSMCs never exist in vivo without some proximity
to ECs. Although separated by the internal elastic lamina, this
layer offers little resistance to direct chemical communication
between these cells as it is fenestrated, or discontinuous and
fibrous (57). It has long been established that interactions
between ECs and VSMCs affect cell morphology and
proliferation of both these cell types (58). Studies of bovine
aortic VSMC and EC co-cultured but separated by a permeable
polyethylene terephthalate membrane, mimicking the internal
elastic lamina, indicated a 56% increase in VSMC proliferation
when VSMCs were co-cultured opposite ECs compared to
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VSMC-only cultures. Notably, the VSMCs co-cultured with ECs
retained a spindle shape, whereas VSMC-only cultures were
epithelioid in appearance (58), consistent with a contractile
and synthetic phenotype, respectively (46). It is not clear how
well these co-cultures reflect in vivo conditions where VSMCs
vary in proximity to the ECs of the intima and vasa vasorum,
however, 3D cultures of VSMCs and ECs may provide insights
into their relationship in the context of phenotype modulation.

Anatomy and sex influence vascular smooth
muscle cell identity

Like ECs, VSMCs vary based on anatomical location and
between sexes. Reduced intimal-medial thickness, owing to
a lower abundance of VSMC is observed in females (59,
60). Single cell RNA transcriptome analysis demonstrated sex-
specific differences in the expression of collagen in murine
aortic-derived VSMCs (54). More recently, a single cell
study also highlighted that key drivers of atherosclerosis
differ between sexes — unique VSMC phenotype-modulating
mechanisms underpinning an increased risk of atherosclerotic
lesion development in females (61). Collectively, these data
highlight that like ECs, in both health and disease VSMC
identity is highly nuanced with regards to the influence of sex.

The extracellular matrix provides the
structural qualities of the vasculature

It would be remiss to discuss the cells of the vasculature

without also considering the most abundant feature of the
arterial cell landscape — the ECM. A fascinating, dynamic
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environment, it is irrefutably a major player of the vasculature
and is as important as the ECs and VSMCs themselves.
The ECM accounts for up to 60% of the dry weight of a
large vessel (2). Critical to the structure and function of the
arterial wall, the ECM provides elasticity and distensibility,
and acts to provide critical signals, both directly by interacting
with adhesion molecules such as integrins, and indirectly,
as a reservoir for signaling factors. ECM composition differs
within the vessel wall, including that adjacent to ECs,
in the lamellae formed by VSMCs, as well as at the
interface between the contractile and non-contractile layers
(intima-media and media-adventitia). Differences in ECM
composition are critical for providing the specific mechanical
and biochemical properties required to facilitate appropriate
signaling for each unique microenvironment of the vessel wall,
and for maintenance of arterial homeostasis (62).

There are within the
arterial ECM: elastic fibers and collagen fibers. Elastic
fibers comprise a diverse range of ECM species, including

two major macromolecules

elastin, fibrillin, microfibril-associated glycoprotein-1, latent
TGEF-B, decorin, biglycan, versican, microfibrillar-associated
lysyl fibulin,
amyloid, collagens, and endostatin (63). Elastin is attributed

protein, tropoelastin, oxidase, vitronectin,
with providing distensibility in the vessels and distributing
stress onto collagen (64). Encoded by ELN, elastin is the
major component of elastic fibers. Like collagen, elastin is
also expressed variably in different anatomical locations (3).
Decreases in elastin expression during development have been
shown to result in thickening of lamellar units and increased
abundance of VSMCs, which is thought to compensate for the
reduced elasticity normally provided by the elastin in the ECM
layer of the lamellae. Elastin insufficiency has been linked to
hypertension in later life in both mice and humans (65).

Collagen fibers are comprised of bundles of collagen fibrils,
which are formed from collagen triple helix bundles (each
collagen triple helix being made up of three collagen chains).
Collagen is the most abundant protein in mammals. There
are many types of collagen chains - over 44 chains have
been recognized (66). Different collagen types provide different
mechanical properties, such as stiffness or elasticity (67). In
arteries, collagen is the greatest facilitator of the contractile
changes that occur and is attributed with defining the stiffness
of vessels (64). The abundance of total collagen and collagen
subtypes in the vasculature is not universal (67, 68), with
differences in variables such as anatomy, sex, ethnicity and age
still to be cataloged.

The extracellular matrix is essential to cellular
identity

The ensemble of ECM proteins, known as the matrisome,
encompasses 300 different proteins that provide the elegant
and complex extracellular environment required to maintain
cellular identity (66, 69). Both VSMCs and ECs contribute to

Frontiers in Cardiovascular Medicine

08

10.3389/fcvm.2022.1055862

the generation and modification of the arterial ECM, which
is established during development, and has low turnover in
adult life, except for alterations with aging, disease, and injury.
For example, once established at birth, elastin turnover is
thought to be only 1% per annum (70). Experiments as early
as the 1980s showed that altering the ECM on which VMSCs
are grown drastically changes the morphology of VSMCs,
highlighting the importance of consistency in the ECM. Male
rat aortic VSMCs change their phenotype, including their shape,
attachment, and spread in vitro, with alterations in fibronectin,
laminin, collagen IV or peptide coating (71). Even changes to
the conformation of collagen can influence cellular phenotype:
collagen 1 in its fibrillar form promotes a contractile VSMC
phenotype, whereas monomeric collagen 1 activates VSMC
proliferation, indicative of encouraging a synthetic phenotype
(72). Elastin is similarly essential - in cultured primary porcine
VSMGCs, elastin reduces proliferation and migration in an
inverse dose-dependent manner, while in ECs, proliferation was
only reduced once elastin reached a threshold concentration
(10 mg/mL) (73). Additionally, homozygous elastin knock-out-
derived murine VSMCs express reduced levels of contractile
myofilament-associated proteins, including ACTA2, CNNI and
TAGLN. The mechanisms driving this shift in phenotype
have led to the finding that elastin can activate a G protein-
coupled pathway leading to the inhibition of adenylate cyclase,
which causes a reduction in cAMP levels and stimulates actin
polymerization (74).

The mechanical properties of the arterial ECM modulate
cellular phenotypes. Increased extracellular stiffness has been
shown to influence an array of cellular properties, including
focal adhesion expression and cytoskeletal structure (75, 76).
Stiffness also influences expression of plasticity proteins. A study
into the effects of altered substrate stiffness on mesenchymal
stem cells (vascular progenitors) found that expression of the
Yamanaka factors Nanog, Sox2, and Oct4, decreased with
increased stiffness (77). This same study also found that reduced
stiffness resulted in a more relaxed nucleus, leading to the
speculation that this allowed for an increase in euchromatin
that facilitated increased pluripotency gene expression (77).
Interestingly, increased motility in the presence of a stiffer
substrate, a response known as durotaxis, has been shown when
VSMCs were plated on fibronectin, but not laminin, and an
inverse relationship has been shown in a recent study comparing
migration of VSMCs on collagen (migration decreased with
increased stiffness) and fibronectin (again, migration increased
with an increase in substrate stiffness) (78, 79). Together these
studies suggest the effects of extracellular substrate stiffness rely
not only on the mechanical properties of VSMCs but also on
ECM composition.

The ECM provides a critical reservoir for growth factors
and signaling compounds, such as TGF-B. TGF-f signaling is
fundamental in mediating both EC and VSMC proliferation,

cell death, migration and adhesion, cytoskeletal organization,
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as well as in regulating the ECM itself (80). This signaling is
nuanced - eliciting differing effects depending on cell type,
concentration, and receptor presence (81). In ECs, for example,
TGF-B binding to the TGF-B receptor 2 (TGFBR2) and the
ALKS5 complex elicits downstream SMAD2/3 signaling, which
inhibits proliferation and migration and, thereby, maintains
quiescence. Conversely TGF-f interaction with the TGF-
PR 2 and the ALK1 complex activates SMADI1/5 signaling,
stimulating proliferation and migration (82). TGF-f is stored
in a latent form in the ECM. Under normal physiological
conditions, latent TGF-B is activated by cleavage of its
propeptide (latency-associated protein) by furin. This activation
occurs via a number of mechanisms, the primary being integrin
activation (80).

Anatomy and sex influence arterial
extracellular matrix

Given the complex variability in arterial cell identity, it is
unsurprising that arterial ECMs vary beyond simple differences
in abundances of collagen fibers and elastin fibers. The overall
composition of the ECM varies in different anatomical regions -
as aforementioned, expression of the ECM in ECs and VSMCs
varies throughout the vascular tree. A microarray study of blood
vessels harvested post-mortem indicated distinct differences in
mRNA expression of ECM protein-encoding genes. Thus, ECM
proteins, including collagen subtypes 501/2, 4a1 and 402, as well
as many ECM interacting proteins, such as integrins, were found
to be differentially expressed across anatomical regions, with a
distinct partitioning when grouped by vessel size (83).

Given the differing functional requirements of the layers
of the artery, vascular ECM must also vary in composition
at the microenvironment level. The interfaces of the arterial
layers must facilitate the coalescence of two differing cell types,
which differ in function, and, therefore, structure. Endothelial
ECM is characterized by great asymmetry in its composition —
the luminal surface of ECs lacks the structural components
of collagen and elastin fibers. Instead, the extracellular space
is covered in a fragile mesh-like layer of polysaccharides,
proteoglycans, glycoproteins and glycosaminoglycans, termed
the glycocalyx, that appropriately translates to “sweet husk.”
This layer, which appears almost as a fur lining, retains
hyaluronan and heparan sulfate to create a hydrostatic pressure
gradient (84). It plays an important role in preventing pathogen
entry, and facilitating the diffusion of required nutrients (85).
On the reverse, intramural side of ECs, the intimal-medial
interface must facilitate the interactions of ECs with the
contractile VSMCs of the media. Similarly, the ECM of the
media, so integral to facilitating pulsatility, must coordinate the
recurring units of VSMCs, yet it must also permit reticulation of
vasa vasorum from the adventitia into the media.

Further to this complexity, artery composition and stiffness
also varies based on sex and aging. Artery size varies with sex;
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average female arteries are smaller than their male counterparts
(86, 87). Arterial stiffness increases with age. Rates of change are,
however, sex-dependent such that arterial stiffening accelerates
after the onset of menopause, reversing the trend in women,
who, relative to men, have more compliant vessels (88, 89). This
phenomenon is also observed in non-human primates (90). This
relationship has been attributed to sex hormone levels such as
estrogen and progesterone, which are lower in men, and which
decrease in menopausal women. Progesterone and estrogen
have been demonstrated to alter ECM deposition by VSMCs
in vitro, thus reduced ECM regulation by these hormones is
suspected to contribute to this increased arterial stiffness (91).
However, a recent study of 339 women found that the arterial
stiffness increase that occurred within the year following their
final menses did not correlate with either estrogen or follicle
stimulating hormone levels, though this study did not examine
progesterone levels (92).

Arterial cells and extracellular
matrix dysfunction prime arteries
for dissection

Arterial dissections occur when arterial structure is
compromised, and, except for aortic dissections, development
of an IMH prevents perfusion by the artery. Dissection falls into
two categories (Figure 4): (1) an IMH forms within the media,
while the intima remains intact, or (2) the integrity of the intimal
layer is compromised resulting in the formation of a false lumen
due to blood flowing into the medial layer of the artery from the
true lumen, resulting in an IMH. It is not clear if this tear in
the intima is a primary event or is secondary to expansion of an
existing IMH, however, angiography, which requires the use of a
thin guidewire for catheter placement has been known to cause
an iatrogenic intimal tear and/or to exacerbate a spontaneous
dissection.

Collectively, the localization of dissections within arteries
implicates perturbations of ECs, VSMCs and/or arterial ECM
in the etiology of arterial dissections. Schievink and colleagues,
proposed in their 1994 review that primary arteriopathies are
the result of single ECM protein mutations, the phenotypes
of which are predicated on the distribution (and abundance)
of ECM expression in different organs (93). Based on
these considerations, it seems reasonable to hypothesize that
the composition of different arteries is predicated on their
mechanical requirements, and that dysfunction in critical ECM
components at an anatomical position will predispose the
vascular structure to dissection at such locations. It could also
be speculated that the subtypes of dissection correlate with
a specific Achille’s heel of arterial architecture i.e., that the
various ECM compositions at different cellular interfaces of
the artery (EC-EC, EC-VSMC, VSMC-VSMC, and EC-ECM
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layer, VSMC-ECM layer) serve as points of mechanical weakness
when compromised by aberrant protein expression, with such
weakness predisposing to dissection. Extending this notion,
perturbations in EC and VSMC function, particularly VSMC
contractility, may similarly compromise arterial integrity and
contribute to susceptibility to dissection.

Spontaneous arterial dissections

Spontaneous arterial dissections occur both in association
with connective tissue diseases as well as independently, in
otherwise seemingly healthy individuals. A commonly held
hypothesis is that spontaneous arterial dissection events occur
according to a two-hit model - requiring a genetic burden to
predispose an individual to a dissection, and an environmental
trigger to precipitate the event. Many of the pathways and
genes that have been associated with spontaneous arterial
dissections are shared amongst different dissection types, as
discussed below.

Spontaneous arterial dissections may occur in many
different anatomical locations, such as the cervical arteries
and aorta, or there may be multiple dissections in one area,
such as in multiple branches of the coronary artery (94). This
strongly suggests that there are likely mechanistic subtypes of
arterial dissection. Simultaneous artery dissections have been
reported - one case study reported seven arterial dissections
within 24 h of hospital admission in both iliac arteries, inferior
mesenteric, renal, splenic and celiac arteries (95). Although no
phenotypic features of connective tissue diseases were evident,
genetic screening of the 28 vascular dissection and aneurysm-
associated genes (a connective tissue disease panel) identified
a variant in COL3A1I (c.3199A > T, Ser1067Cys). The clinical
significance of this variant is unknown; these amino acids differ
only in one functional group whereby an alcohol in serine is
replaced by a thiol group in cysteine (95). As there were other
family members who were also homozygous for this variant
with no history of vasculopathy, further investigation, such as
whole genome sequencing (WGS) and cellular and molecular
studies, is needed to elucidate the mechanisms causing this
extreme phenotype.

Importantly, there are reports of family members carrying
variable penetrance risk variants, who have no notable disease
features and who have not suffered from a dissection (1, 96, 97).
Whether there is a protective genetic element present in these
individuals, or if the right positive environmental cues (or lack of
negative environmental cues) are also present, is unclear. Future
integration of WGS information to determine polygenic risk
scores for dissection may be helpful for these individuals. The
asymptomatic state yields hope that therapeutic intervention,
to upregulate protective cellular processes, once defined, could
prevent future dissections in family members at risk, and those
at risk of recurrent dissections.
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Diseases affecting vascular
extracellular matrix are associated with
increased risk of arterial dissections

Increased risk of arterial dissections in a number of diseases
that affect vascular integrity suggests a genetic predisposition to
dissections. Patients with connective tissue syndromes including
Ehlers-Danlos, Marfan syndrome, Loeys-Dietz, Alport, as well
as those with osteogenesis imperfecta (brittle bone disease),
polycystic kidney disease, and fibromuscular dysplasia (FMD),
commonly report dissections in the aorta, coronaries, and/or
cervical arteries. Pathogenic variants causing these conditions
are overwhelmingly ECM-related (Table 1). Sexual dimorphism
is reported in many of these conditions- for example in a study
of vascular Ehlers-Danlos patients, men were more common in
the aortic dissection cohorts, while women dominated in the
SCAD and CeAD Ehlers-Danlos cohorts. While larger studies
are needed to further validate these findings (98), this theme of
sex-related differences is prominent among the different types of
arterial dissection.

Aortic dissections

The aorta is the largest artery in the body, and the most
common artery to dissect. It is subjected to the highest pressure
of any artery, being the first to receive ejected, oxygenated
blood from the heart. It is estimated that 1-2% of all deaths
in the Western world are caused by weak and defective
aortic structure (99). Thoracic aortic dissections are the most
common catastrophic vascular structural failure, exceeding
that of ruptured abdominal aortic aneurysms. Taking into
account cases that are lethal prior to hospital admission, the
annual prevalence of aortic dissections is 15 cases per 100,000
people (100).

Aortic dissection pathology

There are numerous clinical classification systems for
aortic dissections. Traditional anatomical-based classification
systems remain popular — namely the ternary DeBakey system
(101) and the binary Stanford system (102), both of which
classify dissections according to the extent of involvement
of the ascending and/or descending aorta. Aortic dissections
are also commonly classified by their anatomical locations
into thoracic and abdominal regions. The majority (62.3%)
of aortic dissections occur in the ascending portion of the
aorta and are considered thoracic aortic dissections (103).
Newer classification systems have been proposed, some of
which consider features of pathology (e.g., where, within
the vessel wall, the dissection forms; if the dissection was
iatrogenic, and if atherosclerotic plaques were present) that
provide useful information for understanding the underlying
mechanisms. However, these have not yet been widely adopted

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

10.3389/fcvm.2022.1055862
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FIGURE 4

The two pathologies of arterial dissections: bleeding within the tunica media results in intramural hematoma formation with separation of the
tunica media layer to create a false lumen that causes occlusion of the true lumen of the vessel, thereby preventing tissue perfusion. Some
dissection events are associated with tunica intima tearing (intimal failure). Created with BioRender.com.

Intimal Failure

(104, 105). It has been proposed that dissections occur at
areas of the aorta subjected to the largest pressure changes;
a notion supported by computational flow predictions (106).
Vasa vasorum dysfunction is also increasingly recognized as
being central in aortic dissection pathogenesis (107). This is
strongly evidenced by a porcine study wherein occlusion of
aortic vasa vasorum was sufficient to cause aortic dissection
(108). Further investigations into vasa vasorum dysfunction are
urgently needed.

Conditions and risk factors associated with
aortic dissection

As the most common type of arterial dissection, aortic
dissections are also the most well-defined in terms of associated
risks. Sexual dimorphism is evident with males accounting
for 67.5% of cases (109). Women who experience an aortic
dissection tend to be older. Analysis of the International Registry
of Acute Aortic Dissections revealed that of patients under
50 years old, males represented 80% of cases, however, this
divergence steadily drops with age, reaching an almost 1:1
male:female ratio in patients over 75 years old (103). Notably,
this study also showed dissection location partitioned with age -
the mean age of patients suffering from an ascending aortic
dissection was significantly younger than those who developed
other aortic dissections.

Hypertension is a strongly linked risk factor for aortic
dissections. In a Swedish study of thoracic and abdominal aortic
dissections, hypertension was present in 86% of individuals
(109). Smoking, which has been linked to hypertension, as
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well as general vascular damage, is also a high risk factor
(110, 111). It is unclear whether this association is due to
smoking causing hypertension, arterial damage, or both, and/or
to another explanation entirely. Other agents that cause vascular
injury have also been linked to aortic dissection including
infections, such as syphilis (112). Though now rare, in cases of
syphilis where the infection has been ongoing for more than
10 years, cardiovascular sequelae, including aortic dissection, are
common, (113, 114). An increase in aortic dissections following
COVID-19 infections has been reported and long term effects of
infection are yet to be fully realized (115). Rare cases of aortic
dissection have also been reported in people with ankylosing
spondylitis, an inflammatory autoimmune condition that often
causes aortitis (116).

