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A B S T R A C T

Systemic Sclerosis (SSc) pathogenesis involves multiple immunological, vascular and fibroproliferative ab-
normalities that contribute to a severe and complex clinical picture. Vasculopathy and fibroproliferative al-
terations are two hallmark pathological processes in SSc that are responsible for the most severe clinical man-
ifestations of the disease and determine its clinical outcome and mortality. However, the pathogenesis of SSc
vasculopathy and of the uncontrolled SSc fibrotic process remain incompletely understood. Recent investigations
into the molecular pathways involved in these processes have identified an important role for epigenetic pro-
cesses that contribute to overall disease progression and have emphasized microRNAs (miRNAs) as crucial
epigenetic regulators. MiRNAs hold unique potential for elucidating SSc pathogenesis, improving diagnosis and
developing effective targeted therapies for the disease. This review examines the important role that miRNAs
play in the development and regulation of vascular and fibroproliferative alterations associated with SSc pa-
thogenesis and their possible participation in the establishment of pathogenetic connections between these two
processes. This review also emphasizes that further understanding of the involvement of miRNA in SSc fibrosis
and vasculopathy will very likely provide novel future research directions and allow for the identification of
groundbreaking therapeutic interventions within these processes. MiR-21, miR- 31, and miR-155 are of parti-
cular interest owing to their important involvement in both SSc vasculopathy and fibroproliferative alterations.

1. Introduction

Systemic Sclerosis (SSc) is a heterogeneous systemic autoimmune
disease of unknown etiology displaying a variety of clinical presenta-
tions. The most severe clinical and pathologic manifestations of the
disease result from an uncontrolled fibroproliferative vasculopathy and
from the exaggerated and disorderly accumulation of fibrotic tissue in
the skin, microvasculature and various internal organs [1–4]. These
processes are accompanied by the occurrence of innate, humoral, and
cellular immunologic alterations, creating the full clinical disease pic-
ture [5–8]. SSc pathogenesis is highly complex, and the exact me-
chanisms involved remain poorly understood. It has become apparent,
however, that the development of the severe and often progressive
systemic fibroproliferative process characteristic of the disease, is a
crucial mechanism in SSc pathogenesis. Extensive studies have shown
that this intricate process involves alterations in numerous cellular

processes, molecular mediators, and growth factors occurring within a
host with a genetically permissive background [9–12].

It has recently been proposed that SSc, in its essence, is a vascular
disease with an initial endothelial insult preceding the hallmark fi-
broproliferative change and intertwining immunological abnormalities
[13]. Multiple pathways have been implicated in triggering the wide-
spread endothelial cell dysregulation that underlies early SSc patho-
genesis [14–18]. However, the exact relationship between endothelial
dysregulation, immunologic dysfunction, and the fibroproliferative al-
terations remains undisclosed. Recent investigations have been per-
formed to connect these disease processes in an attempt to fully un-
derstand SSc pathogenesis and develop effective therapies.

Numerous mechanistic connections between SSc fibrosis, auto-
immunity, and vasculopathy have been proposed, including possible
roles for adipokines and platelet activation [18,19]. Recent efforts have
also been focused on exploring the impact of epigenetic factors,
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particularly microRNAs (miRNAs) and other non-coding genetic ele-
ments, on SSc pathogenesis [20–32]. Besides expanding current fra-
meworks of the molecular mechanisms and regulatory alterations in
SSc, miRNAs also hold potential as novel therapeutic targets that may
be less likely to induce undesirable collateral side effects and may offer
a more tailored approach to SSc treatment. This is a distinct advantage
that miRNAs may hold over more traditional targets such as cellular
signaling molecules or cytokines. The concept became very apparent in
a clinical trial of a TGF-β inhibitory antibody that had to be stopped as a
result of severe and unexpected side effects [33]. As evidenced by this
trial, without a complete understanding of the mechanisms that drive
growth factor and cytokine expression alterations and signaling
pathway abnormalities in SSc, it becomes highly challenging to use
them as therapeutic targets. However, if the underlying mechanisms
leading to the fibrotic processes including TGF-β dysfunction in SSc are
precisely understood, therapies can be more specifically targeted [34].
MiRNAs provide a possible route to elucidate those underlying me-
chanisms and target them therapeutically. The specificity of identifying
and targeting the miRNA interactions involved in the pathogenesis of
numerous diseases, including multiple malignant disorders, has already
led to promising therapeutic advances in other pathological processes
[35]. Thus, connecting the major components of SSc disease patho-
physiology through miRNAs could provide therapeutic targets with
greater specificity for the underlying pathogenesis as a whole, rather
than narrowly focused on its individual components. This approach has
gained substantial results in the treatment of other diseases, including
multiple types of cancer [36].

