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ABSTRACT

Acute aortic dissection (AAD) faces great challenges in
early diagnosis and effective drug treatment. Recent devel-
opments in systems biology approaches allow high-through-
put screening of novel diagnostic biomarkers and potential
therapeutic targets. In this review, we summarize the cur-
rently available AAD biomarkers identified in the context of
genomic, transcriptomic, proteomic, and metabolic profiles,
and highlight the benefits of using a combination of these
findings for a better understanding of the molecular nature
of this life-threatening disease. This review also provides a
reference for future studies that employ a comprehensive,
multiple-level approach at the single-cell level to decipher the
underlying molecular pathophysiology of AAD.

INTRODUCTION

Acute aortic dissection (AAD) is a life-threatening condi-
tion characterized by the rapid development of intimal flap and
adventitia apart. AAD is most common in those from 65 to 75
years of age. Women are less frequently affected (7.9 per 100
000) than men (16 per 100 000), but tend to yield worse out-
comes [Nienaber 2015]. The acute stage refers to the first two
weeks after the onset of AAD, during which patients are most
vulnerable to death. The Stanford and DeBakey types are the
two most widely used classification systems for AAD. Stanford
type A (corresponding to DeBakey type I and II) involves the
ascending aorta, and conventionally requires swift open surgi-
cal repair. Stanford type B (corresponding to DeBakey type
IMTa and IIIb) involves the descending aorta, and is usually
treated using endo-vascular repair therapy [Nienaber 2016].
Hypertension and atherosclerosis are the most prevalent risk
factors for AAD, and present in up to 75-80%, and 31% of
cases, respectively [Nienaber 2016; Nienaber 2015]. The most
common disorders that contribute to AAD include vascular
inflammation caused by autoimmune issues or infection, decel-
eration trauma, and aortic surgery or instrument intervention

[Nienaber 2016; Nienaber 2015].
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The rapid diagnosis of AAD poses a clinical challenge:
a missed or delayed diagnosis occurs in >30% of patients.
Besides diagnostic imaging, several biomarkers have proven
to be clinically useful in discriminating AAD from its mim-
icking conditions, including C-reactive protein (CRP),
matrix metalloproteinases (MMPs), soluble elastin fragments
(sELAF), D-dimer (a fibrin degradation product), smooth
muscle myosin heavy chain, calponin, N-terminal pro brain
natriuretic peptide (NT-proBNP), and endothelin precursor
[Nienaber 2016; Segreto 2014]. Most interestingly, recent
large cohort studies showed that when a risk score (0-1) and
D-dimer or soluble isoform of ST2 (a member of the inter-
leukin-1 receptor family) were present together, AAD could
be accurately ruled out without aortic imaging [Suzuki 2018].
However, early diagnosis and biomarker-guided treatments
still present a conundrum.

Recent studies on animal models have improved our under-
standing of the pathological mechanisms of AAD. Loss-of-
function research revealed that deficiency of the AAD-related
genes SMAD3 (SMAD family member 3) and FBN1 (fibril-
lin 1) can lead to the loss of structural integrity of the aortic
walls [Isselbacher 2016]. Cytokine cascades and their derived
inflammatory cells also participate in the onset of aortic dis-
section [Son 2015]. Although there has been much progress,
the exact mechanisms of AAD have remained elusive.

Due to the complexity of AAD and our limited understand-
ing of its molecular mechanisms, hypothesis-driven discov-
ery strategies of individual biomarkers are always laborious
and less effective. For this reason, recently, high-throughput
systems biology technologies have been used to globally
investigate the molecular backgrounds of AAD, which can
greatly facilitate comprehensive screening of biomarkers, and
improve our understanding of the underlying mechanisms.

In this review, we systemically describe the currently avail-
able biomarkers from the genomic, epigenetic, transcrip-
tomic, proteomic and metabolomic profiles of AAD. We
discuss how these systems biology approach-based findings
provide novel insights into the pathogenesis and offer new
valuable biomarkers to overcome the present diagnostic and
therapeutic limitations.