Genetics and molecular mechanisms of aortic
dissections

Perturbations in a number of pathways have been
implicated in aortic dissections - TGF-f signaling, ECM,
VSMC contractility, and VSMC metabolism (117). Importantly,
these pathways are critical in cellular identity and phenotype
switching in VSMCs, which we postulate precedes all forms
of arterial dissection. The genetics of aortic dissections are
subject to regular review. It is not the intent of this review
to provide an exhaustive update, but rather a comparison for
a holistic view of arterial dissections. By comparing findings
with the growing wealth of knowledge provided by genetic
and cellular studies, we can begin to elucidate the underlying
disease mechanisms shared by all arterial dissections. Moreover,
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TABLE 1 Arterial dissection associated conditions.
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Condition Description Genes with Prevalence Sexual Dissection References
pathogenic variants dimorphism associated

Ehlers-Danlos CTD; hyperextendable COL1A1, COL1A2, COL5A1, 1:5,000 Dissection types CeAD, aortic, (98, 264-268)

(EDS) joints, hyperextensible COL5A2, COL3A1, COLI2A, vary by gender SCAD

skin, easy bruising,
abnormal scarring;
vascular EDS subtype,
and in 17% 13

ADAMTS2, PLODI, FKBP14,
TNXB, CHST14, DSE,
B4GALT7, B3GALTS,
SLC39A13, ZNF469, PRDMS5,

non-vascular EDS have CIR, CIS, AEBPI

vascular involvement
Marfan
syndrome

CTD; affects the ocular,
skeletal, and
cardiovascular systems

FBN1

with varying severity

Loeys-Dietz CTD; affects the skin, TGFBRI1, TGFBR2, SMAD3,

syndrome skeletal and TGFB2
cardiovascular system
Alport Affects the renal, COL4A3, COL4A4, COL4A5
syndrome auditory and ocular
systems. Hypertension
increases risk of
cardiovascular events
1000 fold.
Fibromuscular Abnormal (dysplastic) PHACTRI
dysplasia cell growth in
medium-sized arteries
causing tortuosity
Polycystic Kidney cyst formation, PKDI, PKD2

kidney disease cardiovascular

COLIAI, COL1A2, BMPI,
CRTAP, LEPREI, PPIB,
TMEM38B, SERPINH]1,
FKBPI10, PLOD2, WNTI,
CREB3L1

Osteogenesis Brittle bones disease

imperfecta

1:5,000-1:10,000

Sex related CeAD, aortic, (109, 157, 220,

burden SCAD, PA 269-272)
(pregnancy
increases aortic
root dilation)
Less than NA CeAD, aortic, (273-275)
1:10,000 SCAD
1:10,000 X-linked in 85% Aortic, SCAD (276-279)
cases
Up to 6.6% 90% patients CeAD, SCAD (157, 166, 171,
population female; male 280, 281)
(potential patients
kidney donors) significantly
associated with
CeAD
10M people NA CeAD, Aortic, (34, 175,
globally SCAD, iliac 282-284)
1:20,000 NA CeAD, aortic, (229, 285-289)

SCAD

contrasting the differences in these dissection subtypes can
direct our understanding of the susceptibility of specific
anatomical locations to dissection.

Transforming growth factor p signaling dysfunction

Given the well-established link between TGF-f signaling
dysfunction and disease-associated aortic dissections, such as
in Marfan Syndrome, it is unsurprising that several members
of this pathway have been implicated in spontaneous aortic
dissections as well as connective tissue diseases. Variants that
have been associated with thoracic aortic dissection (through
syndromic affiliations, such as Loeys-Dietz) include two of the
three isoforms of TGF- (TGFB2-3), both TGF-f receptors,
TGFBRI and TGFBR2, and TGF-B-latent transforming growth
factor B-binding protein 1 and 3 (LTBPI, LTBP3) (118-120).
Protein-protein interaction analysis has implicated TGF-B1 as
a central protein in aortic dissections (121), though variants in
TGFBI, per se, have not been identified in patients.
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The downstream effectors of TGF-f signaling, such as the
SMAD family, have also been linked to aortic dissections.
SMAD3 is regarded as a definitive causal gene for thoracic
aortic dissections (122). SMAD2, SMAD4 and SMAD6, which
signal through c-Jun/c-Fos (123), are also associated with
aortic dissections (1, 118, 120, 124, 125). ZFYVEY, encoding
zinc finger FYVE domain-containing protein 9, which recruits
SMAD proteins and is involved in TGF-f signaling, has been
associated with aortic dissections through recent whole exome
sequencing studies (121). Similarly, LRP1 has recently been
associated with acute aortic dissections (126). Loss of LRP1
recapitulates Marfan syndrome disease mechanisms, wherein
TGE-B is prematurely released from the ECM. Interestingly,
loss of LRP1 upregulates the JNK1/2-c-Jun-Fra-2 signaling
pathway in myofibroblasts (127), a pathway also affected in
aortic dissections.

Mutant forkhead box E3 (FOXE3) has been identified to
predispose to aortic dissections (128). Not a lot is known about
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the role of FOXE3, a transcription factor better known for its
critical role in lens epithelial cell proliferation and survival.
In mouse lens epithelial cells, forced persistent expression of
FOXE3 during development alters the cytoskeleton and the
ECM, and causes prolonged upregulation of TGF-B3 and CTGF
expression (129). FOXE3-deficient mice have increased VSMC
apoptosis, as well as increased aortic pressure, and rupture
(128). Methionine adenosyltransferase 2A (MAT2A) (130),
another aortic dissection risk-associated gene, has previously
been suggested to be a VSMC metabolism gene, however,
recent work in hepatic stellate cells has also identified MAT2A
as a downstream target of TGF-p. Upregulation of TGEF-
B1 increased MAT2A concentration via p65 phosphorylation,
with subsequent increased expression of both ACTA2 and
COLIAI1 (131).

Extracellular matrix dysfunction in aortic dissections
Variants in an array of collagen subtypes are associated with
aortic dissections, including eleven collagen genes: (COLIAI,
COLIA2, COL3Al1, COL4Al, COL4A5, COL5A1, COL5A2,
COL9A1, COL9A2, COLIIAI, and COLI18AI) (1, 118, 120,
121, 124, 125, 132, 133). Variants in a range of quintessential
ECM proteins are also involved, including EGF-containing
fibulin-like extracellular matrix protein 2 (EFEMP2), microfibril
associated protein 5 (MFAP5), lysyl oxidase (LOX), elastin
(ELN), and fibrillin (FBN)-1 and -2 (121, 134, 135).
Dysregulation of the ECM is a regularly occurring theme
in aortic dissection-associated variants. Downregulation of the
hsa-miR-29 family, which has been shown to increase collagen
levels, including in cardiac fibrosis where it has been shown to
increase collagen1Al, 1A2, 3A, and fibrillin-1 mRNA expression
in regions affected by myocardial infarction in mice (136), was
detected in aortic tissue of dissection patients compared to
healthy controls (132). A decrease in HDAC6 protein levels
has also been detected in aortic tissue of dissection patients
compared to coronary artery disease patients, whereas mRNA
levels of ECM proteins were found to be increased, including
COL3A1 and COL1A2, matrix metalloprotease 2 (MMP2),
tissue inhibitor of metalloproteinases 2 (TIMP2), periostin
(POSTN) and connective tissue growth factor (CTGF). This
ECM regulation of matrix secretion is thought to involve
HDACS6 deacetylation of H3K23 (137). MMP1 (total) and
MMP9 (total and active) levels have been shown to be increased
in aortic dissection tissues compared to controls (138).
Suppressor of cytokine signaling 3 (SOCS3) is a more
recent gene to be implicated in the pathogenesis of aortic
dissections. In a mouse model of aortic dissection induced
by minipump administration of the lysyl oxidase inhibitor,
(BAPN, 150 mg/kg/day), the
vasoconstrictor, angiotensin II (1,000 ng/kg/min), it was found
that knockout of SOC3, an activator of JAK/STAT and negative
regulator of Janus kinases/signal transducer, led to a decrease
in aortic dissections (139). Aortae from SOC3 knockouts

B-aminopropionitrile and
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had increased tensile strength, likely due to an increased
deposition of total collagen, which was significantly higher
in the adventitia. This suggests that increased tensile strength
reduces the incidence of dissections (139). Additionally, levels
of several ECM-associated proteins have been found to be
decreased in aortic dissection tissue, including HSP27, SOD3
and osteoglycin (140).

Cytoskeletal dysfunction in aortic dissection

Proteins of the cytoskeleton, as well as cell adhesion-
associated proteins that anchor vascular cells to the vascular
ECM, feature heavily in the proteins that are associated with
aortic dissection. Altered expression of VSMC intracellular
contractile proteins, including MYHI11, myosin light-chain
kinase (encoded by MYLK) that phosphorylates myosin light
chain, ACTA2, and TAGLN have been associated with aortic
dissections. In addition, ACTA2 mRNA has been found to be
increased in aortic tissue of dissection patients (137), suggestive
of cells undergoing phenotypic changes. An early proteomics
study also implicated an upregulation of ACTA2 protein with
concomitant decrease in TAGLN protein in aortic tissues from
patients post-dissection compared to controls (140). Talin-
1, which tethers the ECM to the cytoskeleton by tethering
actin to integrin, and is involved in the regulation of focal
adhesions, integrin signaling, proliferation and migration, has
been shown to be downregulated in aortic dissection tissue
compared to normal controls (141, 142). Variants in the cell
adhesion neurogenic locus notch homolog protein 1 gene,
NOTCH], are associated with aortic dissection/aneurysm (143).
Moreover, protein levels of NOTCH1 have been shown to
be reduced in thoracic aortic dissection tissue, despite an
upregulation of NOTCHI mRNA (144). Collectively, the altered
expression of these cytoskeletal proteins is suggestive of cellular
activation and remodeling.

Dysfunction in the regulation of cytoskeleton proteins has
also been associated with aortic dissections. A zinc finger
protein, four and a half LIM protein 1 (encoded by FHLI),
which regulates the structure and formation of myosin filaments
(122, 145), was found via proteomics to be decreased in aortic
tissue (140). This has also been independently corroborated in
Western blot analyses of aortic tissue from dissection sufferers,
which found a 2.5-fold decrease in FHLI1 level in patients
compared to controls. Importantly, immunohistochemistry
revealed this decrease was most pronounced in the area of
the media surrounding the tear when compared to the intima
and adventitia (122). In the myoblast C2C12 cell line, FHL1
has been observed to potentiate the effects of TGF-8 (146).
In non-diseased vessels, FHL1 has been observed to increase
with increased blood pressure (147), and has been shown to be
increased in rat VSMCs following treatment with hypertrophic
stimuli (148). siRNA knockdown of FHLI in rat VSMCs caused
a decrease in cell proliferation, which was not associated with
apoptosis (122). Together these data suggest that FHL1 plays
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a role in VSMC plasticity (contractility/synthetic identity),
though the exact role of this protein in VSMC phenotype
regulation, and its role in vascular dissection will require
further investigation. Similarly, variants of Unc-51-like kinase
4 (ULK4), a pseudokinase thought to remodel the cytoskeleton,
have been linked to aortic dissections (126), with variants in
ULK4 having also been linked to hypertension (149, 150).

Metabolic dysfunction in aortic dissection

Metabolic changes are reported to precede aortic
dissections, and a number of genes associated with aortic
dissections are linked to metabolism (125). DAB2IP, encoding
disabled homolog 2-interacting protein, which is involved in
cell growth and survival and has been associated with aortic
dissection as well as abdominal aortic aneurysms (121, 151).
mRNA expression of both CREBBE (encoding CREB-binding
protein) and EP300 (encoding histone acetyltransferase p300),
both of which regulate cAMP-associated genes, was found to
be downregulated in patient aortic dissection tissue compared
to healthy controls (121). Interestingly, the aforementioned
study by Liao et al. (140) focused on the role of oxidative stress
as a mitigating pathway for aortic dissection (140), which is
further supported by the recent identification of mitochondrial
dysfunction being modulated by ECM stiffness in Marfan
syndrome-associated aortic aneurysm formation (152).

Variants in the glucose transport 10 protein, Glutl0
(encoded by SLC2A10), have been associated with a Marfan
syndrome-like disease pathology that is seen in arterial
tortuosity syndrome, another disease associated with aortic
dissections. (100, 153). Variants in SLC2A 10 lead to a decreased
density of Glutl0 transporters, which causes ECM disarray
and subsequent inappropriate TGF-p signaling, as well as
oxidative stress (154). Notably, pathogenic variants in glut10
have been shown to alter angiogenesis (155). CBS encoding
cystathionine-beta-synthase, has been categorized as a low-
risk gene for aortic dissection (120). Variants in CBS are
associated with the metabolic condition, homocystinuria, which,
similar to pathogenic SLC2A10 variants, can result in a Marfan
syndrome-like disease pathology. Conversely, Group V secreted
phospholipase A2 (sPLA,-V) is believed to play a protective role
against aortic dissection. Increasing downstream mobilization
of sSPLA;-V substrates has been shown to rescue an angiotensin
II infused murine model of aortic dissection. Thus, increasing
dietary oleic acid and linoleic acid, which are normally
mobilized by sPLA,-V, eliminated spontaneous dissection
observed in 45% of sSPLA, knockout mice (Pla2g5*/*) (156).

Spontaneous coronary artery
dissection

The coronary artery, which supplies blood to the heart itself,
is the only artery to perfuse its cognate tissue, the myocardium,
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during the relaxation phase of the cardiac cycle (diastole)
rather than in systole. As with other muscular vessels, the
outer layer of the coronary tunica media is perfused by vasa
vasorum that originate from sites of branching of the coronary
vessels (9) with little if any contribution from vasa interna (8).
Dissection of the coronary artery results in an acute coronary
syndrome (myocardial infarction or unstable angina) or death
(157). As with all dissections, advances in their detection,
via CT or MR angiography and direct intravascular imaging
modalities (intravascular ultrasound and optical coherence
tomography), have increased the diagnosis of spontaneous
coronary artery dissections (SCAD) that were previously likely
to be markedly underdiagnosed. It is now estimated that up to
4% of acute coronary syndromes are caused by a coronary artery
dissection (158).

Spontaneous coronary artery dissection
pathology

Most dissections in the coronary artery (~70%) do not
present with an intimal flap, indicating that IMH formation
from vasa vasorum rupture is likely central to SCAD
pathophysiology. There is a correlation between areas of the
coronary artery that are more susceptible to dissection and
a lower vasa vasorum density; the left anterior descending
coronary artery (60% of dissection cases) has a density of
1.2 x 10> vasa vasorum/ umz, compared to the left circumflex
(38% of dissection cases), which has 1.88 x 107° vasa
vasorum/pm?, and the right coronary artery, (7% of dissection
cases) that has a density of 2.14 x 1075 vasa vasorum/pm? (157,
159). One study has reported increased vascularization in the
adventitia of post-mortem sections following fatal dissections
compared to nonobstructive coronary artery disease patient
sections (160). While it is unclear if this preceded or was a
consequence of the SCAD, increased vascularization of this
outermost layer may be due to a localized dysfunction, such as
an increase in ischaemic areas within the media, which would
promote angiogenesis in vasa vasorum (9).

Spontaneous coronary artery dissection
associated conditions and risk activities

There is a distinct sexual dimorphism in SCAD incidence
with 82-98% of cases occurring in women aged between 45 and
52 years (157, 161, 162). An estimated one third of myocardial
infarctions in women under 50 are caused by SCAD. Risk
of recurrence of SCAD has been reported to be up to 30%
(163), although a recent prospective observational study only
reported recurrence in 2% of cases over a median follow-up
of over 2 years (164). The risk factors associated with SCAD
are similar to those for aortic dissections. Hypertension and
migraine are found commonly in SCAD survivors, being present
in 45 and 43% of cases, respectively (94, 161). FMD is common
in SCAD patients. SCAD and FMD share many of the same
risk loci; FMD being reported in 45-86% of cases (165, 166).
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Such marked overlap suggests SCAD may be a manifestation
of FMD specific to the coronaries, although it is intriguing
that the classical vessel beading of FMD is not observed in
the coronary arteries of SCAD patients (167). Inflammatory
disorders and infections are rarely associated with SCAD. For
example, like aortic dissections, there is anecdotal evidence that
SCAD can occur in association with tertiary syphilis (168, 169).
In addition, SCAD has been reported in a recently recovered
COVID patient (negative nasal swab, positive for COVID-19
IgG antibodies) (170).

Spontaneous coronary artery dissection
genetics and molecular mechanisms

Though little research has been done investigating the
molecular mechanisms of SCAD, a number of genomic studies
have been undertaken (97, 163, 171, 172), which indicate that
genetic risk for SCAD can result from variants in multiple genes.
The common nature of these variants suggests SCAD is likely
a polygenic disease and requires an additional environmental
stress for a dissection to occur. A meta-analysis of case control
studies identified the first risk locus as the A-allele of rs9349379,
a single nucleotide polymorphism located in an intron in
the PHACTRI/EDN gene, which was found with a frequency
of 0.72 in SCAD cases compared to 0.56 in controls (OR
1.67; p < 6.67 x 10721). Identification of this locus sparked
debate over the level of endothelial involvement in SCAD
as the rs9340379 locus is located in an intronic region of
PHACTRI, which is also a putative enhancer of the upstream
gene encoding endothelin 1 (EDNI) (171), an endothelially
expressed potent vasoconstrictor peptide. A clinical study has
attributed deficient EC function to a difference in vascular
function observed in SCAD patients, however, it failed to
consider the role of VSMCs in the decreased peripheral arterial
tone (vasoconstriction/dilation) observed in SCAD patients
(173). Conversely, coronary blood flow studies suggest that
endothelial dysfunction is not a principal cause of coronary
artery dissection (174). Given the involvement of VSMCs in
other vascular dissection disorders, it is unlikely that deficits
in endothelial function alone would cause all SCADs, however,
cellular studies will be critical in understanding how these
two cell types contribute to the pathophysiology of coronary
dissections. More recently, several other potential genetic risk
loci have been identified as a result of WGS studies and genome
wide association studies (GWAS), as detailed as follows.

Transforming growth factor f signaling dysfunction in
spontaneous coronary artery dissection

Proteins directly and indirectly involved in the TGF-f
signaling pathway have been strongly implicated in SCAD
pathophysiology. Recently, a targeted and genome-wide analysis
of a cohort of 91 SCAD patients revealed an enrichment of TGF-
B when rare variant collapsing analysis was performed (172).
Variants in TGFB2 and SMAD3, as well as PKDI have been
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associated with SCAD in WGS analyses (175). Additionally,
variants in FBN1 have been associated with SCAD in a GWAS,
as well as from WGS analysis, which identified two likely
pathogenic variants (97, 172). Fibrillin has also been proposed as
a SCAD biomarker, being elevated in SCAD patients compared
to other acute coronary syndrome patients and healthy controls
(176). However, fibrillin 1 is not specific for SCAD as it has
also been found to be elevated in other vasculopathies including
aortic and cervical dissections (177).

Variants in SCAD-associated genes, TBX2, a T-box
transcription factor; YYIAPI, yin yang 1 (YY1)-associated
protein 1; FIIR, encoding junctional adhesion molecule-A
(JAM-A), and LRPI, which is also associated with aortic
dissections, have been shown to affect cellular proliferation
through pathways downstream of TGF-f (175, 178-182). GLI3,
which was identified as a gene linked to SCAD in the Carss
et al. (175) patient cohort, has also been thought to be linked
to TGF-p signaling. Encoding a transcription factor in the
sonic hedgehog pathway, GLI3 is suggested to be a repressor
of TGF-B-dependent hedgehog pathway activation, which is
critical for proliferation and cellular identity (183, 184).

Extracellular matrix dysfunction in spontaneous
coronary artery dissection

Similar to aortic dissections, collagen variants have been
associated with SCAD based on a recent whole exome
sequencing study (185). Variants of a rare and disruptive
nature (being pathogenic or likely pathogenic) were found
to be enriched in a cohort of 130 SCAD patients in
the ECM structural constituent conferring tensile strength
pathway (GO:00300200), which included COLI1A1, COL1A2,
COL3A1, COL4Al1, COL5A1, COL5A2, COL6A1, COLI2A1
and COL27A1. Variants in COL3A1 and COL4AIl were also
identified by Tarr et al. (172). Carss et al. (175) highlighted
variants in other genes, including COLI8AI and COL4A2, and
SRY-Box transcription factor 9 encoded by SOX9 (186), as
having possible associations with SCAD, however, they did not
reach their required significance thresholds, but scored highly
and were plausibly associated with SCAD. This same study also
identified that variants in the gene for the protein transport
protein, SEC24B, were SCAD-associated, with expression of
SEC24B having since been found to be involved in collagen
export (187).

A number of ECM glycoprotein genes have also been
associated with SCAD via GWAS studies, including ECMI and
ADAMTSL4 (97, 163, 188). ECM1 is associated with cellular
migration and cellular phenotype transition, and has been
shown to inhibit activation of TGF-B (189, 190). ADAMTSL4
binds with fibrillin-1, and accelerates the biogenesis of
microfibrils (191). Turley and coworkers also suggested that a
secreted protein, encoded by Clorf54, is associated with SCAD;
Clorf54 has previously been linked to carotid artery aneurysm,
although the function of this protein is still unknown (97).
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FMRI has been linked to SCAD. Premutations in this gene,
which encodes fragile X mental retardation protein (FMRP),
are thought to increase susceptibility to dissections, since
FMRP is involved in regulating the ECM and cytoskeleton
(192). Impaired cytoskeletal protein-function has been shown
in embryonic fibroblasts of FMRP knockout mice (193), and
increased plasma levels of MMP9 are observed in Fragile
X patients as compared to healthy controls (194). Of note,
hypertension is also common in patients with Fragile X
syndrome, though the mechanism for this is unclear (195).