Although existing literature has extensively reviewed the role of
miRNAs in SSc fibroproliferative and immunologic alterations, less is
presently reported on how miRNAs contribute to SSc vasculopathy. In
terms of our present understanding, these components of SSc patho-
genesis exist as separate entities, and miRNAs have been studied pri-
marily within the individual processes. Fully elucidating the inter-
twining functions of miRNA between the vasculopathy and tissue
fibrosis pathways could improve our understanding and provide
groundbreaking information about SSc pathogenesis that can then be
used to develop novel diagnostic and therapeutic approaches to the
disease.

The purpose of this review is to explore the role of miRNA in the
pathogenesis of tissue fibrosis and vasculopathy in SSc and to identify
potential mechanistic connections between these two crucial disease
components that could hold both diagnostic and therapeutic value. We
describe and emphasize here the most promising mechanistic connec-
tions between SSc fibroproliferation and vasculopathy, and explore in
great depth the role of miRNA in the development of these two crucial
SSc components. Owing to the focus of our review on these SSc com-
ponents, we have not included the extensive pre-existing scientific lit-
erature regarding miRNA involvement in the SSc immunologic ab-
normalities.

2. Role of microRNA in SSc pathogenesis

2.1. MicroRNA gene expression regulatory effects

MiRNAs are small (~22 nucleotides), evolutionarily conserved non-
coding RNA which play important roles regulating the expression of
protein-coding genes at the post-transcriptional level [37,38]. The
mechanisms involved are highly complex and require the sequence-
specific complementary binding to the 3′ or 5′ untranslated region
(UTR) of target mRNAs leading to either mRNA translation inhibition or
facilitating mRNA degradation [38–43]. Extensive studies have de-
monstrated that an individual miRNA may regulate the expression le-
vels of more than one target mRNA and may have regulatory functions
on gene expression for numerous physiological processes involving
growth, differentiation, immunity, and metabolism [37,42,44–48]. The
role of miRNA has also been established in the development of many

disease processes including cancer, fibrosis, and autoimmunity
[49–60].

2.2. MicroRNA biogenesis

The biogenesis of miRNA is quite complex and is highly regulated in
a cell-specific and context-dependent process [37,42,61]. MiRNA genes
are transcribed predominantly by RNA Polymerase II, producing pri-
mary miRNA (Pri-miRNA). Following transcription, Pri-miRNA is
cleaved by a microprocessor complex comprised of the intranuclear
RNAse enzyme, Drosha and the RNA-binding protein encoded by Di-
George syndrome chromosomal region 8 (DGCR8). The DGCR8 protein
forms a complex with Drosha required to initiate cleavage from Pri-
miRNA to Pre-miRNA in the nucleus. The Pre-miRNA is secreted from
the nucleus through Exportin 5, which is required for Pre-miRNA
transport to the cytoplasm. In the cytoplasm, pre-miRNA is cleaved by
the cytoplasmic RNAse Dicer in association with the transactivating
response RNA binding protein (TRBP) to yield miRNA duplex
[37,42,61]. The miRNA duplex can then bind an Argonaute (Ago)
protein to form a mature RNA-induced silencing complex known as
RISC. RISC assembly includes two important steps. The first step,
known as wedging, causes separation of the two strands of the miRNA
duplex, and is mediated by Ago. The second step is the elimination of
the passenger strain, which is discharged from Ago. The mature RISC
induces repression of the specific mRNA target [62]. The steps involved
in miRNA biogenesis, RISC assembly and downregulatory effects on
target mRNAs are diagrammatically illustrated in Fig. 1.

Regulation of miRNA expression occurs at multiple levels, including
gene transcription, with the miRNA gene promoter utilizing a mRNA-
similar structure to control RNA Pol II activity [63], as well as post-
transcriptionally. This is a highly complex process involving numerous
transcriptional, post-transcriptional and processing regulators. Fol-
lowing transcription and processing, miRNA activity can be modified by
direct inhibition as well as by end-target modifications that prevent
miRNA binding to its corresponding mRNA targets [64].

The half-life of an individual miRNA may be as long as 5+ days
although certain miRNA subsets degrade rapidly [65]. Multiple miRNA
degradation pathways have been identified, and they also vary based on
unique miRNA stability characteristics that are controlled by several
mechanisms including adenylation, uridylation, microvesicle packa-
ging, and interactions with various binding proteins [42,66]. Recent
investigations have demonstrated that following their biogenesis,
miRNAs are not confined to remain intracellularly, but they can be
packaged, secreted, and transported within exosomal and other mi-
crovesicles to exert paracrine effects on neighboring and distant cellular
targets [67]. This ability may be a crucial mechanism mediating the
extension and propagation of SSc alterations to non-affected tissues.

2.3. MicroRNA and SSc vascular alterations

The effect of miRNA-dependent gene expression modulation on
endothelial cell (EC) functions has been extensively studied and specific
miRNAs that play important regulatory functions within numerous
physiologic and disease-related vascular processes have been identified
[68]. The most relevant molecular pathways suggested to play a role in
the EC alterations in SSc and in the development and progression of SSc
vasculopathy will be briefly reviewed in the following sections with an
emphasis on the role of miRNAs involved.