About 20% of AAD cases, especially younger patients,
have a genetic or familial predisposition, usually in the form
of autosomal dominant diseases. Over the past decades,
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genetic testing has become available for AAD’s more fre-
quent syndromes. Among them, Marfan syndrome, which is
caused by an FBN1 mutation and accounts for 5% of AAD
patients, has been the most studied [Pyeritz 2017]. Currently,
the confirmed genes associated with a high-risk of AAD
include FBN1, EFEMP2 (EGF containing fibulin extracel-
lular matrix protein 2), TGFB1 (transforming growth factor
beta 1), TGFBRI (transforming growth factor beta recep-
tor 1), TGFBR2 (transforming growth factor beta receptor
2), MYHI11 (myosin heavy chain 11), ACTA2 (actin, alpha
2, smooth muscle, aorta), COL3Al (collagen type III alpha
1 chain), SLC2A10 (solute carrier family 2 member 10),
SMAD3, LOX (lysyl oxidase), FOXE3 (forkhead box E3),
MFAPS5 (microfibril associated protein 5), MAT2A (methio-
nine adenosyltransferase 2A) and PRKG1 (protein kinase,
c¢GMP-dependent, type I) [Brownstein 2017]. These genetic
contributions to the pathogenesis of AAD may be due to their
possible roles in perturbing extracellular matrix signaling cas-
cades, and smooth muscle contractile apparatus.

With the development of next genomic sequencing, par-
ticularly whole exome sequencing (WES), the identification
of novel AAD-related genes has been greatly accelerated.
Regalado et al found that SMAD3 mutations can be detected
in 2% of familial thoracic AAD [Regalado 2011]. Hannuksela
et al found that individuals carrying the deletion mutation
(c3272_3273del, p.Serl091*) in myosin light chain kinase
(MYLK) have a high risk of presenting with AAD, which
led to a premature stop codon and nonsense-mediated decay
[Hannuksela 2016].

Except for causative genes, some studies also indicate
that the majority of AAD subjects do not have evidence of
mutations in single genes as a risk factor, but rather have the
other susceptibility loci. Two genome-wide association stud-
ies (GWAS) have identified a susceptibility locus at 15q21.1
spanning FBN1, LRP1 (LDL receptor related protein 1),
rs11172113, and ULK4 (unc-51 like kinase 4) rs2272007
associated with AAD without syndromic features or a family
history [Guo 2016; LeMaire 2011]. These data suggest that
genomic variants may also contribute to the pathogenesis of
AAD through a different mechanism.

Generally, these novel causative genes and susceptibility
loci could be valuable for identifying additional family mem-
bers at risk for AAD, and improving the gene-based specific
management of the carriers.

EPIGENETICS

Although an accumulating number of genes responsible for
AAD are validated, it is to be assumed that epigenetic factors
may play an important role in gene-environment interactions,
thus determining the severity of the phenotypes in AAD.

Currently, only one research study focuses on the epigen-
etic profiling of AAD. In a recent study, Pan et al revealed that
non-CpG methylation was significant in the normal ascend-
ing aorta, but there was a loss of methylation in the site of
aortic dissection [Pan 2017]. Smooth muscle cells represent
one of the major cell types in the aorta. Integrative analy-
sis of DNA methylation and mRNA expression indicated
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down-regulation of smooth muscle differentiation factors
and its targets, suggesting a significant dedifferentiated phe-
notype in AAD. Furthermore, changes in the epigenome may
also mediate the inflammatory vascular remodeling process in
response to environmental risk factors such as smoking [Pan
2017]. Therefore, this epigenetic study implies that these
phenotype alterations underpinning the loss of non-CpG
methylation in AAD are closely associated with impaired
strength of the aortic wall. However, efforts to discover the
role of DNA methylation alterations in AAD are still limited,
and deserve further investigation in the future.

Different from DNA methylation, epigenetic-related
microRNA profiles have been widely investigated in AAD.
A series of circulating microRNAs that can be developed
as potential diagnostic biomarkers for AAD have been have
identified and subsequently validated, such as miR-4787,
miR-4306, miR-15a, miR-23a, miR-25, miR-29a miR-155,
and miR-26b [Dong 2017; Wang 2017b; Xu 2017]. Func-
tionally, some AAD-related miRINAs may be involved in the
pathogenesis of AAD. For example, miR-4787 and miR-4306
can directly target polycystin 1 (PKD1) and TGF-B1, while
inflammatory factors TNF-o and TGF-B1 can also stimu-
late the increase of miR-21-5p expression in aortic vascular
smooth muscle cells [Kimura 2017]. Besides the blood level,
microRNA comparative analysis was also performed on the
tissue level, and 30 differentially-expressed microRINAs
involved in extracellular matrix (ECM) metabolism, cytoskel-
eton organization, and inflammation were identified [Wang
2015]. Among them, miR-4313, miR-933, miR-1281, and
miR-1238 were differentially expressed in both aortic tissue
and plasma in AAD patients [Wang 2015].