SCAD studies have also identified pathogenic variants of
ABCC6 (or loci associated with this gene) in patients (172,
188). Encoding ATP Binding Cassette Subfamily C Member
6, variants in this gene cause pseudoxanthoma elasticum,
a connective tissue disorder that affects vision, skin and
the cardiovascular system to varying degrees (196, 197);
cardiovascular sequelae occurring later than cutaneous and
ophthalmological manifestations (198). It is thought that an
increased degradation of elastin, as well as the presence
of calcium/phosphorus deposits contribute to this arterial
pathology (199). Transmission electron microscopy imaging
of the dermis of pseudoxanthoma elasticum patients showed
irregular and clumped elastic fibers, as well as disorganized
collagen, with some studies finding that collagen fibers are
also misaligned (200, 201). Carotid arteries of these patients
have been shown to have an increased intima/media thickness,
and peripheral arteries (intracranial carotid, and arteries of the
limbs) show precocious calcification (202).

Cytoskeletal dysfunction in spontaneous coronary
artery dissection

Similar to aortic dissections, pathogenic variants in the
talin 1 gene, TLNI, have been identified in a SCAD family
cohort, along with 10 sporadic cases (203). Recent molecular
studies have linked PHACTRI, LRP1, fibrillin 1, and talin
1 through indirect association; these proteins all commonly
interact with integrins, acting to bridge the cell and the ECM
(97, 163). Variants in cytoskeletal proteins including myosin
light-chain kinase (encoded by MYLK), which phosphorylates
myosin light chain, MYH11, and MYLK2, have also been
linked to SCAD (172, 175). NFATCI, which encodes nuclear
factor of activated T cells cl, is a transcription factor
downstream of LRP1; its signaling regulates the extracellular
bone morphogenetic protein-binding endothelial regulator
pathway (204), and has been associated with modulation of
VSMC cellular identity (205).

HDACY, encoding histone deacetylase 9, was implicated in
SCAD as a highly ranked gene in collapsing analysis by Carss
and colleagues (175). HDACY is associated with prevention
of calcification in the media whereby HDAC9 knockdown has
been shown to increase calcification, and its overexpression via
adenovirus reduced calcification in cultured murine VSMCs
as well as in a mouse calcification model of high phosphate
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treatment (206). An HDACY variant is also associated with large
vessel stroke (207). Importantly, HDAC9 has been shown to
repress contractile protein gene expression in murine aortic
tissue (208).

Metabolic dysfunction in spontaneous coronary artery
dissection

A likely pathogenic variant in ALDHI8A1, which encodes
aldehyde dehydrogenase 18 family member Al, also known as
pyrroline-5-carboxylate synthetase (P5CS) (209), was identified
in a cohort of 91 SCAD cases (172). Variants in ALDHI8A1
have been reported to cause cutis laxa, a rare connective tissue
disorder associated with abnormal ECM. Cutis laxa is also linked
to the aortic dissection-associated genes, EFEMP?2 (fibulin 4),
SLC2A10, ELN, and the related genes, FBLN5, LTBP4 (210).
A variant in ALDHI8AI has been found to reduce cellular
arginine, and dietary arginine supplementation of a cutis laxa
patient carrying this variant has been shown to attenuate disease
symptoms. Importantly in the context of SCAD, arginine is
critical for both ECM and NO synthesis (209).

A variant in TSRI, a ribosome maturation factor, was
identified in a predominantly male Chinese Han SCAD cohort
(211). However, patients with atherosclerosis were not excluded
from this study so the implications of this finding are not yet
clear, and they have yet to be replicated (212). In support of
this finding, however, is the identification that variants in other
protein synthesizing genes have been associated with SCAD,
including mitochondrial ribosomal protein S21 (MRPS2I)
and peptidyl-glycine alpha-amidating monooxygenase (PAM)
(175). Variants in two VSMC proliferation genes, ARNTL and
LINCO00310, have also been associated with SCAD. These genes
encode the circadian clock regulating transcription factor, aryl
hydrocarbon receptor nuclear translocator-like protein 1, and a
long non-coding RNA, respectively (97, 175, 213, 214).

Cervical artery dissections

Cervical artery dissections (CeADs),

dissections of the carotid and vertebral arteries, can present

encompassing

as migraine, or can cause a stroke, which may be fatal (215).
Improvements in non-invasive imaging have led to increased
reporting of these dissections in stroke patients. CeADs are
believed to be the cause of up to 25% of strokes in young and
middle-aged adults (under 50) (216). The prevalence of these
dissections is now estimated to be at least 5 cases per 100,000
individuals (217), and more than half of CeAD patients will
develop a stroke (218).

Cervical artery dissection pathology

As with aortic dissections and SCAD, CeADs present with
an IMH, that may or may not be associated with an intimal
flap, with pseudoaneurysms also being found. In some cases that
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involve an intimal tear, the endothelium is described as being
irregular (218). Interestingly, in an etiological investigation
into connective tissue disorders in 65 cervical artery dissection
patients, 55% displayed ultrastructural aberrations in collagen,
similar to those seen in Ehlers-Danlos syndrome, with only
5% of the patients having clinical manifestations of skin, joint
or skeletal abnormalities. These findings strongly implicate
vascular-specific ECM defects as an important component of
disease etiology (219). This notion is reinforced by reports of
cystic medial necrosis/mucopolysaccharide accumulation in the
tissue of patients (220), and the recent identification of an
ECM signature in recurrent CeAD patient skin biopsies detected
by proteomics analysis (221). A post-mortem histology study
performed on the superficial temporal artery of CeAD patients
described an increase in vasa vasorum density, as well as the
presence of micro-hematomas in CeAD patients compared to
cadaver controls (222), although it remains unclear if these
findings precede or are merely secondary to the dissection.

Cervical artery dissection associated
conditions and risk factors

In a study of CeAD patients, sexual dimorphism was
evident with 57% patients in the study being male. Interestingly,
females who accounted for the remaining 43% were significantly
younger with an average age of 42.5 years, compared to
47.5 years for male patients (223). It is unclear to what
extent referral bias contributed to this divergence in patient
populations, however, this follows the same trend of age-based
gender risk observed in aortic dissection and SCAD (109, 161).
A history of a cerebral aneurysm has been reported in almost
1 in 5 CeAD patients (18.2%), suggesting a common genetic
risk (224).

Hypertension (225) and migraine are known risk factors
for CeAD (226, 227). Acute infection increases the risk of
CeAD, with acute infection 1 month prior to CeAD having
been reported in nearly one third (31.9%) of cases, compared
to 13.5% of controls (228). The frequency of infection was lower
in those with a single artery dissection (odds ratio, 2.1) than in
those with multiple arteries affected (odds ratio, 6.4) (228). As
with aortic dissections and SCAD, again there are case studies
linking syphilis infection with CeAD (113, 114). Developmental
defects in the neural crest, resulting in congenital heart defects,
are thought to link heart development with CeAD (229).

Cervical artery dissection genetics and
molecular mechanisms

The genetic risk factors for CeAD are less well studied
compared to aortic dissection and SCAD, with few WGS
and GWAS studies being reported to date. Nonetheless, gene
variants that increase the risk of CeAD follow a similar theme
to those of aortic dissection and SCAD, including associations
with TGF-B signaling, ECM and cytoskeletal protein genes,
and metabolism associated genes. Variants in TGFBR2 (230,
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231), dual specificity protein phosphatase 22 (DUSP22), (232),
LRPI and PHACTRI have all been associated with an increased
risk of CeAD (233). Variants in ECM protein genes associated
with CeAD include those for COL3A1, COL4A1, and COL5A2
and FBNI (230, 232, 234, 235). Proteomic analysis of skin
punch biopsies from patients with recurrent CeAD implicates
ECM proteins whereby comparison of the proteomes of six
recurrent CeAD patients with those 12 healthy controls that
detected increases in perlecan, laminin-p2 (encoded by HSPG2
and LAMB2, respectively) and COL12A1, and decreases were
detected in COL1A2, COL4A2 as well as ELN and microfibril
associated protein 5 (MFAP5), respectively. Western blot
analysis of these biopsy samples also revealed a decrease in
COLIA1 (221).

Variants in the genes for both intercellular adhesion
molecule 1 (ICAMI) and cytoskeletal alpha-1-syntrophin
(SNTA1) have also been associated with CeAD (232, 236),
between CeAD
involve variants in methylenetetrahydrofolate reductase
(MTHFR), which regulates homocysteine levels (231), and
alterations in homocysteine are associated with thrombosis and

whereas associations and metabolism

atherosclerosis that occur with deficiencies in folate, vitamin
Be and vitamin By, (237). This is of interest as methionine
adenosyltransferase 1A is an aortic dissection-associated protein
and is also modulated by folate; low plasma folate levels were
found to increase the risk of cervical artery dissection in a
cohort of 39 patients (238).

Rarer arterial dissections

Pulmonary artery dissections
The pulmonary artery is responsible for perfusion of the
lungs and, uniquely, is the only artery to carry deoxygenated
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FIGURE 5

Risk profiles of pulmonary artery dissection patients. Like
sufferers of aortic dissections, SCAD, and CeAD, pulmonary
artery dissection occurrence varies with age and sex; data from
(239).
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blood. A recent comprehensive literature review found only
150 reported cases of pulmonary artery (PA) dissections
(239). As with many of the dissection disorders, detection
of PA dissections has increased exponentially since the first
identification described post-mortem in 1842 (239, 240),
presumably due to better diagnostic technologies. Patients
diagnosed antemortem have a survival rate of 70.5% - a stark
contrast to early reports, which deemed the condition almost
certainly fatal. Increased reporting correlated with increased
antemortem reporting (239), suggesting the condition has been
previously underreported due to a surprisingly high survival rate
coupled with a low detection rate and that PA dissections are not
as ultra-rare as once thought.

Like other dissection events, PA dissections occur most
commonly in the young to middle aged with three quarters
of PA dissections patients being 21-60 years (239). Sexual
dimorphism is less apparent in PA dissections, with a slight
tendency to occur more frequently in males than females (ratio
1.1:1). However, as with the aforementioned arterial dissection
types, cases diverge with both age and gender (109, 161, 223)
where males represented 76% of cases in the age group 21-30,
while females represented 70% of cases in the age group 41-50
(Figure 5).
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Although the pathology of PA dissections is not well
studied, dissections occur both with and without an intimal
tear (240-242). In addition, post-mortem pathology of one
patient indicated accumulation of acid mucopolysaccharides in
the media, and degeneration and disorientation of the elastic
medial layer (240); mucopolysaccharide deposition in the media
having also been reported in a pregnancy-associated rupture
of a dissecting aneurysm (243). These findings suggest that PA
dissections and dissecting aneurysms may result from cystic
medial necrosis and, in this regard, it is of interest that the
pulmonary artery is richly endowed with medial vasa vasorum,
which are required for perfusion and integrity of the medial
layer. It is also noted that PA dissections are difficult to discern
from dissecting pulmonary aneurysms (244-246).

Pulmonary hypertension is the strongest linked risk factor
for PA dissections, with an estimated 50% of patients suffering
from pulmonary hypertension and, independently, 9.8% from
systemic hypertension (239, 242). Following hypertension, the
next most common risk factor, yet far less mentioned in
case studies, is a strong link to congenital heart disease; such
abnormalities also predisposing to pulmonary aneurysms (229,
245, 247). To date, no genetic studies have been performed
for PA dissections.

Arterial Dissection Pathophysiology
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Renal and visceral artery dissections

Primary dissections of renal and visceral arteries (including
the splenic, hepatic and mesenteric) are relatively uncommon,
but they may occur secondary to extension of thoracic aortic
dissections. It is possible, therefore, that these dissections
represent extreme phenotypes, which may be instructive.
Importantly, understanding the mechanisms underlying these
rarer forms of dissection may provide insights into the
pathogenesis of these diseases. Renal dissections are the second
most common cause of renal infarct after embolism (248). They
are classified into three groups based on cause (1) iatrogenic, (2)
agonal (associated with renal failure, cirrhosis, and/or sepsis),
or (3) spontaneous. Asymptomatic visceral dissections often
produce few or no symptoms (249), suggesting that similar to
SCAD and CeAD, these dissections are underdiagnosed.

TABLE 2 Common features of arterial dissections.

10.3389/fcvm.2022.1055862

Diagnosis of renal and visceral artery dissections typically
only occurs if a computed tomography scan is performed as
traditional imaging methods are not sensitive enough to detect
a dissection, again suggesting that this is an under-diagnosed
condition (250). This difficulty in detecting renal and visceral
dissection may also explain why the first case of renal artery
dissection was not reported until 1944 (251). Moreover, a
quarter of renal artery dissections are only diagnosed at autopsy
(250). As with other dissections, detection requires visualization
of either an intimal flap and/or an intramural hematoma or both
(252, 253).

Renal artery dissections predominantly occur in men at
a 10:1 male to female ratio (250). Likewise, mesenteric and
splenic artery dissections occur much more commonly in men
(>80% of cases) (254, 255). Hypertension is linked to renal

Features Aortic dissections SCAD CeAD Pulmonary

Pathology

Intramural haematoma and intimal failure (100) (157) (218) (241)

Altered vasa vasorum (108) (160) (222)

Risk factors

Sexual dimorphism 67.5% male age related 84% women 57% male age related Age related dimorphism
dimorphism (109) (161) dimorphism (239)

Average age of dissection 63 years old (103)

51.1 years old (161)

(223)

45.3 years old (223) 44.8 years old (239)

Hypertension (109) (161) (225) (239, 242)
Migraine (94, 188) (227)
Infection/Inflammation (112) (168) (228) Some evidence, (244)
Connective tissue disorders (100) (166) (219) (240)
Examples of shared disease associated genes/pathways

COLIAI (Limited data) (72); (©21)

(132,133)
COL1A2 (Limited data) (172, 185) (221)
(132)

COL3A1 (121) (172,175, 185) (234)
ECM COL4A1 (Limited data) (132) (172, 185) (230)

COL5A2 (125) (172, 185) (232)

FBNI (121, 290) (97,172, 291) (230)

FBN2 (121) (172)

LOX (135) (175)

MFEAP5 (134) (172) (221)
TGF-p pathways LRPI (121, 126) (97,172, 188) (233,292)

TGEBR2 (121) (230)

TGFB2 (119) (Likely pathogenic)

(175)

Cytoskeletal/Contractile PHACTRI (97,171, 188) (233)
pathways

MYLK (121, 125) (175)

PRKGI (293) (172)

TLNI (142) (203)
VSMC metabolism SLC2A10 (1) (172)
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Proposed mechanism for arterial dissections. Atypical ECM deposition, activation of VSMC or EC will perturb vasa vasorum (VV) blood flow,
leading to either their spontaneous rupture, or an area of ischemia encouraging growth of immature leaky vessels prone to bleed and, thus the
development of an intramural hematoma, which impairs luminal blood flow resulting in tissue ischemia and/or infarction. Created with

dissections and visceral artery dissections (256). Unlike many
other types of dissections, the presence of atherosclerosis is not
considered a basis to exclude spontaneous arterial dissection in
renal or visceral dissection diagnosis (257, 258). Similar to PA
dissections, no genetic studies have been performed for renal or
visceral artery dissections.

Discussion — Common features of
dissections

By considering arterial dissections as a collective, we gain
insight into both the commonalities and unique features
of this devastating family of vascular disorders (Table 1).
Despite differing consequences of arterial dissections — from
myocardial infarction to stroke - the pathological presentation
of dissections is consistent: arterial dissections present as an
IMH (with or without an intimal flap). Common risk factors
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for arterial dissection patients include hypertension, tortuous
vessels, and/or a history of vascular infection. Currently,
there are no specific preventative therapeutics for arterial
dissections, however, patients are often prescribed therapies
such as the angiotensin II blocker, losartan, not only to manage
hypertension (113, 114, 153, 228), but also because of its unique
reverse-remodeling properties, which other antihypertensive
agents such as angiotensin converting enzyme inhibitors lack. In
Marfan syndrome, for example, the pathological changes in the
aortic root are thought to be related to angiotensin II receptor 1
(ART1) signaling and the reverse-remodeling effects of losartan
are mediated by blocking ART1 signaling and downstream
TGF-B signaling (259). Targeted delivery of TGF-B inhibitory
peptides has also recently been suggested as a potential future
therapeutic for SCAD (260). Importantly, these stimuli are
known to alter cellular identity, increasing cellular activation
in ECs and VSMCs, and to alter the ECM (36, 46). The risk
of arterial dissections is influenced by both sex and age, being
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more common in one gender than the other at different ages.
This age-gender risk also varies depending on the anatomical
location of the arterial bed involved. Vascular aging and sex
contribute to differences in the arteries of men and women -
particularly differences in stiffness and distensibility (90), but
even at the molecular cellular level, in ECs, VSMCs, and the
ECM. These differences undoubtedly contribute to differences
in risk-demographics for various types of arterial dissections. -
blocking drugs, particularly the f1-adrenergic receptor blocker,
metoprolol, are commonly used in the management of arterial
dissections, both as anti-hypertensive agents and to reduce
vessel shear stress. Moreover, in an observational study, B-
blocking drugs (metoprolol or bisoprolol) have been shown to
reduce SCAD recurrences (261).

The commonalities link to mechanistic findings associated
with arterial dissections. Perturbations in TGF-p signaling,
the ECM, the cytoskeleton, and metabolism, are described in
both spontaneous and syndromic dissections. In spontaneous
dissections, variants in genes associated with these pathways
including PHACTRI, LRP1, SLC2A10, FBN1, COL3Al,
COL4A1, and COL5A2 are common to at least two, if not three,
arterial dissection subtypes (Figure 6 and Table 2). Importantly,
dysfunction in these pathways is associated with vascular cell
activation and subsequent phenotype switching. Phenotype
switching has been described in aortic dissections (56, 117),
but has not yet been a central theme in the pathophysiology
of other arterial dissections. Nonetheless, we postulate that
vascular cell phenotype switching can account for the pathology
of arterial dissection: changes in vascular ECM can cause and
be caused by cellular activation. Altered mechanical strength in
the vasculature caused by altered VSMCs or ECM forces will
likely affect vasa vasorum blood flow. Altered forces may cause
occlusion of the vasa vasorum leading to ischemia and necrosis
of the tunica media, particularly in arteries with low vasa
vasorum density. Notably, vasa vasorum occlusion in porcine
models has been shown to be sufficient to cause ischemia
and dissection of the aorta (108), and reduced density of vasa
vasorum inversely correlates with an increased risk of dissection
in the coronary arteries (157, 159). Areas of ischemia will
increase the likelihood of immune cell infiltration, which has
been found in post-mortem arterial dissection tissues (222, 262).
Moreover, areas of ischemia will, similar to atherosclerosis,
stimulate neo-angiogenesis leading to proliferation of vasa
vasorum. Histological evidence for increased abundance of
vasa vasorum is reported in SCAD and CeAD (160, 222). This
may be of significance since newly formed vasa vasorum lack
a functional muscular layer (11) and are notoriously weak
and leaky (263). Occlusion of vasa vasorum alone, or the
growth of new still leaky vasa vasorum are potential sources
of bleeding within the artery wall, IMH formation and vessel
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wall dissection. Similarly, endothelial phenotype switching
from quiescent cells to activated phenotypes would weaken
the endothelial barrier - in the intima or arteries and/or in the
vasa vasorum, per se - again being a likely cause of bleeding
and IMH formation (Figure 7). While more studies are needed
to address these hypotheses, cellular activation represents a
strong under-explored mechanism in arterial dissections, and,

potentially, is an important therapeutic target.