2.4. MicroRNA regulation of Nitric Oxide (NO) release

There has been intense interest in the study of NO and of endothelial
NO synthase (eNOS) in the pathogenesis of SSc vascular alterations, and
it has been suggested that ECs in SSc have an intrinsic defect in NO
production, likely mediated by decreased eNOS activity. The relevant
role of eNOS in SSc pathogenesis was documented in studies
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demonstrating lower eNOS mRNA levels in SSc dermal microvascular
ECs (MVECs) compared to normal MVECs [69]. These studies showed
that NO release was decreased in the SSc MVECs highlighting eNOS
pathway dysfunction as a potential early contributor to SSc vasculo-
pathy [69]. In a related study on the miRNA regulation of eNOS, Suarez
et al. found that the loss of Dicer-dependent miRNA did not induce a
change in eNOS mRNA levels, however, it resulted in increased eNOS
protein levels and NO release [70]. Differences between mRNA and
protein levels in these studies suggest that miRNA involvement in the
eNOS pathway occurs at translational and/or post-translational levels.
However, the role of miRNA in these regulatory mechanisms is highly
complex and miRNA effects alone would not explain the decreased
eNOS mRNA levels observed in SSc MVECs [69]. Indeed, it has been
proposed that pre-translational alterations in the eNOS pathway at the
level of DNA methylation may occur in SSc based on several studies that
have shown that DNA methyltransferase 1 (DNMT1) interacts with
miR-152 within the eNOS pathway. This mechanism’s potential within
SSc pathogenesis has been discussed in a recent review by Altorok et al.
describing studies that demonstrated miR-152 downregulation in SSc
MVECs and the resulting increase in DNMT1, as well as miR-152 driven
hypermethylation of the NOS3 gene encoding eNOS in SSc [71].

2.5. MicroRNA regulation of Wnt signaling

Wnt signaling plays crucial roles during embryonic development, in
the maintenance of normal vascular and EC functions, and is altered in
numerous diseases [72,73]. In the context of SSc, most investigations
have focused on the profibrotic end-effects of Wnt/β-catenin signaling
in fibroblasts [74–77]. Although excessive fibroblast signaling through
this pathway contributes to the fibrotic pathology [74–77], it has been
clearly demonstrated that Wnt/β-catenin pathway activity is required
in ECs for proper functioning and regulation [78,79]. A downregulation
of Wnt signaling in ECs could actually contribute to, if not trigger the
pathogenesis of SSc vascular alterations [78,79]. Numerous miRNAs
have been identified as potentially connected to Wnt- mediated en-
dothelial dysfunction in SSc. A study by Zhou et al. showed that culture
of human MVECs with serum from SSc patients resulted in altered ex-
pression of a specific group of miRNAs related to Toll-like receptor
(TLR) signaling, TGF-β pathway activation, and Wnt signaling [80].
These alterations included overexpression of miR-146b, 130b, 21, 31
and 34a, and underexpression of miR-145 [80]. MiR-34a is an identi-
fied suppressor of canonical Wnt signaling [81], and its overexpression
has also been associated with EC senescence [82]. A related study

compared miR-34a levels in patients with primary Raynaud’s Phe-
nomenon, SSc, and healthy controls [83]. The results demonstrated that
miR-34a levels were elevated only in samples from SSc patients. Fur-
thermore, miR-34a levels correlated with vascular manifestations such
as digital ulcers [83]. Given that the presence of digital ulcers in SSc
patients is associated with an increased risk of mortality [84], miR-34a
levels may be a potential marker for SSc severity and mortality prog-
nosis. Abnormal miR-34a expression is not specific to SSc, however, if
further investigations demonstrate that its alterations are shown to
occur in the context of SSc epigenetic dysregulation, then miR-34a
could become a target for novel SSc diagnostic and therapeutic ap-
proaches.

Another miRNA linked to Wnt signaling, various EC functions, and
immunologic and inflammatory processes related to SSc pathogenesis is
the multifunctional miR-155. MiR-155 has been found to be over-
expressed in the serum of SSc patients compared to healthy controls
[83], and in affected skin of SSc patients [85]. Other studies have
confirmed the elevated levels of miR-155 in serum [86], and in fibro-
blasts from SSc patients [87]. The study by Yan et al. suggested that the
effect of miR-155 in SSc might be independent of vasculopathy, since
miR- 155 was shown to activate Wnt/β-catenin signaling in fibroblasts
[85]. Considering the role of Wnt/β-catenin signaling in ECs, this
finding is perhaps not surprising and further supports the specific,
contrasting complexities of miRNA influence on ECs and fibroblasts in
SSc. MiR-155 is also an important target in understanding the fibrotic
processes of SSc that will be discussed in a subsequent section of this
review.