TRANSCRIPTOMICS

The gene expression pattern in AAD-associated cells or
tissues can broadly reflect their aberrant functional states and
the underlying pathological mechanisms. Currently, most
of the transcriptome-based studies on AAD have been per-
formed using microarray platforms to characterize the gene
expression profiles of dissected aorta tissues, compared with
those from multi-organ donor controls or predisposing dis-
eases such as Marfan syndrome [Kimura 2017; Wang 2017;
Pan 2014; Wang 2012; Mohamed 2009; Weis-Miiller 2006].
Furthermore, most of these studies focus on Stanford type A
AAD; only one research study has used tissues from Stanford
type B AAD patients as the starting materials.

Not surprisingly, although hundreds of significant genes
or probes have been identified in each transcriptome study,
there is little overlap between different datasets, which may
be due to the heterogeneity of the samples and platforms
used. However, the gene modules responsible for the integ-
rity and strength of the aortic wall are significantly enriched
in different studies. Genes encoding for the extracellular
matrix components, cell/matrix adhesion, and cytoskeleton
(such as collagen, TIMP3 [TIMP metallopeptidase inhibitor
3], TIMP4 [TIMP metallopeptidase inhibitor 3], and SER-
PINE1 [serpin family E member 1]) are frequently down-
regulated in aortic dissection, whereas the levels of genes



promoting matrix degradation (such as MMPs) are always
increased. As expected, some inflammatory cytokine genes
(such as IL-2, IL-6 IL-8, PDGFA, TGFBI, and VEGFA)
are also up-regulated in dissection, which reflects the fact
that local inflammation exerts multiple important effects on
the destruction of the media layer of the aortic wall in AAD
[Weis-Miiller 2006]. FKBP11 is another potential target
identified from AAD gene expression profiling, which elicits
a pro-inflammatory that functions in facilitating the coloniza-
tion of circulating monocytes into the aorta, thus activating
macrophages to degrade proteins [Wang 2017].

Transcriptome data can also indirectly reflect the status
of pathway activation during AAD development. Kimura et
al found that TNF-o and TGF-B might be upstream cyto-
kines affecting the gene expression profiles of the dissected
aorta [Kimura 2017]. More interestingly, two studies inde-
pendently confirmed Janus kinase 2 (JAK2), a kinase regu-
lating inflammatory response, as a centered hub gene in the
network modules related to AAD. This indicates that JAK2
may contribute to the development of AAD [Kimura 2017,
Pan 2014]. However, a recent study indicated that JAK2 may
exert a protective effect on aortic dissection associated acute
lung injury. Therefore, the exact role of JAK2 on AAD should
be further evaluated [Ren 2017].

The available transcriptomic changes strongly support the
idea that AAD is mechanistically related to cytokine medi-
ated inflammatory pathway activation, and the subsequent
decreased expression of genes responsible for the integrity
and strength of the aortic walls.

PROTEOMICS

Mass spectrometry or protein array based proteomic tech-
nologies allow for the rapid and accurate detection of hun-
dreds to thousands of proteins isolated from clinical samples.
More meaningtfully, this approach would also reveal the broad
range of posttranslational modifications of specific proteins,
which makes it possible to interpret the pathological mecha-
nisms of diseases, with new insights.

Recent studies have shown promising results of proteomic
profiling on AAD-related tissues. Schachner et al used the
differential in-gel electrophoresis (DIGE) approach to com-
pare the difference in protein expression profiles in ascending
aortic wall specimens of AAD, aneurysm, and normal controls
[Schachner 2010]. This study identified and validated that
alpha-1-antitrypsin (A1AT) was significantly reduced in dis-
sected aortic tissues, but not in those of aneurysms. However,
in another iTRAQ-based proteomic study, alpha-1-antitrypsin
expression was significantly increased in aortic tissue samples
from thoracic aortic dissection with hypertension [Zhang 2015].
"This discrepancy can be attributed to the existing different iso-
forms of alpha-1-antitrypsin, but the exact role of AIAT in
AAD development still needs further investigation. Except for
A1AT, the latter study also confirmed that fibrillin-1, emilin-
1, decorin, protein DJ-1 and histone H4 were dysregulated in
AAD [Zhang 2015]. Furthermore, similar to the transcriptomic
findings, the proteomic profiling also indicated some function
modules, including cell-matrix interactions, ECM remodeling,
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and IL-6 signaling enriched in the main protein interaction
networks related to AAD [Zhang 2015].