Author contributions

MB and VR researched the literature and wrote the
manuscript with input from KJ, EG, BM, JK, RL, SI, and
RG. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported in part by grants from the Cardiac
Society of Australia and New Zealand; the St. Vincent’s Clinic
Foundation; the Catholic Archdiocese of Sydney; Perpetual
Philanthropy; and SCAD Research Inc. EG supported by a NSW
Health Early Mid-Career Fellowship, a NSW Health Early Mid-
Career Cardiovascular Grant, and a National Heart Foundation
of Australia Future Leader Fellowship (101204). The funders
were not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision
to submit it for publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

References

1. Pinard A, Jones GT, Milewicz DM. Genetics of thoracic and abdominal aortic
diseases: aneurysms, dissections, and ruptures. Circ Res. (2019). 124:588-606.
doi: 10.1161/CIRCRESAHA.118.312436

2. Wolinsky H, Glagov S. A lamellar unit of aortic medial structure and function
in mammals. Circ Res. (1967) 20:99-111. doi: 10.1161/01.RES.20.1.99

3. Leloup AJA, Van Hove CE, Heykers A, Schrijvers DM, De Meyer GRY, Fransen

P. Elastic and muscular arteries differ in structure, basal no production and
voltage-gated Ca2+-Channels. Front Physiol. (2015) 6:375. doi: 10.3389/fphys.
2015.00375

4. Wolinsky H, Glagov S. Nature of species differences in the medial distribution
of aortic vasa vasorum in mammals. Circ Res. (1967) 20:409-21. doi: 10.1161/01.
RES.20.4.409

5. Gossl M, Malyar NM, Rosol M, Beighley PE, Ritman EL. Impact of coronary
vasa vasorum functional structure on coronary vessel wall perfusion distribution.
Am ] Physiol. (2003) 285:H2019-26. doi: 10.1152/ajpheart.00399.2003

6. Mulligan-Kehoe MJ, Simons M. Vasa vasorum in normal and diseased arteries.
Circulation. (2014) 129:2557-66. doi: 10.1161/CIRCULATIONAHA.113.007189

7. Lametschwandtner A, Minnich B, Kachlik D, Setina M, Stingl J. Three-
dimensional arrangement of the vasa vasorum in explanted segments of
the aged human great saphenous vein: scanning electron microscopy and
three-dimensional morphometry of vascular corrosion casts. Anat Rec. (2004)
281A:1372-82. doi: 10.1002/ar.a.20098

8. Patzelt M, Kachlik D, Stingl J, Sach J, Stibor R, Benada O, et al. Morphology
of the vasa vasorum in coronary arteries of the porcine heart: a new insight. Ann
Anat. (2019) 223:119-26. doi: 10.1016/j.aanat.2019.02.006

9. Williams JK, Heistad DD. Structure and function of vasa vasorum. Trends
Cardiovasc Med. (1996) 6:53-7. doi: 10.1016/1050-1738(96)00008-4

10. Xu ], Lu X, Shi G-P. Vasa vasorum in atherosclerosis and clinical significance.
Int ] Mol Sci. (2015) 16:11574-608. doi: 10.3390/ijms160511574

11. Williams JK, Armstrong ML, Heistad DD. Blood flow through new
microvessels: factors that affect regrowth of vasa vasorum. Am J Physiol. (1988)
254:H126-32. doi: 10.1152/ajpheart.1988.254.1. H126

12. Dobrin B. Mechanical properties of arteries. Physiol Rev. (1978) 58:64. doi:
10.1152/physrev.1978.58.2.397

13. Basford JR. The Law of Laplace and its relevance to contemporary medicine
and rehabilitation. Arch Phys Med Rehabil. (2002) 83:1165-70. doi: 10.1053/apmr.
2002.33985

14. Burton AC. On the physical equilibrium of small blood vessels. Am J Physiol.
(1951) 164:319-29. doi: 10.1152/ajplegacy.1951.164.2.319

15. Phillippi JA. On vasa vasorum: a history of advances in understanding the
vessels of vessels. Sci Adv. (2022) 8:eabl6364. doi: 10.1126/sciadv.abl6364

16. Cao X, Maharjan S, Ashfaq R, Shin J, Zhang YS. Bioprinting of small-diameter
blood vessels. Engineering. (2021) 7:832-44. doi: 10.1016/j.eng.2020.03.019

17. Dessalles CA, Leclech C, Castagnino A, Barakat Al Integration of substrate-
and flow-derived stresses in endothelial cell mechanobiology. Commun Biol.
(2021) 4:764. doi: 10.1038/542003-021-02285-w

18. Ritman E, Lerman A. The dynamic vasa vasorum. Cardiovasc Res. (2007)
75:649-58. doi: 10.1016/j.cardiores.2007.06.020

19. Galili O, Herrmann ], Woodrum J, Sattler KJ, Lerman LO, Lerman A.
Adventitial vasa vasorum heterogeneity among different vascular beds. J Vasc
Surg. (2004) 40:529-35. doi: 10.1016/j.jvs.2004.06.032

20. Hildebrandt HA, Gossl M, Mannheim D, Versari D, Herrmann J, Spendlove
D, et al. Differential distribution of vasa vasorum in different vascular beds in
humans. Atherosclerosis. (2008) 199:47-54. doi: 10.1016/j.atherosclerosis.2007.09.
015

21. Stalder AF, Frydrychowicz A, Russe MFE, Korvink JG, Hennig J, Li K, et al.
Assessment of flow instabilities in the healthy aorta using flow-sensitive MRI. ]
Magnet Reson Imaging. (2011) 33:839-46. doi: 10.1002/jmri.22512

22. Doutel E, Galindo-Rosales FJ, Campo-Deafio L. Hemodynamics challenges
for the navigation of medical microbots for the treatment of CVDs. Materials.
(2021) 14:7402. doi: 10.3390/ma14237402

23. San O, Staples AE. An improved model for reduced-order physiological fluid
flows. ] Mech Med Biol. (2012) 12:1250052. doi: 10.1142/50219519411004666

24. Gossl M, Rosol M, Malyar NM, Fitzpatrick LA, Beighley PE, Zamir M, et al.
Functional anatomy and hemodynamic characteristics of vasa vasorum in the
walls of porcine coronary arteries: vasa vasorum in coronary arteries. Anat Rec.
(2003) 272A:526-37. doi: 10.1002/ar.a.10060

Frontiers in Cardiovascular Medicine

22

10.3389/fcvm.2022.1055862

25. Stary HC, Blankenhorn DH, Chandler B, Glagov S, William I, Richardson
M, et al. A definition of the intima of human arteries and of its atherosclerosis-
prone regions. A report from the committee on vascular lesions of the council
on arteriosclerosis, American heart association. Circulation. (1992) 85:15. doi:
10.1161/01.cir.85.1.391

26. Myers PR, Tanner MA. Vascular endothelial cell regulation of extracellular
matrix collagen: role of nitric oxide. ATVB. (1998) 18:717-22. doi: 10.1161/01.
ATV.18.5.717

27. Radomski M, Palmer R, Moncada S. Modulation of platelet aggregation by an
L-arginine-nitric oxide pathway. Trends Pharmacol Sci. (1991) 12:87-8.

28. Garg UC, Hassid A. Nitric oxide-generating vasodilators and 8-bromo-cyclic
guanosine monophosphate inhibit mitogenesis and proliferation of cultured rat
vascular smooth muscle cells. J Clin Invest. (1989) 83:1774-7. doi: 10.1172/
JCI114081

29. Sarkar R, Meinberg EG, Stanley JC, Gordon D, Clinton Webb R. Nitric oxide
reversibly inhibits the migration of cultured vascular smooth muscle cells. Circ
Res. (1996) 78:225-30. doi: 10.1161/01.RES.78.2.225

30. Peyvandi F, Garagiola I, Baronciani L. Role of von Willebrand factor in the
haemostasis. Blood Transfus. (2011) 9(Suppl. 2):s3-8. doi: 10.2450/2011.002S

31. Sadler JE. Biochemistry and genetics of von willebrand factor. Annu Rev
Biochem. (1998) 67:395-424. doi: 10.1146/annurev.biochem.67.1.395

32. Boyer MJ, Kimura Y, Akiyama T, Baggett AY, Preston KJ, Scalia R, et al.
Endothelial cell-derived extracellular vesicles alter vascular smooth muscle cell
phenotype through high-mobility group box proteins. J Extracell Vesicles. (2020)
9:1781427. doi: 10.1080/20013078.2020.1781427

33. Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetti F, et al.
An estimation of the number of cells in the human body. Ann Hum Biol. (2013)
40:463-71. doi: 10.3109/03014460.2013.807878

34. Bergmann O, Zdunek S, Felker A, Salehpour M, Alkass K, Bernard S, et al.
Dynamics of cell generation and turnover in the human heart. Cell. (2015)
161:1566-75. doi: 10.1016/j.cell.2015.05.026

35. Sender R, Milo R. The distribution of cellular turnover in the human body.
Nat Med. (2021) 27:45-8. doi: 10.1038/s41591-020-01182-9

36. Waitkus M, Harris D, DiCorleto P, Mathew AV, Pennathur S. Mechanisms of
Endothelial Activation. In: Mackay IR, Rose NR, Diamond B, Davidson A editors.
Encyclopedia of Medical Immunology. New York, NY: Springer New York (2014).
p- 693-703. doi: 10.1007/978-0-387-84828-0_176

37. Pober JS, Sessa WC. Evolving functions of endothelial cells in inflammation.
Nat Rev Immunol. (2007) 7:803-15. doi: 10.1038/nri2171

38. Escher R, Breakey N, Limmle B. Severe COVID-19 infection associated with
endothelial activation. Thromb Res. (2020) 190:62. doi: 10.1016/j.thromres.2020.
04.014

39. Paik DT, Tian L, Williams IM, Rhee S, Zhang H, Liu C, et al. Single-cell
RNA-seq unveils unique transcriptomic signatures of organ-specific endothelial
cells. Circulation. (2020) 142:1848-62. doi: 10.1161/CIRCULATIONAHA.119.04
1433

40. Kalucka ], de Rooij LPMH, Goveia J, Rohlenova K, Dumas S], Meta E,
et al. Single-cell transcriptome atlas of murine endothelial cells. Cell. (2020)
180:764-779.€20. doi: 10.1016/j.cell.2020.01.015

41. Venturini G, Malagrino PA, Padilha K, Tanaka LY, Laurindo FR, Dariolli R,
et al. Integrated proteomics and metabolomics analysis reveals differential lipid
metabolism in human umbilical vein endothelial cells under high and low shear
stress. Am ] Physiol. (2019) 317:C326-38. doi: 10.1152/ajpcell.00128.2018

42. Hartman RJG, Kapteijn DMC, Haitjema S, Bekker MN, Mokry M,
Pasterkamp G, et al. Intrinsic transcriptomic sex differences in human endothelial
cells at birth and in adults are associated with coronary artery disease targets. Sci
Rep. (2020) 10:12367. doi: 10.1038/s41598-020-69451-8

43. Yang M, Chadwick AE, Dart C, Kamishima T, Quayle JM. Bioenergetic
profile of human coronary artery smooth muscle cells and effect of metabolic
intervention. PLoS One. (2017) 12:¢0177951. doi: 10.1371/journal.pone.017
7951

44. ShiJ, Yang Y, Cheng A, Xu G, He F. Metabolism of vascular smooth muscle
cells in vascular diseases. Am J Physiol. (2020) 319:H613-31. doi: 10.1152/ajpheart.
00220.2020

45. Neese RA, Misell LM, Turner S, Chu A, Kim J, Cesar D, et al. Measurement
in vivo of proliferation rates of slow turnover cells by 2H20O labeling of the
deoxyribose moiety of DNA. Proc Natl Acad Sci USA. (2003) 99:15345-50. doi:
10.1073/pnas.232551499

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://doi.org/10.1161/CIRCRESAHA.118.312436
https://doi.org/10.1161/01.RES.20.1.99
https://doi.org/10.3389/fphys.2015.00375
https://doi.org/10.3389/fphys.2015.00375
https://doi.org/10.1161/01.RES.20.4.409
https://doi.org/10.1161/01.RES.20.4.409
https://doi.org/10.1152/ajpheart.00399.2003
https://doi.org/10.1161/CIRCULATIONAHA.113.007189
https://doi.org/10.1002/ar.a.20098
https://doi.org/10.1016/j.aanat.2019.02.006
https://doi.org/10.1016/1050-1738(96)00008-4
https://doi.org/10.3390/ijms160511574
https://doi.org/10.1152/ajpheart.1988.254.1.H126
https://doi.org/10.1152/physrev.1978.58.2.397
https://doi.org/10.1152/physrev.1978.58.2.397
https://doi.org/10.1053/apmr.2002.33985
https://doi.org/10.1053/apmr.2002.33985
https://doi.org/10.1152/ajplegacy.1951.164.2.319
https://doi.org/10.1126/sciadv.abl6364
https://doi.org/10.1016/j.eng.2020.03.019
https://doi.org/10.1038/s42003-021-02285-w
https://doi.org/10.1016/j.cardiores.2007.06.020
https://doi.org/10.1016/j.jvs.2004.06.032
https://doi.org/10.1016/j.atherosclerosis.2007.09.015
https://doi.org/10.1016/j.atherosclerosis.2007.09.015
https://doi.org/10.1002/jmri.22512
https://doi.org/10.3390/ma14237402
https://doi.org/10.1142/S0219519411004666
https://doi.org/10.1002/ar.a.10060
https://doi.org/10.1161/01.cir.85.1.391
https://doi.org/10.1161/01.cir.85.1.391
https://doi.org/10.1161/01.ATV.18.5.717
https://doi.org/10.1161/01.ATV.18.5.717
https://doi.org/10.1172/JCI114081
https://doi.org/10.1172/JCI114081
https://doi.org/10.1161/01.RES.78.2.225
https://doi.org/10.2450/2011.002S
https://doi.org/10.1146/annurev.biochem.67.1.395
https://doi.org/10.1080/20013078.2020.1781427
https://doi.org/10.3109/03014460.2013.807878
https://doi.org/10.1016/j.cell.2015.05.026
https://doi.org/10.1038/s41591-020-01182-9
https://doi.org/10.1007/978-0-387-84828-0_176
https://doi.org/10.1038/nri2171
https://doi.org/10.1016/j.thromres.2020.04.014
https://doi.org/10.1016/j.thromres.2020.04.014
https://doi.org/10.1161/CIRCULATIONAHA.119.041433
https://doi.org/10.1161/CIRCULATIONAHA.119.041433
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.1152/ajpcell.00128.2018
https://doi.org/10.1038/s41598-020-69451-8
https://doi.org/10.1371/journal.pone.0177951
https://doi.org/10.1371/journal.pone.0177951
https://doi.org/10.1152/ajpheart.00220.2020
https://doi.org/10.1152/ajpheart.00220.2020
https://doi.org/10.1073/pnas.232551499
https://doi.org/10.1073/pnas.232551499
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

46. Rensen SSM, Doevendans PAFM, van Eys GJJM. Regulation and
characteristics of vascular smooth muscle cell phenotypic diversity. Neth
Heart J. (2007) 15:100-8. doi: 10.1007/BF03085963

47. Chiong M, Cartes-Saavedra B, Norambuena-Soto I, Mondaca-Ruff D,
Morales PE, GarcA-a-Miguel M, et al. Mitochondrial metabolism and the control
of vascular smooth muscle cell proliferation. Front Cell Dev Biol. (2014) 2:72.
doi: 10.3389/fcell.2014.00072

48.Izawa K, Okada M, Sumitomo K, Nakagawa N, Aizawa Y, Kawabe J,
et al. Impaired glutathione redox system paradoxically suppresses angiotensin ii-
induced vascular remodeling. PLoS One. (2014) 9:¢108115. doi: 10.1371/journal.
pone.0108115

49. Madamanchi NR, Vendrov A, Runge MS. Oxidative stress and vascular
disease. Arterioscler Thromb Vasc Biol. (2005) 25:29-38. doi: 10.1161/01.ATV.
0000150649.39934.13

50. Tsai M-C, Chen L, Zhou J, Tang Z, Hsu T-F, Wang Y, et al. Shear stress
induces synthetic-to-contractile phenotypic modulation in smooth muscle cells
via peroxisome proliferator-activated receptor a/3 activations by prostacyclin
released by sheared endothelial cells. Circ Res. (2009) 105:471-80. doi: 10.1161/
CIRCRESAHA.109.193656

51. Frid MG, Moiseeva EP, Stenmark KR. Multiple phenotypically distinct
smooth muscle cell populations exist in the adult and developing bovine
pulmonary arterial media in vivo. Circ Res. (1994) 75:669-81. doi: 10.1161/01.RES.
75.4.669

52.Liu R, Jin Y, Tang WH, Qin L, Zhang X, Tellides G, et al. Ten-eleven
translocation-2 (TET2) is a master regulator of smooth muscle cell plasticity.
Circulation. (2013) 128:2047-57. doi: 10.1161/CIRCULATIONAHA.113.002887

53. Sorokin V, Vickneson K, Kofidis T, Woo CC, Lin XY, Foo R, et al.
Role of vascular smooth muscle cell plasticity and interactions in vessel wall
inflammation. Front Immunol. (2020) 11:599415. doi: 10.3389/fimmu.2020.
599415

54. Pedroza AJ, Tashima Y, Shad R, Cheng P, Wirka R, Churovich §, et al.
Single-cell transcriptomic profiling of vascular smooth muscle cell phenotype
modulation in marfan syndrome aortic aneurysm. Arterioscler Thromb Vasc Biol.
(2020) 40:2195-211. doi: 10.1161/ATVBAHA.120.314670

55. Liu R, Leslie KL, Martin KA. Epigenetic regulation of smooth muscle cell
plasticity. Biochim Biophys Acta. (2015) 1849:448-53. doi: 10.1016/j.bbagrm.2014.
06.004

56. Wang L, Zhang ], Fu W, Guo D, Jiang J, Wang Y. Association of
smooth muscle cell phenotypes with extracellular matrix disorders in thoracic
aortic dissection. J Vasc Surg. (2012) 56:1698.e-709.e. doi: 10.1016/j.jvs.2012.
05.084

57. Hill MA, Nourian Z, Ho I-L, Clifford PS, Martinez-Lemus L, Meininger
GA. Small artery elastin distribution and architecture-focus on three dimensional
organization. Microcirculation. (2016) 23:614-20. doi: 10.1111/micc.12294

58. Fillinger MF, O’Connor SE, Wagner R]. The effect of endothelial cell
coculture on smooth muscle cell proliferation. Vasc Surg. (1993) 17:1058-68.
doi: 10.1016/0741-5214(93)90676-D

59. Erbel R. Aortic dimensions and the risk of dissection. Heart. (2006) 92:137-
42. doi: 10.1136/hrt.2004.055111

60. Kablak-Ziembicka A, Przewlocki T, Tracz W, Pieniazek P, Musialek P,
Sokolowski A. Gender differences in carotid intima-media thickness in patients
with suspected coronary artery disease. Am J Cardiol. (2005) 96:1217-22. doi:
10.1016/j.amjcard.2005.06.059

61. Hartman RJG, Owsiany K, Ma L, Koplev S, Hao K, Slenders L, et al.
Sex-stratified gene regulatory networks reveal female key driver genes
of atherosclerosis involved in smooth muscle cell phenotype switching.
Circulation. (2021) 143:713-26. doi: 10.1161/CIRCULATIONAHA.120.05
1231

62. Yurdagul A, Finney AC, Woolard MD, Orr AW. The arterial
microenvironment: the where and why of atherosclerosis. Biochem J. (2016)
473:1281-95. doi: 10.1042/BJ20150844

63. Kielty CM, Sherratt MJ, Shuttleworth CA. Elastic fibres. J Cell Sci. (2002)
115:2817.

64. Wagenseil JE, Mecham RP. Vascular extracellular matrix and arterial
mechanics. Physiol Rev. (2009) 89:957-89. doi: 10.1152/physrev.00041.2008

65. Brooke B. New insights into elastin and vascular disease. Trends Cardiovasc
Med. (2003) 13:176-81. doi: 10.1016/S1050-1738(03)00065-3

66. Naba A, Clauser KR, Hoersch S, Carr SA, Hynes RO. The matrisome:
in silico definition and in vivo characterization by proteomics of normal and
tumor extracellular matrices. Mol Cell Proteomics. (2012) 11:M111.014647. doi:
10.1074/mcp.M111.014647

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2022.1055862

67. Wittig C, Szulcek R. Extracellular matrix protein ratios in the human heart
and vessels: how to distinguish pathological from physiological changes? Front
Physiol. (2021) 12:708656. doi: 10.3389/fphys.2021.708656

68. Basu P, Sen U, Tyagi N, Tygai S. Blood flow interplays with elastin: collagen
and MMP: TIMP ratios to maintain healthy vascular structure and function. Vasc
Health Risk Manag. (2010) 2010:215-28. doi: 10.2147/VHRM.S9472