2.6. MicroRNA effects on Plasminogen Activation (PA)

Another pathway of importance to SSc vasculopathy involves the
urokinase-type plasminogen activator (uPA) and its receptor (uPAR).
Under physiological conditions, activated uPA proteolysis is responsible
for many integral cellular functions related to vascular growth, devel-
opment and remodeling [88–90]. Based on its defined function, a
compromised uPA-uPAR pathway can seriously impair angiogenic and
vascular repair processes with devastating effects in SSc [91]. D’Alessio
et al. linked uPA-uPAR pathway dysfunction to SSc vasculopathy [92].
They demonstrated overexpressed matrix metalloproteinase 12 (MMP-
12) and the occurrence of MMP-12-dependent cleavage of uPAR in SSc
MVECs. They further showed that treatment of normal MVECs with
culture medium from MVECs from SSc patients impaired uPA-uPAR
dependent cellular proliferation, a defect that was corrected by anti-

Fig. 1. Canonical pathway of miRNA processing. MiRNA genes are predominantly transcribed by RNA Polymerase II to yield Pri-miRNA. Pri-miRNA is cleaved by a
DGCR8- Drosha complex within the nucleus to yield Pre-miRNA. Pre-miRNA is then transported across the nuclear membrane via Exportin 5. Pre-miRNA is cleaved in
the cytoplasm by Dicer, forming a miRNA duplex. A complex termed RNA-induced silencing complex (RISC) formed by Argonaut protein (Ago), Transactivating
response RNA binding protein (TRBP), Dicer, and HSC70/HS90 disassembles the miRNA duplex and mediates sequence-specific target mRNA silencing, stabilization,
or degradation.
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MMP-12 antibodies [92]. Besides the MMP-12-mediated cleavage of
uPAR, a pathologic change to uPA has also been identified in SSc
MVECs as shown more recently by Iwamoto et al., who found that miR-
193b was downregulated in skin biopsies and dermal fibroblasts from
SSc patients and that its downregulated levels caused a concurrent
upregulation of uPA [93]. The results from these studies established
two concurrent pathological changes to the uPA-uPAR pathway con-
tributing to vasculopathy in SSc. The decrease in uPAR induces apop-
tosis and impairs angiogenesis whereas the increase in uPA inhibits
apoptosis and stimulates smooth muscle proliferation [93,93]. The
identification of miR-193b in this process [93], indicates that this
miRNA may serve as an important target for therapeutic intervention
for the vascular alterations in SSc.

2.7. MicroRNA regulation of endothelin-1 production

Endothelin-1 (ET-1) is an endogenous vasoconstrictor polypeptide
that acts on one of two endogenous receptors: ETA and ETB [94]. ET-1
is implicated in vascular proliferation and fibrosis and has been shown
to be elevated in the serum of SSc patients [95–97]. Furthermore, ele-
vated ET-1 levels and differential expression of ETA and ETB appear to
be associated with SSc pathogenesis and the highly frequent occurrence
of pulmonary arterial hypertension (PAH) in SSc [98–101]. Recent
studies have examined the regulatory role of miRNAs on the molecular
mechanisms of ET-1 signaling. Kang et al. identified miR-98 as an in-
hibitor of ET-1 and showed that a decrease in miR-98 increased ex-
pression of ET-1 [102]. They also found that PPARγ and miR-98 are
intimately involved in the regulation of ET-1 expression in pulmonary
artery EC since EC-targeted PPARγ knockout displayed a marked miR-
98 reduction causing a marked increase in ET-1 levels in these cells
[102]. A related study showed that ET-1 stimulates miR- 27a/b ex-
pression which triggers a reduction in PPARγ, resulting in the sub-
sequent proliferation of vascular smooth muscle cells, thus completing a
positive feedback loop towards PAH development [103]. Similar ob-
servations by Bertero et al. identified a contributory role for the miR-
130/301 families in PPARγ-driven pulmonary vascular proliferation
and the subsequent development of PAH [104,105]. A second identified
trigger of ET-1 expression is TGF-β, which closely associates ET-1
within SSc pathogenesis. Along these lines of investigation, Luo et al.
used TGF-β to induce expression of miR-130b and demonstrated a
subsequent downregulation of PPARγ [106]. Overexpression of miR-
130b and reduced PPARγ levels were found in SSc skin biopsies [106].
With its intertwining functions in both vascular alterations and tissue
fibrosis, ET-1 is a key contributor to SSc pathogenesis. Further under-
standing of miRNA-related modulation of ET-1 expression will certainly
uncover novel therapeutic pathways for SSc fibrosis and vasculopathy
including PAH.

2.8. MicroRNA effects on endothelial to mesenchymal transition

An important process recently considered in the endothelial trig-
gering of SSc pathogenesis is endothelial to mesenchymal transition
(EndoMT) [107,108]. The complete elucidation of the molecular me-
chanisms regulating EndoMT still requires further investigation, how-
ever, TGF- β and canonical Wnt signaling have both been suggested as
important regulators. As acknowledged previously, TGF-β stimulation
of Wnt signaling is responsible for fibroblast activation, and this con-
nection implicates increased Wnt signaling in fibroproliferative change
[109,110]. A contrasting process occurs in ECs, with an inhibition of
Wnt signaling potentially contributing to endothelial senescence and
SSc pathogenesis as demonstrated by Cheng et al. who induced Dick-
kopf-related protein 1 (Dkk-1) inhibition of Wnt signaling in aortic ECs
and found that Wnt signaling inhibition enhances EndoMT in these cells
[111]. Another signaling pathway associated with the development of
vasculopathy in SSc is the interferon (IFN) pathway [112]. It was re-
cently recognized that IFNs activate both the JAK/STAT and NF-κB