Two consecutive studies investigated the serum proteomic
variation associated with AAD, using isobaric tags for relative
and absolute quantitation to explore new biomarkers that can
increase the diagnostic power of traditional methods [Xiao
2016; Gu 2011]. In these studies, lumican, an ECM protein
produced by smooth aortic muscle cells, was revealed to be sig-
nificantly increased in AAD serum, and its levels also correlated
with the time from onset to admission for AAD. Furthermore,
this novel marker had a specificity of 95%, and the combina-
tion of lumican and D-dimer demonstrated superior diagnostic
value (sensitivity 88.33% and specificity 95%) [Xiao 2016].

The above protein profiling data provide new insight to
understand the development of AAD and to improve the
accuracy of the established diagnostic strategies. However,
the current proteomic research on AAD is still at the begin-
ning. In particular, more efforts are needed to investigate the
AAD-associated posttranslational modification changes.

METABOLOMICS

In many pathological conditions, the content of the metabo-
lites in tissues and blood also fluctuates in response to genetic
and environmental factors. Therefore, it is reasonable to specu-
late that both local and systemic metabolites would change
intensively in response to AAD. Recently, several studies began
to explore the characteristics of metabolite profiling in AAD.

Using high-performance liquid chromatography-mass spec-
trometry (HPLC-MS), Ren et al deciphered the variation of
small molecule metabolites in the AAD serum. They found
35 that were up-regulated and 105 that were down-regulated
only in AAD patients, compared with healthy and hypertension
controls [Ren 2017]. These differentially expressed metabolites
in AAD are mainly entrenched in tryptophan, histidine, glyc-
erophospholipid, ether lipid, and choline metabolic pathways.
Finally, the authors’ proposed combination of the three metab-
olites AFMK, glycerophosphocholine, and ergothioneine may
have potential for AAD screening and auxiliary diagnosis.

Another study belongs to targeted metabolomics and only
focuses on the amino acid contents of in the plasma. Eight
amino acid contents (histidine, glycine, serine, citrate, orni-
thine, hydroxyproline, proline, and sarcosine) were signifi-
cantly different in AAD, compared with coronary heart dis-
ease. The two blood metabolites glutamate and phenylalanine
were significantly changed in AAD, compared with chronic
aortic dissection [Wang 2017a].

Overall, these two proof-of-concept studies support the
idea that the use of peripheral blood metabolites showed
strong clinical feasibility, and is promising as a complement
to the current diagnosis of AAD.

FUTURE PERSPECTIVES

The gene expression regulation responsible for the develop-
ment of AAD is complicated and comprehensive. Systems biol-
ogy platforms provide an unbiased view on the comprehensive
gene expression changes in AAD tissues and cells. Multiple cell
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types in aortic walls (smooth muscle cells, fibroblasts, endo-
thelial cells, macrophages, etc.) participate in the pathological
development of AAD. Genetic aberration and environmental
risk factors such as smoking make the components and cells
determining the structural integrity of aortic walls vulnerable
to degeneration, and mRINA, microRNA, protein, and metabo-
lite expression patterns also change dramatically in these cells in
particular when exposed to inflammatory factors.

The significance of these genomic and functional genomic
data on AAD not only lies in the overlapped genes or modules
reproducibly identified across all the platforms, but more impor-
tantly, in the the combination of different data sources that can
highlight complementary information to deepen our under-
standing on the pathological mechanisms underlying AAD.

Although the progress in these areas is encouraging, there
is still much to do to make better use of the currently available
techniques for elucidating novel and important mechanisms
for AAD. Unlike the accomplishments in cancer research,
most of the current systems biology studies of AAD only focus
one or two platforms, and there is still no multi-level data on
the same samples available yet. This impedes the mining of
novel signaling pathways responsible for AAD development.

Furthermore, until now, although thousands of differently
expressed genes, proteins, microRNAs, and metabolites have
been identified, only a minor part of them have been con-
firmed independently. In particular, a few functional valida-
tion studies have been performed. Additionally, all the cur-
rent profiling studies on AAD used the whole aortic tissues
as the starting materials. Considering the complexity of cells
involved, it is urgently necessary to carry out system biologi-
cal studies at the single cell level to more accurately reflecting
the changes in each cell types.

Integrating different layers of profiling data can improve
our understanding of the underlying mechanisms that cause
AAD. Considering the complex nature of AAD, more efforts
are needed to decipher the more subtle systematic networks
of this multifactorial disease, thus enabling the identifica-
tion of potential discriminating and drug-able targets for the
development of new diagnostic and therapeutic strategies.
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