69. Kelleher CM, McLean SE, Mecham RP. Vascular Extracellular Matrix and
Aortic Development: Current Topics in Developmental Biology. Amsterdam:
Elsevier (2004). p. 153-88. doi: 10.1016/S0070-2153(04)62006-0

70. Starcher BC. Elastin and the lung. Thorax. (1986) 41:577-85. doi: 10.1136/
thx.41.8.577

71. Hedin U, Bottger BA, Forsberg E, Johansson S, Thyberg J. Diverse effects
of fibronectin and laminin on phenotypic properties of cultured arterial smooth
muscle cells. J Cell Biol. (1988) 107:307-19. doi: 10.1083/jcb.107.1.307

72. Ichii T, Koyama H, Tanaka S, Kim S, Shioi A, Okuno Y, et al. Fibrillar collagen
specifically regulates human vascular smooth muscle cell genes involved in cellular
responses and the pericellular matrix environment. Circ Res. (2001) 88:460-7.
doi: 10.1161/01.RES.88.5.460

73. Ito S, Ishimaru S, Wilson SE. Inhibitory effect of type 1 collagen gel containing
alpha-elastin on proliferation and migration of vascular smooth muscle and
endothelial cells. Cardiovasc Surg. (1997) 5:176-83. doi: 10.1016/s0967-2109(97)
00004-5

74. Karnik SK. A critical role for elastin signaling in vascular morphogenesis and
disease. Development. (2003) 130:411-23. doi: 10.1242/dev.00223

75. Sazonova OV, Lee KL, Isenberg BC, Rich CB, Nugent MA, Wong JY. Cell-
cell interactions mediate the response of vascular smooth muscle cells to substrate
stiffness. Biophys J. (2011) 101:622-30. doi: 10.1016/j.bp;j.2011.06.051

76. Smith LR, Cho S, Discher DE. Stem cell differentiation is regulated by
extracellular matrix mechanics. Physiology. (2018) 33:16-25. doi: 10.1152/physiol.
00026.2017

77. Gerardo H, Lima A, Carvalho J, Ramos JRD, Couceiro S, Travasso RDM,

et al. Soft culture substrates favor stem-like cellular phenotype and facilitate
reprogramming of human mesenchymal stem/stromal cells (hMSCs) through
mechanotransduction. Sci Rep. (2019) 9:9086. doi: 10.1038/541598-019-45352-3

78. Hartman CD, Isenberg BC, Chua SG, Wong JY. Vascular smooth muscle cell
durotaxis depends on extracellular matrix composition. Proc Natl Acad Sci USA.
(2016) 113:11190-5. doi: 10.1073/pnas.1611324113

79. Rickel AP, Sanyour HJ, Leyda NA, Hong Z. Extracellular matrix proteins and
substrate stiffness synergistically regulate vascular smooth muscle cell migration
and cortical cytoskeleton organization. ACS Appl Biol Mater. (2020) 3:2360-9.
doi: 10.1021/acsabm.0c00100

80. Goumans M-J, ten Dijke P. TGF-p signaling in control of cardiovascular
function. Cold Spring Harb Perspect Biol. (2018) 10:a022210. doi: 10.1101/
cshperspect.a022210

81. Shi M, Zhu J, Wang R, Chen X, Mi L, Walz T, et al. Latent TGF-f structure
and activation. Nature. (2011) 474:343-9. doi: 10.1038/nature10152

82. van Meeteren LA, ten Dijke P. Regulation of endothelial cell plasticity by
TGEF-B. Cell Tissue Res. (2012) 347:177-86. doi: 10.1007/s00441-011-1222-6

83. Chi J-T, Chang HY, Haraldsen G, Jahnsen FL, Troyanskaya OG, Chang DS,
et al. Endothelial cell diversity revealed by global expression profiling. Proc Natl
Acad Sci USA. (2003) 100:10623-8. doi: 10.1073/pnas.1434429100

84. Gaudette S, Hughes D, Boller M. The endothelial glycocalyx: structure and
function in health and critical illness. ] Vet Emerg Crit Care. (2020) 30:117-34.
doi: 10.1111/vec.12925

85. Mockl L. The emerging role of the mammalian glycocalyx in functional
membrane organization and immune system regulation. Front Cell Dev Biol.
(2020) 8:253. doi: 10.3389/fcell.2020.00253

86. Bons LR, Rueda-Ochoa OL, El Ghoul K, Rohde S, Budde RP, Leening
MJ, et al. Sex-specific distributions and determinants of thoracic aortic
diameters in the elderly. Heart. (2020) 106:133-9. doi: 10.1136/heartjnl-2019-31
5320

87. Sheifer SE, Canos MR, Weinfurt KP, Arora UK, Mendelsohn FO, Gersh BJ,
et al. Sex differences in coronary artery size assessed by intravascular ultrasound.
Am Heart J. (2000) 139:649-52. doi: 10.1016/S0002-8703(00)90043-7

88. Kehmeier MN, Walker AE. Sex differences in large artery stiffness:
implications for cerebrovascular dysfunction and Alzheimer’s disease. Front
Aging. (2021) 2:791208. doi: 10.3389/fragi.2021.791208

89. Waddell TK, Dart AM, Gatzka CD, Cameron JD, Kingwell BA. Women
exhibit a greater age-related increase in proximal aortic stiffness than men. J
Hypertens. (2001) 19:2205-12. doi: 10.1097/00004872-200112000-00014

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://doi.org/10.1007/BF03085963
https://doi.org/10.3389/fcell.2014.00072
https://doi.org/10.1371/journal.pone.0108115
https://doi.org/10.1371/journal.pone.0108115
https://doi.org/10.1161/01.ATV.0000150649.39934.13
https://doi.org/10.1161/01.ATV.0000150649.39934.13
https://doi.org/10.1161/CIRCRESAHA.109.193656
https://doi.org/10.1161/CIRCRESAHA.109.193656
https://doi.org/10.1161/01.RES.75.4.669
https://doi.org/10.1161/01.RES.75.4.669
https://doi.org/10.1161/CIRCULATIONAHA.113.002887
https://doi.org/10.3389/fimmu.2020.599415
https://doi.org/10.3389/fimmu.2020.599415
https://doi.org/10.1161/ATVBAHA.120.314670
https://doi.org/10.1016/j.bbagrm.2014.06.004
https://doi.org/10.1016/j.bbagrm.2014.06.004
https://doi.org/10.1016/j.jvs.2012.05.084
https://doi.org/10.1016/j.jvs.2012.05.084
https://doi.org/10.1111/micc.12294
https://doi.org/10.1016/0741-5214(93)90676-D
https://doi.org/10.1136/hrt.2004.055111
https://doi.org/10.1016/j.amjcard.2005.06.059
https://doi.org/10.1016/j.amjcard.2005.06.059
https://doi.org/10.1161/CIRCULATIONAHA.120.051231
https://doi.org/10.1161/CIRCULATIONAHA.120.051231
https://doi.org/10.1042/BJ20150844
https://doi.org/10.1152/physrev.00041.2008
https://doi.org/10.1016/S1050-1738(03)00065-3
https://doi.org/10.1074/mcp.M111.014647
https://doi.org/10.1074/mcp.M111.014647
https://doi.org/10.3389/fphys.2021.708656
https://doi.org/10.2147/VHRM.S9472
https://doi.org/10.1016/S0070-2153(04)62006-0
https://doi.org/10.1136/thx.41.8.577
https://doi.org/10.1136/thx.41.8.577
https://doi.org/10.1083/jcb.107.1.307
https://doi.org/10.1161/01.RES.88.5.460
https://doi.org/10.1016/s0967-2109(97)00004-5
https://doi.org/10.1016/s0967-2109(97)00004-5
https://doi.org/10.1242/dev.00223
https://doi.org/10.1016/j.bpj.2011.06.051
https://doi.org/10.1152/physiol.00026.2017
https://doi.org/10.1152/physiol.00026.2017
https://doi.org/10.1038/s41598-019-45352-3
https://doi.org/10.1073/pnas.1611324113
https://doi.org/10.1021/acsabm.0c00100
https://doi.org/10.1101/cshperspect.a022210
https://doi.org/10.1101/cshperspect.a022210
https://doi.org/10.1038/nature10152
https://doi.org/10.1007/s00441-011-1222-6
https://doi.org/10.1073/pnas.1434429100
https://doi.org/10.1111/vec.12925
https://doi.org/10.3389/fcell.2020.00253
https://doi.org/10.1136/heartjnl-2019-315320
https://doi.org/10.1136/heartjnl-2019-315320
https://doi.org/10.1016/S0002-8703(00)90043-7
https://doi.org/10.3389/fragi.2021.791208
https://doi.org/10.1097/00004872-200112000-00014
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

90. Vatner SE, Zhang J, Vyzas C, Mishra K, Graham RM, Vatner DE. Vascular
stiffness in aging and disease. Front Physiol. (2021) 12:762437. doi: 10.3389/fphys.
2021.762437

91. Natoli AK, Medley TL, Ahimastos AA, Drew BG, Thearle DJ, Dilley RJ, et al.
Sex steroids modulate human aortic smooth muscle cell matrix protein deposition
and matrix metalloproteinase expression. Hypertension. (2005) 46:1129-34. doi:
10.1161/01.HYP.0000187016.06549.96

92. Samargandy S, Matthews KA, Brooks MM, Barinas-Mitchell E, Magnani JW,
Janssen I, et al. Arterial stiffness accelerates within 1 year of the final menstrual
period: the SWAN Heart study. Arterioscler Thromb Vasc Biol. (2020) 40:1001-8.
doi: 10.1161/ATVBAHA.119.313622

93. Schievink WI, Michels VV, Piepgras DG. Neurovascular manifestations of
heritable connective tissue disorders. A review. Stroke. (1994) 25:889-903. doi:
10.1161/01.STR.25.4.889

94. McGrath-Cadell L, McKenzie P, Emmanuel S, Muller DWM, Graham RM,
Holloway CJ. Outcomes of patients with spontaneous coronary artery dissection.
Open Heart. (2016) 3:e000491. doi: 10.1136/openhrt-2016-000491

95. Amitai Komem D, Sukenik Halevy R, Griton Y, Shnaker A, Levy Y,
Weissmann J, et al. A Rare case of 7 simultaneous arterial dissections and
review of the literature. Vasc Endovascular Surg. (2019) 53:617-22. doi: 10.1177/
1538574419864783

96. Shalata A, Mahroom M, Milewicz DM, Limin G, Kassum F, Badarna K, et al.
Fatal thoracic aortic aneurysm and dissection in a large family with a novel MYLK
gene mutation: delineation of the clinical phenotype. Orphanet ] Rare Dis. (2018)
13:41. doi: 10.1186/513023-018-0769-7

97. Turley TN, O’Byrne MM, Kosel ML, de Andrade M, Gulati R, Hayes SN, et al.
Identification of susceptibility loci for spontaneous coronary artery dissection.
JAMA Cardiol. (2020) 5:929. doi: 10.1001/jamacardio.2020.0872

98. Pepin MG, Schwarze U, Rice KM, Liu M, Leistritz D, Byers PH. Survival is
affected by mutation type and molecular mechanism in vascular Ehlers-Danlos
syndrome (EDS type IV). Genet Med. (2014) 16:881-8. doi: 10.1038/gim.2014.72

99. Lindsay ME, Dietz HC. Lessons on the pathogenesis of aneurysm from
heritable conditions. Nature. (2011) 473:308-16. doi: 10.1038/nature10145

100. Nienaber CA, Clough RE, Sakalihasan N, Suzuki T, Gibbs R, Mussa E et al.
Aortic dissection. Nat Rev Dis Prim. (2016) 2:16053. doi: 10.1038/nrdp.2016.53

101. De Bakey ME, Henly WS, Cooley DA, Morris GC, Crawford ES, Beall AC.
Surgical management of dissecting aneurysms of the aorta. ] Thorac Cardiovasc
Surg. (1965) 49:130-49. doi: 10.1016/50022-5223(19)33323-9

102. Daily PO, Trueblood HW, Stinson EB, Wuerflein RD, Shumway NE.
Management of acute aortic dissections. Ann Thorac Surg. (1970) 10:237-47.
doi: 10.1016/S0003-4975(10)65594-4

103. Hagan PG, Nienaber CA, Isselbacher EM, Bruckman D, Karavite DJ,
Russman PL, et al. The international registry of acute aortic dissection (IRAD):
new insights into an old disease. JAMA. (2000) 283:897. doi: 10.1001/jama.283.7.
897

104. Lempel JK, Frazier AA, Jeudy J, Kligerman SJ, Schultz R, Ninalowo HA,
et al. Aortic arch dissection: a controversy of classification. Radiology. (2014)
271:848-55. doi: 10.1148/radiol.14131457

105. Qanadli SD, Malekzadeh S, Villard N, Jouannic A-M, Bodenmann D, Tozzi
P, et al. A new clinically driven classification for acute aortic dissection. Front Surg.
(2020) 7:37. doi: 10.3389/fsurg.2020.00037

106. Fitridge R, Thompson M. (Eds.). Mechanisms of Vascular Disease: A
Reference Book for Vascular Specialists. Adelaide, SA: University of Adelaide Press
(2011).

107. Haverich A, Boyle EC. Aortic dissection is a disease of the vasa vasorum.
JTCVS Open. (2021) 5:30-2. doi: 10.1016/j.xjon.2020.12.012

108. Angouras D, Sokolis DP, Dosios T, Kostomitsopoulos N, Boudoulas H,
Skalkeas G, et al. Effect of impaired vasa vasorum flow on the structure and
mechanics of the thoracic aorta: implications for the pathogenesis of aortic
dissectionq. Eur ] Cardiothor Surg. (2000) 17:468-73. doi: 10.1016/s1010-7940(00)
00382-1

109. Landenhed M, Engstrom G, Gottsiter A, Caulfield MP, Hedblad B, Newton-
Cheh G, et al. Risk profiles for aortic dissection and ruptured or surgically treated
aneurysms: a prospective cohort study. ] Am Heart Assoc. (2015) 4:e001513.
doi: 10.1161/JAHA.114.001513

110. Aune D, Schlesinger S, Norat T, Riboli E. Tobacco smoking and the risk of
abdominal aortic aneurysm: a systematic review and meta-analysis of prospective
studies. Sci Rep. (2018) 8:14786. doi: 10.1038/s41598-018-32100-2

111. Kihara T, Yamagishi K, Iso H, Tamakoshi A. Passive smoking and mortality
from aortic dissection or aneurysm. Atherosclerosis. (2017) 263:145-50. doi: 10.
1016/j.atherosclerosis.2017.06.022

Frontiers in Cardiovascular Medicine

24

10.3389/fcvm.2022.1055862

112. Stansal A, Mirault T, Rossi A, Dupin N, Bruneval P, Bel A, et al. Recurrent
tamponade and aortic dissection in syphilis. Ann Thorac Surg. (2013) 96:e111-3.
doi: 10.1016/j.athoracsur.2013.05.096

113. Bourazza A, Kerouache A, Reda R, Mounach ], Mosseddaq R.
Meéningovascularite d’origine syphilitique : étude de cinq cas. Rev Neurol.
(2008) 164:369-73. doi: 10.1016/j.neurol.2007.12.007

114. Marangi A, Moretto G, Cappellari M, Micheletti N, Tomelleri G, Bovi P.
Bilateral internal carotid artery dissection associated with prior syphilis: a case
report and review of the literature. Neuropsychiatr Dis Treat. (2016) 12:1351-4.
doi: 10.2147/NDT.S5106845

115. Wu J, Mamas MA, Mohamed MO, Kwok CS, Roebuck C, Humberstone B,
et al. Place and causes of acute cardiovascular mortality during the COVID-19
pandemic. Heart. (2021) 107:113-9. doi: 10.1136/heartjnl-2020-317912

116. Yuan S-M. Cardiovascular involvement of ankylosing spondylitis: report of
three cases. Vascular. (2009) 17:342-54. doi: 10.2310/6670.2009.00023

117. Milewicz DM, Trybus KM, Guo D, Sweeney HL, Regalado E, Kamm K,
et al. Altered smooth muscle cell force generation as a driver of thoracic aortic
aneurysms and dissections. Arterioscler Thromb Vasc Biol. (2017) 37:26-34. doi:
10.1161/ATVBAHA.116.303229

118. Faggion Vinholo T, Brownstein AJ, Ziganshin BA, Zafar MA, Kuivaniemi
H, Body SC, et al. Genes associated with thoracic aortic aneurysm and dissection:
2019 update and clinical implications. Aorta. (2019) 07:099-107. doi: 10.1055/s-
0039-3400233

119. Boileau C, Guo D-C, Hanna N, Regalado ES, Detaint D, Gong L, et al.
TGFB2 mutations cause familial thoracic aortic aneurysms and dissections
associated with mild systemic features of Marfan syndrome. Nat Genet. (2012)
44:916-21. doi: 10.1038/ng.2348

120. Takeda N, Komuro I. Genetic basis of hereditary thoracic aortic aneurysms
and dissections. ] Cardiol. (2019) 74:136-43. doi: 10.1016/j.jjcc.2019.03.014

121. Wang Z, Zhuang X, Chen B, Wen J, Peng E Liu X, et al. 99-case study of
sporadic aortic dissection by whole exome sequencing indicated novel disease-
associated genes and variants in chinese population. Biomed Res Int. (2020)
2020:1-12. doi: 10.1155/2020/7857043

122. Weng J, Liao M, Zou S, Bao ], Zhou ], Qu L, et al. Downregulation of FHL1
expression in thoracic aortic dissection: implications in aortic wall remodeling
and pathogenesis of thoracic aortic dissection. Ann Vasc Surg. (2011) 25:240-7.
doi: 10.1016/j.avsg.2010.10.001

123. Zhang Y, Feng X-H, Derynck R. Smad3 and Smad4 cooperate with c-Jun/c-
Fos to mediate TFG-b-induced transcription. Nature. (1998) 394:6. doi: 10.1038/
29814

124. Brownstein A, Kostiuk V, Ziganshin B, Zafar M, Kuivaniemi H, Body S, et al.
Genes associated with thoracic aortic aneurysm and dissection: 2018 update and
clinical implications. Aorta. (2018) 06:013-020. doi: 10.1055/s-0038-1639612

125. Michel J-B, Jondeau G, Milewicz DM. From genetics to response to injury:
vascular smooth muscle cells in aneurysms and dissections of the ascending aorta.
Cardiovasc Res. (2018) 114:578-89. doi: 10.1093/cvr/cvy006

126. Guo D, Grove ML, Prakash SK, Eriksson P, Hostetler EM, LeMaire SA, et al.
Genetic variants in LRP1 and ULK4 are associated with acute aortic dissections.
Am ] Hum Genet. (2016) 99:762-9. doi: 10.1016/j.ajhg.2016.06.034

127. Schnieder J, Mamazhakypov A, Birnhuber A, Wilhelm J, Kwapiszewska G,
Ruppert C, et al. Loss of LRP1 promotes acquisition of contractile-myofibroblast
phenotype and release of active TGF-B1 from ECM stores. Matrix Biol. (2020)
88:69-88. doi: 10.1016/j.matbio.2019.12.001

128. Kuang S-Q, Medina-Martinez O, Guo D, Gong L, Regalado ES, Reynolds CL,
et al. FOXE3 mutations predispose to thoracic aortic aneurysms and dissections. J
Clin Invest. (2016) 126:948-61. doi: 10.1172/JCI83778

129. Landgren H, Blixt A, Carlsson P. Persistent FoxE3 expression
blocks cytoskeletal remodeling and organelle degradation during lens
fiber differentiation. Invest Ophthalmol Vis Sci. (2008) 49:4269-77.

doi: 10.1167/i0vs.08-2243

130. Guo D, Gong L, Regalado ES, Santos-Cortez RL, Zhao R, Cai B, et al.
MAT2A mutations predispose individuals to thoracic aortic aneurysms. Am ]
Hum Genet. (2015) 96:170-7. doi: 10.1016/j.ajhg.2014.11.015

131. Wang K, Fang S, Liu Q, Gao J, Wang X, Zhu H, et al. TGF-B1/p65/MAT2A
pathway regulates liver fibrogenesis via intracellular SAM. EBioMedicine. (2019)
42:458-69. doi: 10.1016/j.ebiom.2019.03.058

132. Liao M, Zou S, Weng J, Hou L, Yang L, Zhao Z, et al. A microRNA
profile comparison between thoracic aortic dissection and normal thoracic aorta
indicates the potential role of microRNAs in contributing to thoracic aortic
dissection pathogenesis. J Vasc Surg. (2011) 53:1341.e-9.e. doi: 10.1016/j.jvs.2010.
11.113