pathways. These pathways both directly regulate the expression of miR-
21, a promoter of EndoMT [113]. EndoMT has been studied in the
setting of multiple fibrotic diseases, including cardiac fibrosis and
pulmonary hypertension among others [114–116]. ECs isolated from
SSc-affected lung tissue have been found to co-express both endothelial
and mesenchymal cell markers, establishing the presence of EndoMT in
SSc pathogenesis [117]. The contribution of EndoMT to SSc vasculo-
pathy and overall pathogenesis has been previously reviewed and
continues to be the subject of intense investigation [108].

MiRNA regulation of EndoMT could have future therapeutic po-
tential, particularly related to TGF-β and Wnt signaling. Many miRNAs
have been identified as stimulators and inhibitors of EndoMT
[116,118], and the most relevant are discussed in greater detail in the
“Connecting SSc Vasculopathy and Fibrosis Through miRNA” section.

The NOTCH signaling pathway has been identified in physiological
cardiovascular development as well as pathway activation leading to
pathological EndoMT [119]. The impact of NOTCH signaling on fi-
broblast activation in SSc has been studied but the possible effect on
EndoMT is less established [120]. While low levels of miR-18a-5p have
been shown to cause Notch2 induced EndoMT in aortic valve ECs,
further research is necessary to determine the endothelial relevance of
NOTCH signaling in SSc [121]. NOTCH signaling remains an important
component of SSc fibrogenesis research and its potential utility as a
therapeutic target has been previously identified [122].

2.9. MicroRNA and tissue fibrosis in SSc

Given the crucial role of fibrotic alterations in SSc pathophysiology
and clinical manifestations, it has become important to determine
whether the previously discussed miRNAs involved in SSc vasculopathy
may also participate in the regulation of SSc fibrosis. Numerous
miRNAs have been identified in SSc-associated fibrosis, displaying ei-
ther profibrotic or antifibrotic effects, as well as modulating profibrotic
gene expression mediated by TGF-β pathways [123–136]. Some of
these pathways are diagrammatically shown in Fig. 2. Targets of the
relevant miRNA have been identified at multiple junctions along the
mechanistic path of SSc-associated fibroproliferation. The miRNA-29
family is of substantial relevance to SSc- pathogenesis, because these
miRNAs regulate the expression of genes for various collagens and
several fibrosis-related transcription factors. Indeed, it has been shown
that miR-29a exhibits potent antifibrotic effects and is one of the more
extensively studied miRNAs involved in SSc fibrosis [126,128]. Maurer
et al. found that miR-29a was markedly down-regulated in SSc dermal
fibroblasts and skin [128]. They also found that overexpression of miR-
29a in SSc fibroblasts decreased mRNA and protein levels of type I and
type III collagens, supporting a posttranscriptional effect for miR-29a.
Furthermore, when TGF-β and PDGF-B pathways were inhibited in a
bleomycin model of skin fibrosis, levels of miR-29a were restored
[128]. Expanding on these findings, Gallant-Behm et al. recently re-
ported the intriguing antifibrotic potential of a miR-29 mimic that was
capable of preventing injury-induced cutaneous fibroplasia in normal
human volunteers [137]. Further miR-29 antifibrotic effects have been
demonstrated in lung, kidney, and cardiac fibrosis [138–140].

Several members of the let-7 family of miRNAs have been shown to
be involved in the dysregulated fibrotic processes associated with SSc.
Makino et al. identified the α1 and α2 type I collagen mRNAs as direct
targets of miR-let-7a. It was further shown that miR-let-7a inhibition
resulted in type I collagen upregulation and they concluded that
miRNA-let-7a downregulation contributed to the abnormally increased
expression of type I collagen in SSc. These investigators also measured
miR-let-7a levels in serum from SSc patients and found that these levels
were significantly decreased compared to levels in normal serum [141].
A relevant mechanistic study on breast cancer stem cell expansion de-
monstrated that Wnt/β-catenin signaling repressed let-7 miRNAs [142].
This finding is of particular relevance for SSc pathogenesis given that
Wnt pathway hyperactivity in SSc fibroblasts is important for tissue
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fibrosis [143]. The role of let-7 miRNAs in tissue fibrosis was also ex-
amined in a murine model of cutaneous fibrosis. These studies showed
that the intraperitoneal administration of miR-let-7a, to mice with
bleomycin- induced skin fibrosis, improved the cutaneous fibrotic
process supporting the use of miR-let-7a analogs as antifibrotic ther-
apeutics [141]. A related study demonstrated that the profibrotic Fi-
broblast Growth Factor decreased the levels of let-7 miRNAs, leading to
activation of TGF-β profibrotic pathways including the stimulation of
TGF-β-driven EC conversion into myofibroblasts through EndoMT
[144].