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://doi.org/10.3389/fphys.2021.762437
https://doi.org/10.3389/fphys.2021.762437
https://doi.org/10.1161/01.HYP.0000187016.06549.96
https://doi.org/10.1161/01.HYP.0000187016.06549.96
https://doi.org/10.1161/ATVBAHA.119.313622
https://doi.org/10.1161/01.STR.25.4.889
https://doi.org/10.1161/01.STR.25.4.889
https://doi.org/10.1136/openhrt-2016-000491
https://doi.org/10.1177/1538574419864783
https://doi.org/10.1177/1538574419864783
https://doi.org/10.1186/s13023-018-0769-7
https://doi.org/10.1001/jamacardio.2020.0872
https://doi.org/10.1038/gim.2014.72
https://doi.org/10.1038/nature10145
https://doi.org/10.1038/nrdp.2016.53
https://doi.org/10.1016/S0022-5223(19)33323-9
https://doi.org/10.1016/S0003-4975(10)65594-4
https://doi.org/10.1001/jama.283.7.897
https://doi.org/10.1001/jama.283.7.897
https://doi.org/10.1148/radiol.14131457
https://doi.org/10.3389/fsurg.2020.00037
https://doi.org/10.1016/j.xjon.2020.12.012
https://doi.org/10.1016/s1010-7940(00)00382-1
https://doi.org/10.1016/s1010-7940(00)00382-1
https://doi.org/10.1161/JAHA.114.001513
https://doi.org/10.1038/s41598-018-32100-2
https://doi.org/10.1016/j.atherosclerosis.2017.06.022
https://doi.org/10.1016/j.atherosclerosis.2017.06.022
https://doi.org/10.1016/j.athoracsur.2013.05.096
https://doi.org/10.1016/j.neurol.2007.12.007
https://doi.org/10.2147/NDT.S106845
https://doi.org/10.1136/heartjnl-2020-317912
https://doi.org/10.2310/6670.2009.00023
https://doi.org/10.1161/ATVBAHA.116.303229
https://doi.org/10.1161/ATVBAHA.116.303229
https://doi.org/10.1055/s-0039-3400233
https://doi.org/10.1055/s-0039-3400233
https://doi.org/10.1038/ng.2348
https://doi.org/10.1016/j.jjcc.2019.03.014
https://doi.org/10.1155/2020/7857043
https://doi.org/10.1016/j.avsg.2010.10.001
https://doi.org/10.1038/29814
https://doi.org/10.1038/29814
https://doi.org/10.1055/s-0038-1639612
https://doi.org/10.1093/cvr/cvy006
https://doi.org/10.1016/j.ajhg.2016.06.034
https://doi.org/10.1016/j.matbio.2019.12.001
https://doi.org/10.1172/JCI83778
https://doi.org/10.1167/iovs.08-2243
https://doi.org/10.1016/j.ajhg.2014.11.015
https://doi.org/10.1016/j.ebiom.2019.03.058
https://doi.org/10.1016/j.jvs.2010.11.113
https://doi.org/10.1016/j.jvs.2010.11.113
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

133. Rahkonen O, Su M, Hakovirta H, Koskivirta I, Hormuzdi SG, Vuorio E,
et al. Mice with a deletion in the first intron of the Collal gene develop age-
dependent aortic dissection and rupture. Circ Res. (2004) 94:83-90. doi: 10.1161/
01.RES.0000108263.74520.15

134. Barbier M, Gross M-S, Aubart M, Hanna N, Kessler K, Guo D-
C, et al. MFAPS5 loss-of-function mutations underscore the involvement of
matrix alteration in the pathogenesis of familial thoracic aortic aneurysms and
dissections. Am ] Hum Genet. (2014) 95:736-43. doi: 10.1016/j.ajhg.2014.10.018

135. Guo D, Regalado ES, Gong L, Duan X, Santos-Cortez RLP, Arnaud P, et al.
LOX mutations predispose to thoracic aortic aneurysms and dissections. Circ Res.
(2016) 118:928-34. doi: 10.1161/CIRCRESAHA.115.307130

136. van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall
WS, et al. Dysregulation of microRNAs after myocardial infarction reveals a role
of miR-29 in cardiac fibrosis. Proc Natl Acad Sci USA. (2008) 105:13027-32.
doi: 10.1073/pnas.0805038105

137. Guo X, Fang Z-M, Wei X, Huo B, Yi X, Cheng C, et al. HDACS is associated
with the formation of aortic dissection in human. Mol Med. (2019) 25:10. doi:
10.1186/510020-019-0080-7

138. Zhang X, Wu D, Choi JC, Minard CG, Hou X, Coselli JS, et al. Matrix
metalloproteinase levels in chronic thoracic aortic dissection. J Surg Res. (2014)
189:348-58. doi: 10.1016/j.jss.2014.03.027

139. Hirakata S, Aoki H, Ohno-Urabe S, Nishihara M, Furusho A, Nishida N,
et al. Genetic deletion of Socs3 in smooth muscle cells ameliorates aortic dissection
in mice. JACC Basic Transl Sci. (2020) 5:126-44. doi: 10.1016/j.jacbts.2019.10.010

140. Liao M, Liu Z, Bao ], Zhao Z, Hu J, Feng X, et al. A proteomic study of the
aortic media in human thoracic aortic dissection: implication for oxidative stress.
J Thorac Cardiovasc Surg. (2008) 136:65.e~72.e. doi: 10.1016/j.jtcvs.2007.11.017

141. Gough RE, Goult BT. The tale of two talins - two isoforms to fine-tune
integrin signalling. FEBS Lett. (2018) 592:2108-25. doi: 10.1002/1873-3468.13081

142. Wei X, Sun Y, Wu Y, Zhu J, Gao B, Yan H, et al. Downregulation of Talin-
1 expression associates with increased proliferation and migration of vascular
smooth muscle cells in aortic dissection. BMC Cardiovasc Disord. (2017) 17:162.
doi: 10.1186/s12872-017-0588-0

143. Proost D, Vandeweyer G, Meester JAN, Salemink S, Kempers M, Ingram
C, et al. Performant mutation identification using targeted next-generation
sequencing of 14 thoracic aortic aneurysm genes. Hum Mutat. (2015) 36:808-14.
doi: 10.1002/humu.22802

144. Zou S, Ren P, Nguyen M, Coselli JS, Shen YH, LeMaire SA. Notch
signaling in descending thoracic aortic aneurysm and dissection. PLoS One. (2012)
7:€52833. doi: 10.1371/journal.pone.0052833

145. McGrath MJ, Cottle DL, Nguyen M-A, Dyson JM, Coghill ID, Robinson
PA, et al. Four and a half LIM protein 1 binds myosin-binding protein C and
regulates myosin filament formation and sarcomere assembly. J Biol Chem. (2006)
281:7666-83. doi: 10.1074/jbc.M512552200

146. Lee JY, Lori D, Wells D], Kemp PR. FHLI activates myostatin signalling
in skeletal muscle and promotes atrophy. FEBS Open Bio. (2015) 5:753-62. doi:
10.1016/j.f0b.2015.08.011

147. Amirak E, Zakkar M, Evans PC, Kemp PR. Perfusion of veins at arterial
pressure increases the expression of KLF5 and cell cycle genes in smooth muscle
cells. Biochem Biophys Res Commun. (2010) 391:818-23. doi: 10.1016/j.bbrc.2009.
11.145

148. Kaplan-Albuquerque N, Bogaert YE, Van Putten V, Weiser-Evans MC,
Nemenoff RA. Patterns of gene expression differentially regulated by platelet-
derived growth factor and hypertrophic stimuli in vascular smooth muscle cells. J
Biol Chem. (2005) 280:19966-76. doi: 10.1074/jbc.M500917200

149. Eyers PA. Marveling at the Incredible ULK4. Structure. (2020) 28:1181-3.
doi: 10.1016/j.5tr.2020.10.005

150. Juhola J, Oikonen M, Magnussen CG, Mikkild V, Siitonen N, Jokinen E, et al.
Childhood physical, environmental, and genetic predictors of adult hypertension:
the cardiovascular risk in young finns study. Circulation. (2012) 126:402-9. doi:
10.1161/CIRCULATIONAHA.111.085977

151. Gretarsdottir S, Baas AF, Thorleifsson G, Holm H, den Heijer M, de Vries J-
PPM, et al. Genome-wide association study identifies a sequence variant within
the DAB2IP gene conferring susceptibility to abdominal aortic aneurysm. Nat
Genet. (2010) 42:692-7. doi: 10.1038/ng.622

152. Oller ], Gabandé-Rodriguez E, Ruiz-Rodriguez MJ, Desdin-Micé G, Aranda
JE, Rodrigues-Diez R, et al. Extracellular tuning of mitochondrial respiration
leads to aortic aneurysm. Circulation. (2021) 143:2091-109. doi: 10.1161/
CIRCULATIONAHA.120.051171

153. Callewaert B, De Paepe A, Coucke P. Arterial Tortuosity Syndrome. Seattle,
WA: University of Washington (1993).

Frontiers in Cardiovascular Medicine

25

10.3389/fcvm.2022.1055862

154. Zoppi N, Chiarelli N, Cinquina V, Ritelli M, Colombi M. GLUT10
deficiency leads to oxidative stress and non-canonical avf3 integrin-mediated
TGFp signalling associated with extracellular matrix disarray in arterial tortuosity
syndrome skin fibroblasts. Hum Mol Genet. (2015) 24:6769-87. doi: 10.1093/hmg/
ddv382

155. Coucke PJ, Willaert A, Wessels MW, Callewaert B, Zoppi N, De Backer J,
et al. Mutations in the facilitative glucose transporter GLUT10 alter angiogenesis
and cause arterial tortuosity syndrome. Nat Genet. (2006) 38:452-7. doi: 10.1038/
ngl764

156. Watanabe K, Taketomi Y, Miki Y, Kugiyama K, Murakami M. Group V
secreted phospholipase A2 plays a protective role against aortic dissection. J Biol
Chem. (2020) 295:10092-111. doi: 10.1074/jbc.RA120.013753

157. Graham RM, McGrath-Cadell L, Muller DWM, Holloway CJ. The mystery
and enigma of spontaneous coronary artery dissection. Heart Lung Circ. (2018)
27:401-5. doi: 10.1016/51443-9506(18)30060- X

158. Nishiguchi T, Tanaka A, Ozaki Y, Taruya A, Fukuda S, Taguchi H,
et al. Prevalence of spontaneous coronary artery dissection in patients
with acute coronary syndrome. Eur Heart ]. (2016) 5:263-70. doi: 10.1177/
2048872613504310

159. Panchagnula K, Punja R, Punja D, Suryavanshi C. A comparative study
of vasa vasorum density among coronary arteries. Artery Res. (2018) 22:36. doi:
10.1016/j.artres.2018.04.002

160. Kwon T-G, Gulati R, Matsuzawa Y, Aoki T, Guddeti RR, Herrmann J, et al.
Proliferation of coronary adventitial vasa vasorum in patients with spontaneous
coronary artery dissection. JACC Cardiovasc Imaging. (2016) 9:2. doi: 10.1016/j.
jemg.2015.11.030

161. Franke KB, Nerlekar N, Marshall H, Psaltis PJ. Systematic review and meta-
analysis of the clinical characteristics and outcomes of spontanous coronary artery
dissection. Int J Cardiol. (2021) 322:34-9. doi: 10.1016/j.ijcard.2020.08.076

162. Okura T, Takahashi K, Sakaue T, Ueda S, Enomoto D, Yamamoto D, et al.
A case of spontaneous coronary artery dissection with early de novo recurrence. J
Cardiol Cases. (2019) 20:1-3. doi: 10.1016/j.jccase.2019.01.006

163. Saw J, Starovoytov A, Humphries K, Sheth T, So D, Minhas K, et al. Canadian
spontaneous coronary artery dissection cohort study: in-hospital and 30-day
outcomes. Eur Heart J. (2019) 40:1188-97. doi: 10.1093/eurheartj/ehz007

164. Garcia-Guimaraes M, Masotti M, Sanz-Ruiz R, Macaya F, Roura G, Nogales
JM, et al. Clinical outcomes in spontaneous coronary artery dissection. Heart.
(2022) 108:1530-8. doi: 10.1136/heartjnl-2022-320830

165. Georges A, Yang M-L, Berrandou T-E, Bakker MK, Dikilitas O, Kiando
SR, et al. Genetic investigation of fibromuscular dysplasia identifies risk loci
and shared genetics with common cardiovascular diseases. Nat Commun. (2021)
12:6031. doi: 10.1038/s41467-021-26174-2

166. lismaa SE, Hesselson S, McGrath-Cadell L, Muller DW, Fatkin D,
Giannoulatou E, et al. Spontaneous coronary artery dissection and fibromuscular
dysplasia: vasculopathies with a predilection for women. Heart Lung Circ. (2020)
30:27-35. doi: 10.1016/j.h1¢.2020.05.110

167. Michelis KC, Olin JW, Kadian-Dodov D, d’Escamard V, Kovacic JC.
Coronary artery manifestations of fibromuscular dysplasia. ] Am Coll Cardiol.
(2014) 64:1033-46. doi: 10.1016/j.jacc.2014.07.014

168. Hayes SN, Kim ESH, Saw ], Adlam D, Arslanian-Engoren C, Economy
KE, et al. Spontaneous coronary artery dissection: current state of the science:
a scientific statement from the american heart association. Circulation. (2018)
137:523-57. doi: 10.1161/CIR.0000000000000564

169. Rafiq A, Pokharel P, Krim NR. Rare case of asymptomatic spontaneous
coronary artery dissection. J Cardiol Cases. (1999) 13:149-52. doi: 10.1016/j.jccase.
2016.01.004

170. Cannata S, Birkinshaw A, Sado D, Dworakowski R, Pareek N. Spontaneous
coronary artery dissection after COVID-19 infection presenting with ST segment
elevation. Eur Heart J. (2020) 41:4602-4602. doi: 10.1093/eurheartj/ehaa813

171. Adlam D, Olson TM, Combaret N, Kovacic JC, lismaa SE, Al-Hussaini
A, et al. Association of the PHACTRI/EDN1 genetic locus with spontaneous
coronary artery dissection. ] Am Coll Cardiol. (2019) 73:58-66. doi: 10.1016/j.jacc.
2018.09.085

172. Tarr, I, Hesselson S, Iismaa SE, Rath E, Monger S, Troup M, et al. Exploring
the genetic architecture of spontaneous coronary artery dissection using whole-
genome sequencing. Circ Genom Precis Med. (2022) 15:10-1161. doi: 10.1161/
CIRCGEN.121.003527

173. Mori R, Macaya F, Sara JD, Toya T, Mejia-Renteria H, Gonzalo N, et al.
Non-invasive assessment of endothelial function in patients with spontaneous
coronary artery dissection: a case-control study. Int J Cardiol. (2020) 1:10-42.
doi: 10.1016/j.ijcard.2020.04.049

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://doi.org/10.1161/01.RES.0000108263.74520.15
https://doi.org/10.1161/01.RES.0000108263.74520.15
https://doi.org/10.1016/j.ajhg.2014.10.018
https://doi.org/10.1161/CIRCRESAHA.115.307130
https://doi.org/10.1073/pnas.0805038105
https://doi.org/10.1186/s10020-019-0080-7
https://doi.org/10.1186/s10020-019-0080-7
https://doi.org/10.1016/j.jss.2014.03.027
https://doi.org/10.1016/j.jacbts.2019.10.010
https://doi.org/10.1016/j.jtcvs.2007.11.017
https://doi.org/10.1002/1873-3468.13081
https://doi.org/10.1186/s12872-017-0588-0
https://doi.org/10.1002/humu.22802
https://doi.org/10.1371/journal.pone.0052833
https://doi.org/10.1074/jbc.M512552200
https://doi.org/10.1016/j.fob.2015.08.011
https://doi.org/10.1016/j.fob.2015.08.011
https://doi.org/10.1016/j.bbrc.2009.11.145
https://doi.org/10.1016/j.bbrc.2009.11.145
https://doi.org/10.1074/jbc.M500917200
https://doi.org/10.1016/j.str.2020.10.005
https://doi.org/10.1161/CIRCULATIONAHA.111.085977
https://doi.org/10.1161/CIRCULATIONAHA.111.085977
https://doi.org/10.1038/ng.622
https://doi.org/10.1161/CIRCULATIONAHA.120.051171
https://doi.org/10.1161/CIRCULATIONAHA.120.051171
https://doi.org/10.1093/hmg/ddv382
https://doi.org/10.1093/hmg/ddv382
https://doi.org/10.1038/ng1764
https://doi.org/10.1038/ng1764
https://doi.org/10.1074/jbc.RA120.013753
https://doi.org/10.1016/S1443-9506(18)30060-X
https://doi.org/10.1177/2048872613504310
https://doi.org/10.1177/2048872613504310
https://doi.org/10.1016/j.artres.2018.04.002
https://doi.org/10.1016/j.artres.2018.04.002
https://doi.org/10.1016/j.jcmg.2015.11.030
https://doi.org/10.1016/j.jcmg.2015.11.030
https://doi.org/10.1016/j.ijcard.2020.08.076
https://doi.org/10.1016/j.jccase.2019.01.006
https://doi.org/10.1093/eurheartj/ehz007
https://doi.org/10.1136/heartjnl-2022-320830
https://doi.org/10.1038/s41467-021-26174-2
https://doi.org/10.1016/j.hlc.2020.05.110
https://doi.org/10.1016/j.jacc.2014.07.014
https://doi.org/10.1161/CIR.0000000000000564
https://doi.org/10.1016/j.jccase.2016.01.004
https://doi.org/10.1016/j.jccase.2016.01.004
https://doi.org/10.1093/eurheartj/ehaa813
https://doi.org/10.1016/j.jacc.2018.09.085
https://doi.org/10.1016/j.jacc.2018.09.085
https://doi.org/10.1161/CIRCGEN.121.003527
https://doi.org/10.1161/CIRCGEN.121.003527
https://doi.org/10.1016/j.ijcard.2020.04.049
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

174. Waterbury TM, Tweet MS, Hayes SN, Prasad A, Lerman A, Gulati R.
Coronary endothelial function and spontaneous coronary artery dissection. Eur
Heart . (2020) 9:90-5. doi: 10.1177/2048872618795255

175. Carss K], Baranowska AA, Armisen J, Webb TR, Hamby SE,
Premawardhana D, et al. Spontaneous coronary artery dissection: insights
on rare genetic variation from genome sequencing. Circ Genom Precis Med.
(2020) 13:¢003030. doi: 10.1161/CIRCGEN.120.003030

176. Hui P, Bai Y, Su X, Quan N, Qiao B, Zheng Y, et al. The value of plasma
fibrillin-1 level in patients with spontaneous coronary artery dissection. Int |
Cardiol. (2020) 302:150-6. doi: 10.1016/j.ijcard.2019.12.015

177. Marshall LM, Carlson EJ, O’Malley J, Snyder CK, Charbonneau NL, Hayflick
SJ, et al. Thoracic aortic aneurysm frequency and dissection are associated with
fibrillin-1 fragment concentrations in circulation. Circ Res. (2013) 113:1159-68.
doi: 10.1161/CIRCRESAHA.113.301498

178. Boucher P, Li W-P, Matz RL, Takayama Y, Auwerx J, Anderson RGW, et al.
LRP1 Functions as an atheroprotective integrator of TGFp and PDGF signals in
the vascular wall: implications for Marfan syndrome. PLoS One. (2007) 2:e448.
doi: 10.1371/journal.pone.0000448

179. Fahey J, Ramialison M, White A. Identifying genetic causes of spontaenous
coronary artery dissection by whole genome sequencing in related individuals. ]
Am Coll Cardiol. (2018) 71:A123. doi: 10.1016/S0735-1097(18)30664-8

180. Guo D, Duan X-Y, Regalado ES, Mellor-Crummey L, Kwartler CS, Kim D,
et al. Loss-of-Function mutations in YY1API lead to grange syndrome and a
fibromuscular dysplasia-like vascular disease. Am ] Hum Genet. (2017) 100:21-30.
doi: 10.1016/j.2jhg.2016.11.008

181. Li J, Ballim D, Rodriguez M, Cui R, Goding CR, Teng H, et al. The anti-
proliferative function of the TGF-B1 signaling pathway involves the repression of
the oncogenic TBX2 by its homologue TBX3. J Biol Chem. (2014) 289:35633-43.
doi: 10.1074/jbc.M114.596411

182. Wang Y, Lui W-Y. Transforming growth factor-p1 attenuates junctional
adhesion molecule-A and contributes to breast cancer cell invasion. Eur ] Cancer.
(2012) 48:3475-87. doi: 10.1016/j.ejca.2012.04.016

183. Katoh Y, Katoh M. Hedgehog signaling, epithelial-to-mesenchymal
transition and miRNA (Review). Int ] Mol Med. (1998) 22:271-5. doi: 10.3892/
ijmm_00000019

184. Matissek SJ, Elsawa SF. GLI3: a mediator of genetic diseases, development
and cancer. Cell Commun Signal. (2020) 18:54. doi: 10.1186/512964-020-00540-x

185. Zekavat SM, Chou EL, Zekavat M, Pampana A, Paruchuri K, Lino Cardenas
CL, et al. Fibrillar collagen variants in spontaneous coronary artery dissection.
JAMA Cardiol. (2022) 7:396. doi: 10.1001/jamacardio.2022.0001

186. Bell DM, Leung KKH, Ng L], Zhou S, Ling W, Sham MH, et al. SOX9 directly
regulates the type-II collagen gene. Nat Genet. (1997) 16:174-8.