Given the pleiotropic and essential effects of TGF-β in numerous
physiological and pathological processes there has been strong interest
in the study of the role of miRNAs in the modulation of TGF-β effects.
Two miRNAs that are closely related to the TGF-β signaling SMAD
pathways are miR-21 and miR-145. MiR-21 downregulates the ex-
pression of the inhibitory antifibrotic SMAD7 and was found to be
upregulated in SSc [127]. In contrast, the antifibrotic miR-145 inhibits
SMAD3 and is downregulated in SSc [145]. Together, the upregulation
of miR-21 and the downregulation of miR-145 promote fibrosis by a
dual effect of upregulating profibrotic SMAD3 and downregulating
antifibrotic SMAD7. Noncanonical TGF-β signaling pathways are also
regulated by miRNAs, as recently demonstrated by Xia et al. who
showed that miR-21 within microvesicles could induce myocardial fi-
brosis through AKT stimulation, another important TGF-β-related
pathway [146].

There are additional miRNAs that have been implicated in SSc fi-
brosis, including miR- 483-5p, which was recently found to be upre-
gulated and packaged within exosomal microvesicles in SSc serum
[147]. Additional pathways and associated miRNAs involved in SSc
fibrosis are discussed further in the subsequent section “Connecting SSc
Vasculopathy and Fibrosis Through miRNA.”

2.10. Connecting SSc vasculopathy and fibrosis through miRNA

Numerous miRNAs have been individually studied in the setting of
vascular/EC or fibroproliferative dysregulation in SSc, although the
miRNA participating in both processes have not been studied as ex-
tensively. The effects of the miRNAs involved in both endothelial dys-
function and tissue fibrosis are of great interest when considering the
overall SSc pathogenesis. However, as evidenced by studies on miR-
155, many of these miRNAs do not neatly fit into either the EC senes-
cence or the fibroproliferative components of SSc pathogenesis. Thus,
an approach combining the existing evidence of the individual role of

each miRNA and identifying their potentially cumulative or synergistic/
antagonistic effects will allow the establishment of a strong pathogenic
association between miRNA-dependent vasculopathy and fi-
broproliferative changes in early SSc development and progression.
Thus, in this section, miRNA involved in both SSc vasculopathy and
associated fibrotic alterations are discussed. As will be outlined, com-
bining the existing evidence to develop an overall picture of miR-21,
miR-31 and miR-155 functioning creates a theoretical association be-
tween miRNA-dependent vasculopathy and fibroproliferative altera-
tions in early SSc progression.

MiR-155 is an identified inhibitor of EndoMT [148,149]. Bijkerk
et al. found that miR-155 inhibits TGF-β-induced EndoMT via RhoA
signaling modulation [149]. The interplay between miR-155 and early
SSc vasculopathy is counterintuitive, as the elevated serum miR-155
levels in early SSc found by Alivernini et al. [83] would theoretically
protect against EndoMT if interaction with ECs occurs. The findings of
Yan et al., discussed previously, however, support a possible role of
miR-155 linking vasculopathy and fibrosis [85]. To further elucidate
this possible connection, it is important to first understand the roles of
miR-21 and -31. Zhou et al. found that miR-21 and -31, which both
stimulate EndoMT [150–153], are overexpressed in MVECs stimulated
with SSc serum [80]. In the setting of atherosclerotic EC damage, Zuo
et al. linked overexpression of miR-21 with decreased EC proliferative
capacity and increased TGF-β signaling, which they identified as po-
tentially responsible for the EC effects observed [154]. These findings,
linking miR-21 with EC senescence, TGF-β signaling, and EndoMT,
underscore its significance in SSc pathogenesis. MiR-31 has also been
shown to stimulate EndoMT through a positive modulation of TGF-β
signaling [150]. Considering miR-21, -31 and -155, the underlying
question behind TGF-β-induced EndoMT and SSc pathogenesis is fun-
damentally a question of what process occurs first. Is EndoMT a result
of fibrotic alterations or is there an initial insult that triggers EndoMT
and subsequent/simultaneous fibrotic change? At least relative to miR-
31, a study by Katsura et al. suggests the latter. Using a murine MVEC
model, miR-31 was found to positively regulate TGF-β-induced En-
doMT, but importantly, TGF-β did not induce miR-31 expression [150].
This is in contrast with the observations by Zhu et al., who found that
TGF-β indeed regulated the expression of miR-21 [127].

Returning to miR-155, a preceding trigger of EndoMT, such as that
induced by miR-21 and miR-31, could support its presence and role
independent of vasculopathy early in SSc. Essentially, if vasculopathy
occurs before fibrosis, it may explain the elevated levels of miR-155
despite its protective effects against EndoMT and EC senescence. This

Fig. 2. MiRNA regulation of a proposed pathway
connecting SSc vasculopathy and fibroproliferation.
MiR-21 and miR-31 are involved in the triggering of
EndoMT and EC senescence. TGF-β upregulates ex-
pression of miR-21, also creating a positive feedback
loop on the system. Activation of TGF-β canonical
pathways through SMAD3/4 in fibroblasts upregu-
lates the expression of miR-21. MiR-21 inhibits
SMAD7, a negative regulator of the SMAD3/4
pathway, promoting continued activation of cano-
nical TGF- β pathways. Other negative regulators of
SMAD pathways such as Let-7 can be inhibited by
Wnt and FGFR activation. This results in an in-
creased production of ECM proteins and phenotypic
transformation of ECs into myofibroblasts.
MicroRNAs can also reach the systemic circulation
following their packaging into microvesicles and are
able to exert both paracrine and distant effects in ECs
and other target cells. MiR-21 exerts an important
effect in endothelial cell senescence and along with
miR-31 promotes Endo-MT.
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discrepancy emphasizes the need to clarify the mechanisms that trigger
upregulation of miR-155 and when this occurs in SSc pathogenesis.
Related studies by Yan et al. found that miR-155 exerts its profibrotic
effects via induction of Wnt/β-catenin signaling in fibroblasts [85]. It
has been recently reported that the initial expression of miR-155 in
fibroblasts is triggered by IL-1 mediated NLRP3 inflammasome activa-
tion, and miR-155 then exerts a positive feedback on the system [87].
This chronology suggests that miR-155 upregulation does not occur
until after a fibroproliferative phenotype has been triggered. Adding
this finding to what is known regarding miR-21 and miR- 31 strongly
supports a pathogenetic mechanism of vasculopathy preceding fibrotic
change and provides a cogent explanation of the elevated miR-155 le-
vels found early in SSc. Finally, this proposed mechanism relies on a
direct connection between miR-21/miR-31 driven vasculopathy and
miR-155 upregulation, which could be provided via NLRP3 inflamma-
some activation.

Inactive NLRP3 is produced under the stimulation of pathogen-as-
sociated/damage- associated molecular patterns (PAMPs/DAMPs) and
NF-κB. NF-κB is subsequently oligomerized with ASC and pro-caspase 1
into a complex termed the inflammasome. This complex then triggers
the activation of IL-1. Paracrine stimulation of IL-1 receptors results in
MyD88-mediated ERK/JAK upregulation of TGF-β [87]. Both NLRP3
and NLRP1 overexpression have been identified in SSc [155,156]. In-
terestingly, when examining angiotensin II-induced liver fibrosis, Ning
et al. found that miR-21 was responsible for mediating NLRP3 in-
flammasome activation [157]. In related studies, Sun et al. were able to
establish the same finding in pulmonary fibroblasts, with upregulated
miR-21 activating NLRP3 [158]. In the previously discussed Zhou et al.
study [80], MVECs and skin fibroblasts were stimulated by serum from
SSc patients, and miRNA levels were measured. MiR-21 had the largest
early increase in relative expression of any miRNA in both MVECs and
fibroblasts [80]. As mentioned, miR-21 also stimulates EndoMT and is
inducible by TGF-β. Microvesicle packaging could account for miR-21
from a single source exerting both vascular and fibrotic effects, and, in
fact, exosomal miR-21-5p was found to be significantly elevated in the
serum of patients with diffuse SSc compared to healthy controls [159].
Together, these findings implicate miR-21 as both an early mediator of
SSc vasculopathy, along with miR-31, and as a contributing trigger of
fibroproliferation via NLRP3 activation. This would then induce and be
propagated through miR-155 upregulation. Thus, increased TGF-β sig-
naling (linked to stimulation via NLRP3) [87,160], would potentially be
sustained via the positive feedback loop created by miR-155 mediation
before a larger positive feedback loop is created by TGF-β induced
expression of miR- 21, contributing to widespread vasculopathy and
fibrosis.

In summary, the previously cited studies have established a poten-
tial mechanistic connection between SSc vasculopathy and fi-
broproliferation, initiated by the upregulation of miR-21 and miR-31.
Both of these miRNAs are capable of triggering vasculopathy and have
been shown to be among the most highly elevated miRNAs in early SSc
disease pathogenesis. MiR-21 was separately found to trigger the acti-
vation of the NLRP3 inflammasome, which has recently been im-
plicated in the development of SSc tissue fibrosis. The activation of the
NLRP3 inflammasome has also been shown to mediate the upregulation
of miR-155, in addition to its contribution to fibrotic change. MiR-155
is upregulated in SSc and is directly vascular-protective, but the out-
lined chronology suggests that it is not upregulated until after vascular
damage has been initiated and established. MiR-155 is a very important
regulator and stimulator of NLRP3 activation, which then exerts posi-
tive feedback on miR-21 via TGF-β. This creates a cyclic feedback loop
connecting vasculopathy and fibroproliferation. Given its inhibition by
TGF-β within this framework, miR-31 may serve as an important initial
trigger of disease progression. A depiction of this theoretical framework
is presented in Figs. 2 and 3.