187. Lu C-L, Ortmeier S, Brudvig J, Moretti T, Cain ], Boyadjiev SA, et al.
Collagen has a unique SEC24 preference for efficient export from the endoplasmic
reticulum. Traffic. (2021) 23:91-3. doi: 10.1111/tra.12826

188. Saw J, Yang M-L, Trinder M, Tcheandjieu C, Xu C, Starovoytov A, et al.
Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary
artery dissection and myocardial infarction. Nat Commun. (2020) 11:4432. doi:
10.1038/s41467-020-17558-x

189. Fan W, Liu T, Chen W, Hammad S, Longerich T, Hausser I, et al. ECM1
prevents activation of transforming growth factor B, hepatic stellate cells, and
fibrogenesis in mice. Gastroenterology. (2019) 157:1352-1367.e13. doi: 10.1053/
j.gastro.2019.07.036

190. Lee K, Nam K, Oh S, Lim J, Kim RK, Shim D, et al. ECM1 regulates tumor
metastasis and CSC-like property through stabilization of B-catenin. Oncogene.
(2015) 34:6055-65. doi: 10.1038/0nc.2015.54

191. Gabriel LAR, Wang LW, Bader H, Ho JC, Majors AK, Hollyfield JG, et al.
ADAMTSLA4, a secreted glycoprotein widely distributed in the eye, binds fibrillin-
1 microfibrils and accelerates microfibril biogenesis. Invest Ophthalmol Vis Sci.
(2012) 53:461. doi: 10.1167/i0vs.10-5955

192. McKenzie FJ, Tassanakijpanich N, Epps KC, March SK, Hagerman
RJ. Spontaneous coronary artery dissection in females with the fragile X
FMRI1 premutation. JACC Case Rep. (2020) 2:40-4. doi: 10.1016/j.jaccas.2019.
11.058

193. Nolze A, Schneider J, Keil R, Lederer M, Hiittelmaier S, Kessels MM, et al.
FMRP regulates actin filament organization via the armadillo protein p0071. RNA.
(2013) 19:1483-96. doi: 10.1261/rna.037945.112

194. Dziembowska M, Pretto DI, Janusz A, Kaczmarek L, Leigh M]J, Gabriel
N, et al. High MMP-9 activity levels in fragile X syndrome are lowered by
minocycline. Am ] Med Genet. (2013) 161:1897-903. doi: 10.1002/ajmg.a.36023

Frontiers in Cardiovascular Medicine

26

10.3389/fcvm.2022.1055862

195. Ramirez-Cheyne JA, Duque GA, Ayala-Zapata S, Saldarriaga—Gil W,
Hagerman P, Hagerman R, et al. Fragile X syndrome and connective tissue
dysregulation. Clin Genet. (2019) 95:262-7. doi: 10.1111/cge.13469

196. Bergen AAB, Plomp AS, Schuurman EJ, Terry S, Breuning M, Dauwerse H,
et al. Mutations in ABCC6 cause pseudoxanthoma elasticum. Nat Genet. (2000)
25:228-31. doi: 10.1038/76109

197. Verschuere S, Navassiolava N, Martin L, Nevalainen PI, Coucke PJ,
Vanakker OM. Reassessment of causality of ABCC6 missense variants associated
with pseudoxanthoma elasticum based on Sherloc. Genet Med. (2021) 23:131-9.
doi: 10.1038/s41436-020-00945-6

198. Germain DP. Pseudoxanthoma elasticum. Orphanet ] Rare Dis. (2017) 12:85.
doi: 10.1186/s13023-017-0639-8

199. Bartstra JW, Spiering W, van den Ouweland JMW, Mali WPTM, Janssen
R, de Jong PA. Increased elastin degradation in pseudoxanthoma elasticum is
associated with peripheral arterial disease independent of calcification. J Clin Med.
(2020) 9:2771. doi: 10.3390/jcm9092771

200. de Almeida HL Jr, de Almeida MG, Jorge VM, de Abreu LB. Ultrastructural
aspects of pseudoxanthoma elasticum. An Bras Dermatol. (2017) 92:527-30. doi:
10.1590/abd1806-4841.20175972

201. Kiss N, Fésts L, Bozsanyi S, Szeri F, Van Gils M, Szabo V, et al. Nonlinear
optical microscopy is a novel tool for the analysis of cutaneous alterations in
pseudoxanthoma elasticum. Lasers Med Sci. (2020) 35:1821-30. doi: 10.1007/
s10103-020-03027-w

202. Kranenburg G, de Jong PA, Mali WP, Attrach M, Visseren FL], Spiering
W. Prevalence and severity of arterial calcifications in pseudoxanthoma elasticum
(PXE) compared to hospital controls. Novel insights into the vascular phenotype
of PXE. Atherosclerosis. (2017) 256:7-14. doi: 10.1016/j.atherosclerosis.2016.11.
012

203. Turley TN, Theis JL, Sundsbak RS, Evans JM, O’Byrne MM, Gulati R,
et al. Rare missense variants in TLN1 are associated with familial and sporadic
spontaneous coronary artery dissection. Circ Genom Precis Med. (2019) 12:173-
82. doi: 10.1161/CIRCGEN.118.002437

204. Lockyer P, Mao H, Fan Q, Li L, Yu-Lee L-Y, Eissa NT, et al. LRP1-dependent
BMPER signaling regulates lipopolysaccharide-induced vascular inflammation.
Arterioscler Thromb Vasc Biol. (2017) 37:1524-35. doi: 10.1161/ATVBAHA.117.
309521

205. Johnson EN, Lee YM, Sander TL, Rabkin E, Schoen FJ, Kaushal S, et al.
NFATcl mediates vascular endothelial growth factor-induced proliferation of
human pulmonary valve endothelial cells. J Biol Chem. (2003) 278:1686-92. doi:
10.1074/jbc.M210250200

206. He P, Yu H, Jiang L, Chen Z, Wang S, Macrae VE, et al. Hdac9 inhibits
medial artery calcification through down-regulation of osterix. Vasc Pharmacol.
(2020) 132:106775. doi: 10.1016/j.vph.2020.106775

207. The International Stroke Genetics Consortium [ISGC], The Wellcome Trust
Case Control Consortium 2 (WTCCC2), Bellenguez C, Bevan S, Gschwendtner
A, Spencer CCA, et al. Genome-wide association study identifies a variant in
HDAC?9 associated with large vessel ischemic stroke. Nat Genet. (2012) 44:328-33.
doi: 10.1038/ng.1081

208. Lino Cardenas CL, Kessinger CW, Cheng Y, MacDonald C, MacGillivray
T, Ghoshhajra B, et al. An HDAC9-MALAT1-BRG1 complex mediates smooth
muscle dysfunction in thoracic aortic aneurysm. Nat Commun. (2018) 9:1009.
doi: 10.1038/s41467-018-03394-7

209. Martinelli D, Hiberle ], Rubio V, Giunta C, Hausser I, Carrozzo R, et al.
Understanding pyrroline-5-carboxylate synthetase deficiency: clinical, molecular,
functional, and expression studies, structure-based analysis, and novel therapy
with arginine. J Inherit Metab Dis. (2012) 35:761-76. doi: 10.1007/s10545-011-
9411-8

210. Berk DR, Bentley DD, Bayliss SJ, Lind A, Urban Z. Cutis laxa: a review. ] Am
Acad Dermatol. (2012) 66:.e1-842. doi: 10.1016/j.jaad.2011.01.004

211.Sun Y, Chen Y, Li Y, Li Z, Li C, Yu T, et al. Association of TSR1 variants
and spontaneous coronary artery dissection. ] Am Coll Cardiol. (2019) 74:167-76.
doi: 10.1016/j.jacc.2019.04.062

212. Grond-Ginsbach C, Béckler D, Newton-Cheh C. Pathogenic TSRI gene
variants in patients with spontaneous coronary artery dissection. ] Am Coll
Cardiol. (2019) 74:177-8. doi: 10.1016/j.jacc.2019.06.005

213. LiJ, Peng W, Du L, Yang Q, Wang C, Mo Y. The oncogenic potentials and
diagnostic significance of long non-coding RNA LINC00310 in breast cancer. ]
Cell Mol Med. (2018) 22:4486-95. doi: 10.1111/jcmm.13750

214. Takaguri A, Sasano J, Akihiro O, Satoh K. The role of circadian clock gene
BMALLI in vascular proliferation. Eur ] Pharmacol. (2020) 872:172924. doi: 10.
1016/j.ejphar.2020.172924

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://doi.org/10.1177/2048872618795255
https://doi.org/10.1161/CIRCGEN.120.003030
https://doi.org/10.1016/j.ijcard.2019.12.015
https://doi.org/10.1161/CIRCRESAHA.113.301498
https://doi.org/10.1371/journal.pone.0000448
https://doi.org/10.1016/S0735-1097(18)30664-8
https://doi.org/10.1016/j.ajhg.2016.11.008
https://doi.org/10.1074/jbc.M114.596411
https://doi.org/10.1016/j.ejca.2012.04.016
https://doi.org/10.3892/ijmm_00000019
https://doi.org/10.3892/ijmm_00000019
https://doi.org/10.1186/s12964-020-00540-x
https://doi.org/10.1001/jamacardio.2022.0001
https://doi.org/10.1111/tra.12826
https://doi.org/10.1038/s41467-020-17558-x
https://doi.org/10.1038/s41467-020-17558-x
https://doi.org/10.1053/j.gastro.2019.07.036
https://doi.org/10.1053/j.gastro.2019.07.036
https://doi.org/10.1038/onc.2015.54
https://doi.org/10.1167/iovs.10-5955
https://doi.org/10.1016/j.jaccas.2019.11.058
https://doi.org/10.1016/j.jaccas.2019.11.058
https://doi.org/10.1261/rna.037945.112
https://doi.org/10.1002/ajmg.a.36023
https://doi.org/10.1111/cge.13469
https://doi.org/10.1038/76109
https://doi.org/10.1038/s41436-020-00945-6
https://doi.org/10.1186/s13023-017-0639-8
https://doi.org/10.3390/jcm9092771
https://doi.org/10.1590/abd1806-4841.20175972
https://doi.org/10.1590/abd1806-4841.20175972
https://doi.org/10.1007/s10103-020-03027-w
https://doi.org/10.1007/s10103-020-03027-w
https://doi.org/10.1016/j.atherosclerosis.2016.11.012
https://doi.org/10.1016/j.atherosclerosis.2016.11.012
https://doi.org/10.1161/CIRCGEN.118.002437
https://doi.org/10.1161/ATVBAHA.117.309521
https://doi.org/10.1161/ATVBAHA.117.309521
https://doi.org/10.1074/jbc.M210250200
https://doi.org/10.1074/jbc.M210250200
https://doi.org/10.1016/j.vph.2020.106775
https://doi.org/10.1038/ng.1081
https://doi.org/10.1038/s41467-018-03394-7
https://doi.org/10.1007/s10545-011-9411-8
https://doi.org/10.1007/s10545-011-9411-8
https://doi.org/10.1016/j.jaad.2011.01.004
https://doi.org/10.1016/j.jacc.2019.04.062
https://doi.org/10.1016/j.jacc.2019.06.005
https://doi.org/10.1111/jcmm.13750
https://doi.org/10.1016/j.ejphar.2020.172924
https://doi.org/10.1016/j.ejphar.2020.172924
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

215. von Babo M, De Marchis GM, Sarikaya H, Stapf C, Buffon E Fischer U,
et al. Differences and similarities between spontaneous dissections of the internal
carotid artery and the vertebral artery. Stroke. (2013) 44:1537-42. doi: 10.1161/
STROKEAHA.113.001057

216. Debette S, Leys D. Cervical-artery dissections: predisposing factors,
diagnosis, and outcome. Lancet Neurol. (2009) 8:668-78. doi: 10.1016/S1474-
4422(09)70084-5

217. Menon RK, Norris JW. Cervical arterial dissection. Ann N Y Acad Sci. (2008)
1142:200-17. doi: 10.1196/annals.1444.015

218. Wu Y, Wu E Liu Y, Fan Z, Fisher M, Li D, et al. High-resolution magnetic
resonance imaging of cervicocranial artery dissection: imaging features associated
with stroke. Stroke. (2019) 50:3101-7. doi: 10.1161/STROKEAHA.119.026362

219. Brandt T, Orberk E, Weber R, Werner I, Busse O, Muller BT, et al.
Pathogenesis of cervical artery dissections: association with connective tissue
abnormalities. Neurology. (2001) 57:24-30. doi: 10.1212/WNL.57.1.24

220. Liebeskind DS, Saver JL. Cervicocephalic Arterial Dissections, in:
Neurological Therapeutics: Principles and Practice. London: CRC Press (2003).

221. Mayer-Suess L, Pechlaner R, Barallobre-Barreiro J, Boehme C, Toell T,
Lynch M, et al. Extracellular matrix protein signature of recurrent spontaneous
cervical artery dissection. Neurology. (2020) 95:€2047-55. doi: 10.1212/WNL.
0000000000010710

222. Volker W, Dittrich R, Grewe S, Nassenstein I, Csiba L, Herczeg L, et al.
The outer arterial wall layers are primarily affected in spontaneous cervical artery
dissection. Neurology. (2011) 76:1463-71.

223. Arnold M, Kappeler L, Georgiadis D, Berthet K, Keserue B, Bousser MG,
et al. Gender differences in spontaneous cervical artery dissection. Neurology.
(2006) 67:1050-2. doi: 10.1212/01.wnl.0000237341.30854.6a

224. Majamaa K, Portimojirvi H, Sotaniemi KA, Myllyldi VV. Familial
aggregation of cervical artery dissection and cerebral aneurysm. Stroke. (1994)
25:1704-5. doi: 10.1161/01.STR.25.8.1704

225. Pezzini A. Arterial hypertension as risk factor for spontaneous cervical
artery dissection. A case-control study. J Neurol Neurosurg Psychiatry. (2006)
77:95-7. doi: 10.1136/jnnp.2005.063107

226. D’Anglejan-Chatillon J, Ribeiro V, Mas JL, Youl BD, Bousser MG. Migraine—
a risk factor for dissection of cervical arteries. Headache. (1989) 29:560-1. doi:
10.1111/j.1526-4610.1989.hed2909560.x

227. De Giuli V, Grassi M, Lodigiani C, Patella R, Zedde M, Gandolfo C, et al.
Association between migraine and cervical artery dissection: the Italian project
on stroke in young adults. JAMA Neurol. (2017) 74:512. doi: 10.1001/jamaneurol.
2016.5704

228. Guillon B, Berthet K, Benslamia L, Bertrand M, Bousser M-G, Tzourio C.
Infection and the risk of spontaneous cervical artery dissection: a case-control
study. Stroke. (2003) 34:¢79-81. doi: 10.1161/01.STR.0000078309.56307.5C

229. Schievink WI, Mokri B, Piepgras DG, Gittenberger-de Groot AC.
Intracranial aneurysms and cervicocephalic arterial dissections associated with
congenital heart disease. Neurosurgery. (1996) 39:685-90. doi: 10.1097/00006123-
199610000-00006

230. Grond-Ginsbach C, Brandt T, Kloss M, Aksay SS, Lyrer P, Traenka C,
et al. Next generation sequencing analysis of patients with familial cervical artery
dissection. Eur Stroke J. (2017) 2:137-43. doi: 10.1177/2396987317693402

231. Ruiz-Franco A, Barboza MA, Jara-Prado A, Canizales-Quinteros S, Leon-
Mimila P, Arguelles-Morales N, et al. TGFBR2 mutation and MTHFR-C677T
polymorphism in a Mexican mestizo population with cervico-cerebral artery
dissection. ] Neurol. (2016) 263:1066-73. doi: 10.1007/s00415-016-8101-8

232. Grond-Ginsbach C, Chen B, Pjontek R, Wiest T, Jiang Y, Burwinkel B, et al.
Copy number variation in patients with cervical artery dissection. Eur ] Hum
Genet. (2012) 20:1295-9. doi: 10.1038/ejhg.2012.82

233. Debette S, Kamatani Y, Metso TM, Kloss M, Chauhan G, Engelter ST, et al.
Common variation in PHACTR1 is associated with susceptibility to cervical artery
dissection. Nat Genet. (2015) 47:78-83. doi: 10.1038/ng.3154

234. Debette S, Markus HS. The genetics of cervical artery dissection: a systematic
review. Stroke. (2009) 40:e459-66. doi: 10.1161/STROKEAHA.108.534669

235. von Pein E Vilkkildi M, Schwarz R, Morcher M, Klima B, Grau A, et al.
Analysis of the COL3AI gene in patients with spontaneous cervical artery
dissections. ] Neurol. (2002) 249:862-6. doi: 10.1007/s00415-002-0745-x

236. Longoni M, Grond-Ginsbach C, Grau AJ, Genius J, Debette S, Schwaninger
M, et al. The ICAM-1 E469K gene polymorphism is a risk factor for spontaneous
cervical artery dissection. Neurology. (2006) 66:1273. doi: 10.1212/01.wnl.
0000208411.01172.0b

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2022.1055862

237. Varga EA, Sturm AC, Misita CP, Moll S. Homocysteine and MTHFR
mutations: relation to thrombosis and coronary artery disease. Circulation. (2005)
111:€289-93. doi: 10.1161/01.CIR.0000165142.37711.E7

238. Arauz A, Hoyos L, Canti C, Jara A, Martinez L, Garcia I, et al.
Mild hyperhomocysteinemia and low folate concentrations as risk factors for
cervical arterial dissection. Cerebrovasc Dis. (2007) 24:210-4. doi: 10.1159/00010
4479

239. Fernando DMG, Thilakarathne SMNK, Wickramasinghe CU. Pulmonary
artery dissection-a review of 150 cases. Heart Lung. (2019) 48:428-35. doi: 10.
1016/j.hrtlng.2019.02.007

240. Shilkin KB, Low LP, Chen BTM. Dissecting aneurysm of the pulmonary
artery. J. Pathol. (1969) 98:25-9. doi: 10.1002/path.1710980104

241. Inayama Y, Nakatani Y, Kitamura H. Pulmonary artery dissection in patients
without underlying pulmonary hypertension. Histopathology. (2001) 38:435-42.
doi: 10.1046/j.1365-2559.2001.01129.x

242. Khattar RS. Pulmonary artery dissection: an emerging cardiovascular
complication in surviving patients with chronic pulmonary hypertension. Heart.
(2005) 91:142-5. doi: 10.1136/hrt.2004.045799

243. Green NJ, Rollason TP. Pulmonary artery rupture in pregnancy
complicating patent ductus arteriosus. Heart. (1992) 68:616-8. doi:
10.1136/hrt.68.12.616

244. Best J. Dissecting aneurysm of the pulmonary artery with multiple
cardiovascular abnormalities and pulmonary hypertension. Med ] Aust. (1967)
2:1129-30. doi: 10.5694/j.1326-5377.1967.tb27334.x

245. Park HS, Chamarthy MR, Lamus D, Saboo SS, Sutphin PD, Kalva SP.
Pulmonary artery aneurysms: diagnosis & endovascular therapy. Cardiovasc
Diagn Ther. (2018) 8:350-61. doi: 10.21037/cdt.2018.04.01

246. Senbaklavaci O, Kaneko Y, Bartunek A, Brunner C, Kurkciyan E,
Wunderbaldinger P, et al. Rupture and dissection in pulmonary artery aneurysms:
incidence, cause, and treatment-review and case report. ] Thorac Cardiovasc Surg.
(2001) 121:1006-8. doi: 10.1067/mtc.2001.112634

247. Mohammad K, Sahlol M, Egiebor O, Sadikot RT. Idiopathic pulmonary
artery dissection: a case report. ] Med Case Rep. (2009) 3:7426. doi: 10.4076/1752-
1947-3-7426

248. Yoon K, Song S-Y, Lee CH, Ko B-H, Lee S, Kang BK, et al. Spontaneous renal
artery dissection as a cause of acute renal infarction: clinical and MDCT findings.
] Korean Med Sci. (2017) 32:605. doi: 10.3346/jkms.2017.32.4.605

249. Matsuo R, Ohta Y, Ohya Y, Kitazono T, Irie H, Shikata T, et al. Isolated
dissection of the celiac artery: a case report. Angiology. (2000) 51:603-7. doi:
10.1177/000331970005100710

250. Renaud S, Leray-Moragues H, Chenine L, Canaud L, Vernhet-Kovacsik H,
Canaud B. Spontaneous renal artery dissection with renal infarction. Clin Kidney
J. (2012) 5:261-4. doi: 10.1093/ckj/sfs047

251. Bumpus HC. A case of renal hypertension. J Urol. (1944) 52:295-9. doi:
10.1016/S0022-5347(17)70262-5

252. Gandhi SP, Patel K, Pal BC. Isolated spontaneous renal artery dissection
presented with flank pain. Case Rep Radiol. (2015) 2015:1-5. doi: 10.1155/2015/
896706

253. Vaidya S, Dighe M. Spontaneous celiac artery dissection and its
management. Radiol Case. (2010) 4:30-3. doi: 10.3941/jrcr.v4i4.408

254. Garrett HE. Options for treatment of spontaneous mesenteric artery
dissection. J Vasc Surg. (2014) 59:1433-9.e1-2. doi: 10.1016/j.jvs.2014.01.040

255. Lee SI, Kim JJ, Yang HJ, Lee K. Spontaneous dissection of celiac trunk
with concurrent splenic artery dissection. Clin Exp Emerg Med. (2015) 2:256-9.
doi: 10.15441/ceem.15.030

256. Jha A, Afari M, Koulouridis I, Bhat T, Garcia L. Isolated renal artery
dissection: a systematic review of case reports. Cureus. (2020) 12:¢6960. doi: 10.
7759/ cureus.6960

257. Richer J, Hill HL, Wang Y, Yang M-L, Hunker KL, Lane J, et al. A novel
recurrent COL5A1 genetic variant is associated with a dysplasia-associated arterial
disease exhibiting dissections and fibromuscular dysplasia. Arterioscler Thromb
Vasc Biol. (2020) 40:2686-99. doi: 10.1161/ATVBAHA.119.313885

258. Takayama T, Miyata T, Shirakawa M, Nagawa H. Isolated spontaneous
dissection of the splanchnic arteries. J Vasc Surg. (2008) 48:329-33. doi: 10.1016/j.
jvs.2008.03.002

259. Milewicz DM, Ramirez F. Therapies for thoracic aortic aneurysms and acute
aortic dissections: old controversies and new opportunities. Arterioscler Thromb
Vasc Biol. (2019) 39:126-36. doi: 10.1161/ATVBAHA.118.310956

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://doi.org/10.1161/STROKEAHA.113.001057
https://doi.org/10.1161/STROKEAHA.113.001057
https://doi.org/10.1016/S1474-4422(09)70084-5
https://doi.org/10.1016/S1474-4422(09)70084-5
https://doi.org/10.1196/annals.1444.015
https://doi.org/10.1161/STROKEAHA.119.026362
https://doi.org/10.1212/WNL.57.1.24
https://doi.org/10.1212/WNL.0000000000010710
https://doi.org/10.1212/WNL.0000000000010710
https://doi.org/10.1212/01.wnl.0000237341.30854.6a
https://doi.org/10.1161/01.STR.25.8.1704
https://doi.org/10.1136/jnnp.2005.063107
https://doi.org/10.1111/j.1526-4610.1989.hed2909560.x
https://doi.org/10.1111/j.1526-4610.1989.hed2909560.x
https://doi.org/10.1001/jamaneurol.2016.5704
https://doi.org/10.1001/jamaneurol.2016.5704
https://doi.org/10.1161/01.STR.0000078309.56307.5C
https://doi.org/10.1097/00006123-199610000-00006
https://doi.org/10.1097/00006123-199610000-00006
https://doi.org/10.1177/2396987317693402
https://doi.org/10.1007/s00415-016-8101-8
https://doi.org/10.1038/ejhg.2012.82
https://doi.org/10.1038/ng.3154
https://doi.org/10.1161/STROKEAHA.108.534669
https://doi.org/10.1007/s00415-002-0745-x
https://doi.org/10.1212/01.wnl.0000208411.01172.0b
https://doi.org/10.1212/01.wnl.0000208411.01172.0b
https://doi.org/10.1161/01.CIR.0000165142.37711.E7
https://doi.org/10.1159/000104479
https://doi.org/10.1159/000104479
https://doi.org/10.1016/j.hrtlng.2019.02.007
https://doi.org/10.1016/j.hrtlng.2019.02.007
https://doi.org/10.1002/path.1710980104
https://doi.org/10.1046/j.1365-2559.2001.01129.x
https://doi.org/10.1136/hrt.2004.045799
https://doi.org/10.1136/hrt.68.12.616
https://doi.org/10.1136/hrt.68.12.616
https://doi.org/10.5694/j.1326-5377.1967.tb27334.x
https://doi.org/10.21037/cdt.2018.04.01
https://doi.org/10.1067/mtc.2001.112634
https://doi.org/10.4076/1752-1947-3-7426
https://doi.org/10.4076/1752-1947-3-7426
https://doi.org/10.3346/jkms.2017.32.4.605
https://doi.org/10.1177/000331970005100710
https://doi.org/10.1177/000331970005100710
https://doi.org/10.1093/ckj/sfs047
https://doi.org/10.1016/S0022-5347(17)70262-5
https://doi.org/10.1016/S0022-5347(17)70262-5
https://doi.org/10.1155/2015/896706
https://doi.org/10.1155/2015/896706
https://doi.org/10.3941/jrcr.v4i4.408
https://doi.org/10.1016/j.jvs.2014.01.040
https://doi.org/10.15441/ceem.15.030
https://doi.org/10.7759/cureus.6960
https://doi.org/10.7759/cureus.6960
https://doi.org/10.1161/ATVBAHA.119.313885
https://doi.org/10.1016/j.jvs.2008.03.002
https://doi.org/10.1016/j.jvs.2008.03.002
https://doi.org/10.1161/ATVBAHA.118.310956
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Bax et al.

260. Weldy CS, Murtha R, Kim JB. Dissecting the genomics of spontaneous
coronary artery dissection. Circ Genom Precis Med. (2022) 15:e003867. doi: 10.
1161/CIRCGEN.122.003867

261. Saw J, Humphries K, Aymong E, Sedlak T, Prakash R, Starovoytov A, et al.
Spontaneous coronary artery dissection—clinical outcomes and risk of recurrence.
J Am Coll Cardiol. (2017) 70:1148-58. doi: 10.1016/j.jacc.2017.06.053

262. Margaritis M, Saini F, Baranowska-Clarke AA, Parsons S, Vink A,
Budgeon C, et al. Vascular histopathology and connective tissue ultrastructure
in spontaneous coronary artery dissection: pathophysiological and clinical
implications. Cardiovasc Res. (2021) 118:cvab183. doi: 10.1093/cvr/cvab183

263. Sedding DG, Boyle EC, Demandt JAF, Sluimer JC, Dutzmann ], Haverich
A, et al. Vasa vasorum angiogenesis: key player in the initiation and progression
of atherosclerosis and potential target for the treatment of cardiovascular disease.
Front Immunol. (2018) 9:706. doi: 10.3389/fimmu.2018.00706

264. Malfait E, Castori M, Francomano CA, Giunta C, Kosho T, Byers PH. The
Ehlers-Danlos syndromes. Nat Rev Dis Prim. (2020) 6:64. doi: 10.1038/s41572-
020-0194-9

265. D’hondt S, Van Damme T, Malfait F. Vascular phenotypes in nonvascular
subtypes of the Ehlers-Danlos syndrome: a systematic review. Genet Med. (2018)
20:562-73. doi: 10.1038/gim.2017.138

266. Demmler JC, Atkinson MD, Reinhold EJ, Choy E, Lyons RA, Brophy
ST. Diagnosed prevalence of Ehlers-Danlos syndrome and hypermobility
spectrum disorder in Wales, UK: a national electronic cohort study and case-
control comparison. BMJ Open. (2019) 9:e031365. doi: 10.1136/bmjopen-2019-03
1365

267. Chu LC, Johnson PT, Dietz HC, Brooke BS, Arnaoutakis GJ, Black JH, et al.
Vascular complications of ehlers-danlos syndrome: CT findings. Am ] Roentgenol.
(2012) 198:482-7. doi: 10.2214/AJR.11.6603

268. Murphy-Ryan M, Psychogios A, Lindor NM. Hereditary disorders of
connective tissue: a guide to the emerging differential diagnosis. Genet Med.
(2010) 12:344-54. doi: 10.1097/GIM.0b013e3181e074f0

269. Harry D. Marfan syndrome. In: Adam MP, Ardinger HH, Pagon RA,

Wallace SE, Bean L], Mirzaa G, et al. editors. GeneReviews®. Seattle, WA:
University of Washington, Seattle (1993).

270. ten Dijke P, Arthur HM. Extracellular control of TGFp signalling in vascular
development and disease. Nat Rev Mol Cell Biol. (2007) 8:857-69. doi: 10.1038/
nrm2262

271. Smalcelj A, Brida V, Samarzija M, Matana A, Margetic E, Drinkovic N.
Pressure pulmonary artery aneurysm. Texas Heart Inst J. (2005) 32:6.

272. Renard M, Muifio-Mosquera L, Manalo EC, Tufa S, Carlson EJ, Keene DR,
et al. Sex, pregnancy and aortic disease in Marfan syndrome. PLoS One. (2017)
12:¢0181166. doi: 10.1371/journal.pone.0181166

273. MacCarrick G, Black JH, Bowdin S, El-Hamamsy I, Frischmeyer-
Guerrerio PA, Guerrerio AL, et al. Loeys-Dietz syndrome: a primer for
diagnosis and management. Genet Med. (2014) 16:576-87. doi: 10.1038/gim.
2014.11

274. Rienhoff HY, Yeo C, Morissette R, Khrebtukova I, Melnick ], Luo S, et al.
A mutation in TGFB 3 associated with a syndrome of low muscle mass, growth
retardation, distal arthrogryposis and clinical features overlapping with Marfan
and Loeys-Dietz syndrome. Am ] Med Genet. (2013) 161:2040-6. doi: 10.1002/
ajmg.a.36056

275. Malhotra A, Westesson P-L. Loeys-Dietz syndrome. Pediatr Radiol. (2009)
39:1015-1015. doi: 10.1007/s00247-009-1252-3

276. Hertz JM, Thomassen M, Storey H, Flinter F. Clinical utility gene card for:
alport syndrome. Eur ] Hum Genet. (2012) 20:713-713. doi: 10.1038/ejhg.2011.237

Frontiers in Cardiovascular Medicine

28

10.3389/fcvm.2022.1055862

277. Kruegel ], Rubel D, Gross O. Alport syndrome-insights from basic and
clinical research. Nat Rev Nephrol. (2013) 9:170-8. doi: 10.1038/nrneph.2012.259

278. Anuwatworn A, Sethi P, Steffen K, Jonsson O, Petrasko M. Spontaneous
coronary artery dissection: a rare manifestation of alport syndrome. Case Rep
Cardiol. (2017) 2017:1-3. doi: 10.1155/2017/1705927

279. Patel ], Abt P, Cheng K, Aurigemma G, Rosenthal L. Type A dissection
in a patient with alport syndrome. Circ Cardiovasc Imaging. (2020) 13:e010701.
doi: 10.1161/CIRCIMAGING.120.010701

280. Gornik HL, Persu A, Adlam D, Aparicio LS, Azizi M, Boulanger M, et al.
First International Consensus on the diagnosis and management of fibromuscular
dysplasia. Vasc Med. (2019) 24:164-89. doi: 10.1177/1358863X18821816

281. Talarowska P, Dobrowolski P, Klisiewicz A, Kostera-Pruszczyk A,
Czlonkowska A, Kurkowska-Jastrzébska I, et al. High incidence and clinical
characteristics of fibromuscular dysplasia in patients with spontaneous cervical
artery dissection: the ARCADIA-POL study. Vasc Med. (2019) 24:112-9.
doi: 10.1177/1358863X18811596

282. Haruta S, Gunji K, Kawamura T, Hiroshima K. Generalized vascular
dissection on pathological examination in a patient with polycystic kidney disease
and acute aortic dissection. J Natl Med Assoc. (2019) 111:563-8. doi: 10.1016/j.
jnma.2019.04.008

283. Krishnappa V, Vinod P, Deverakonda D, Raina R. Autosomal dominant
polycystic kidney disease and the heart and brain. Cleve Clin ] Med. (2017)
84:471-81. doi: 10.3949/ccjm.84a.16107

284. Chapin HC, Caplan MJ. The cell biology of polycystic kidney disease. J Cell
Biol. (2010) 191:701-10. doi: 10.1083/jcb.201006173

285. Sillence DO, Senn A, Danks DM. Genetic heterogeneity in osteogenesis
imperfecta. ] Med Genet. (1979) 16:101-16. doi: 10.1136/jmg.16.2.101

286. Marini JC, Forlino A, Bachinger HP, Bishop NJ, Byers PH, Paepe AD, et al.
Osteogenesis imperfecta. Nat Rev Dis Prim. (2017) 3:17052. doi: 10.1038/nrdp.
2017.52

287. Forlino A, Marini JC. Osteogenesis imperfecta. Lancet. (2016) 387:1657-71.
doi: 10.1016/S0140-6736(15)00728-X

288. Balasubramanian M, Verschueren A, Kleevens S, Luyckx I, Perik M,
Schirwani S, et al. Aortic aneurysm/dissection and osteogenesis imperfecta: four
new families and review of the literature. Bone. (2019) 121:191-5. doi: 10.1016/].
bone.2019.01.022

289. Chougui K, Addab S, Palomo T, Morin SN, Veilleux L, Bernstein M, et al.
Clinical manifestations of osteogenesis imperfecta in adulthood: an integrative
review of quantitative studies and case reports. Am J Med Genet. (2020) 182:842—
65. doi: 10.1002/ajmg.a.61497

290. LeMaire SA, McDonald M-LN, Guo D, Russell L, Miller CC, Johnson R]J,
et al. Genome-wide association study identifies a susceptibility locus for thoracic
aortic aneurysms and aortic dissections spanning FBN1 at 15q21.1. Nat Genet.
(2011) 43:996-1000. doi: 10.1038/ng.934

291. Giuliani L, Di Toro A, Disabella E, Grasso M, Serio A, Urtis M, et al.
P5539Genetic heterogeneity of spontaneous coronary artery dissection (SCAD).
Eur Heart J. (2019) 40:ehz746.0485. doi: 10.1093/eurheartj/ehz746.0485

292. Daghlas I, Sargurupremraj M, Danning R, Gormley P, Malik R, Amouyel
P, et al. Migraine, stroke, and cervical arterial dissection: shared genetics for a
triad of brain disorders with vascular involvement. Neurol Genet. (2022) 8:00.
doi: 10.1212/NXG.0000000000000653

293. Guo D, Regalado E, Casteel DE, Santos-Cortez RL, Gong L, Kim JJ, et al.
Recurrent gain-of-function mutation in PRKG1 causes thoracic aortic aneurysms
and acute aortic dissections. Am ] Hum Genet. (2013) 93:398-404. doi: 10.1016/j.
ajhg.2013.06.019

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1055862
https://doi.org/10.1161/CIRCGEN.122.003867
https://doi.org/10.1161/CIRCGEN.122.003867
https://doi.org/10.1016/j.jacc.2017.06.053
https://doi.org/10.1093/cvr/cvab183
https://doi.org/10.3389/fimmu.2018.00706
https://doi.org/10.1038/s41572-020-0194-9
https://doi.org/10.1038/s41572-020-0194-9
https://doi.org/10.1038/gim.2017.138
https://doi.org/10.1136/bmjopen-2019-031365
https://doi.org/10.1136/bmjopen-2019-031365
https://doi.org/10.2214/AJR.11.6603
https://doi.org/10.1097/GIM.0b013e3181e074f0
https://doi.org/10.1038/nrm2262
https://doi.org/10.1038/nrm2262
https://doi.org/10.1371/journal.pone.0181166
https://doi.org/10.1038/gim.2014.11
https://doi.org/10.1038/gim.2014.11
https://doi.org/10.1002/ajmg.a.36056
https://doi.org/10.1002/ajmg.a.36056
https://doi.org/10.1007/s00247-009-1252-3
https://doi.org/10.1038/ejhg.2011.237
https://doi.org/10.1038/nrneph.2012.259
https://doi.org/10.1155/2017/1705927
https://doi.org/10.1161/CIRCIMAGING.120.010701
https://doi.org/10.1177/1358863X18821816
https://doi.org/10.1177/1358863X18811596
https://doi.org/10.1016/j.jnma.2019.04.008
https://doi.org/10.1016/j.jnma.2019.04.008
https://doi.org/10.3949/ccjm.84a.16107
https://doi.org/10.1083/jcb.201006173
https://doi.org/10.1136/jmg.16.2.101
https://doi.org/10.1038/nrdp.2017.52
https://doi.org/10.1038/nrdp.2017.52
https://doi.org/10.1016/S0140-6736(15)00728-X
https://doi.org/10.1016/j.bone.2019.01.022
https://doi.org/10.1016/j.bone.2019.01.022
https://doi.org/10.1002/ajmg.a.61497
https://doi.org/10.1038/ng.934
https://doi.org/10.1093/eurheartj/ehz746.0485
https://doi.org/10.1212/NXG.0000000000000653
https://doi.org/10.1016/j.ajhg.2013.06.019
https://doi.org/10.1016/j.ajhg.2013.06.019
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Arterial dissections: Common features and new perspectives
	Arterial features define vulnerability to dissections
	Elastic and muscular arteries require vasa vasorum
	Endothelial cells are the first layer of defense in arteries
	Endothelial cell identity is fluid
	Anatomy and sex influence endothelial cell identity

	Vascular smooth muscle cells are essential for structure in medium to large arteries
	Vascular smooth muscle cell identity is also fluid
	Anatomy and sex influence vascular smooth muscle cell identity

	The extracellular matrix provides the structural qualities of the vasculature
	The extracellular matrix is essential to cellular identity
	Anatomy and sex influence arterial extracellular matrix


	Arterial cells and extracellular matrix dysfunction prime arteries for dissection
	Spontaneous arterial dissections
	Diseases affecting vascular extracellular matrix are associated with increased risk of arterial dissections
	Aortic dissections
	Aortic dissection pathology
	Conditions and risk factors associated with aortic dissection
	Genetics and molecular mechanisms of aortic dissections
	Transforming growth factor  signaling dysfunction
	Extracellular matrix dysfunction in aortic dissections
	Cytoskeletal dysfunction in aortic dissection
	Metabolic dysfunction in aortic dissection


	Spontaneous coronary artery dissection
	Spontaneous coronary artery dissection pathology
	Spontaneous coronary artery dissection associated conditions and risk activities
	Spontaneous coronary artery dissection genetics and molecular mechanisms
	Transforming growth factor  signaling dysfunction in spontaneous coronary artery dissection
	Extracellular matrix dysfunction in spontaneous coronary artery dissection
	Cytoskeletal dysfunction in spontaneous coronary artery dissection
	Metabolic dysfunction in spontaneous coronary artery dissection


	Cervical artery dissections
	Cervical artery dissection pathology
	Cervical artery dissection associated conditions and risk factors
	Cervical artery dissection genetics and molecular mechanisms

	Rarer arterial dissections
	Pulmonary artery dissections
	Renal and visceral artery dissections


	Discussion – Common features of dissections
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