The functions of miR-21 within SSc pathogenesis and other pro-
cesses of immune dysregulation are highly complex [127]. Similarly,

the activation and role of inflammasomes in SSc pathogenesis is more
involved than what has been explored in this review and remains in-
completely understood. The potential mechanistic interplay between
miR-21 and -155 has been previously reported as has the therapeutic
potential of miR-155 in the context of SSc-associated pulmonary fi-
brosis [161]. Further investigation of these miRNAs as part of a larger
connection between vasculopathy and fibrosis should provide great
value in understanding SSc pathogenesis and developing novel ther-
apeutic targets. Clarifying the role of miRNAs involved in EndoMT re-
lative to TGF-β signaling in the setting of SSc could further support a
model of SSc pathogenesis initiated and triggered by endothelial dys-
function.

3. Future directions

3.1. MicroRNA as therapeutic targets for SSc vasculopathy and
fibroproliferative alterations

Collectively, the pathways described in this review offer a very high
potential to further support ongoing efforts aimed at a better under-
standing of SSc pathogenesis. The identified involvement of miRNAs in
each pathway’s dysfunction adds particular therapeutic value that
warrants further investigation. This approach more closely addresses
the underlying root of SSc pathogenesis, and of SSc’s most severe
clinical manifestations, and could reach valuable success through the
exploration and targeting of miRNAs.

Beyond SSc research, miRNAs are being studied as potential thera-
pies for numerous pathologies, including cancers and cardiovascular
diseases [162,163]. The understanding of their role within these var-
ious pathologies offers highly specific therapeutic targets, accounting
for the recent increase in scientific interest [164]. Effectively applying
miRNA within the development of novel SSc therapies will likely re-
quire a preceding and precise knowledge of how their functioning un-
derlies SSc pathogenesis. The currently incurable status of SSc is, in
part, a reflection of our inability to connect the vascular, fibrotic, and
immunological changes that account for its morbidity and mortality.
Future research efforts aimed at using miRNAs to connect these pa-
thogenetic components may provide a pathway to find success in un-
derstanding and treating SSc.

3.2. MicroRNA as diagnostic and prognostic biomarkers for SSc
vasculopathy and fibroproliferative alterations

Besides their potential as therapeutic targets, miRNAs have been
investigated as diagnostic and prognostic biomarkers for numerous
diseases. Many pathologic processes, including SSc, have been shown to
display unique miRNA biomarker profiles, providing excellent diag-
nostic value. MiRNAs are stable in serum and other biological fluids and
have proven to be reliable disease markers [165]. As with their ther-
apeutic value, the utility of miRNA as biomarkers is related to the
sensitivity and specificity they show for a given disease process. A
miRNA profile, once identified, can serve as an efficient, non-invasive,
and easily testable disease signature [166]. There is substantial scien-
tific literature reporting the potential utility of miRNAs as diagnostic
biomarkers in SSc [30,123,126]. Continued research into this area of
SSc disease management will greatly improve our diagnostic and
prognostic capabilities. Table 1 presents a list of selected miRNA bio-
markers that have been found to have important vascular implications
in SSc. Similarly, miRNA biomarkers involved in SSc fibroproliferative
alterations are presented in Table 2.

4. Conclusion

MiRNAs are integral regulators of gene expression that have also
been implicated in the pathogenesis of numerous diseases. In the setting
of SSc, miRNAs have been investigated as both pathogenic contributors
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as well as diagnostic and prognostic biomarkers. Vasculopathy asso-
ciated with early SSc pathogenesis and triggering the fibrotic process in
SSc is an area of particular interest, and a full understanding of the role
of miRNAs in these processes could become highly important to allow
their identification as therapeutic targets for this disease. While testing
of this framework is admittedly difficult, future studies that aim to
identify miRNAs and other epigenetic factors connecting the primary
pathogenic processes of SSc may provide valuable results. The growing
knowledge base of miRNA biogenesis has offered tremendous ther-
apeutic advances in other diseases and current evidence indeed sug-
gests that the same progress is possible, if not highly likely in SSc.
MiRNAs as therapeutic targets are a relatively new development and

must be extensively explored for their potential application to SSc
therapy. MiR-21, -31 and -155 hold particular potential for future in-
vestigation given their participation in both endothelial and fi-
broproliferative processes occurring in SSc. Future research that clari-
fies the role of miRNAs in the overall pathogenesis of SSc holds
particular potential for their use as valuable diagnostic and prognostic
biomarkers, and for the development of novel, effective, and targeted
therapies for this currently incurable disease.

4.1. Take home messages

• The pathogenesis of SSc is complex and involves immune response
dysregulation, progressive vasculopathy, and excessive accumula-
tion of extracellular matrix proteins in skin and multiple target or-
gans.

• The pathogenetic connections between vasculopathy and tissue fi-
brosis in SSc are poorly understood despite intensive investigations.

• MiRNAs are crucial epigenetic regulators that modulate endothelial
cell and fibroblast gene expression and are likely to play a role
connecting both pathways of SSc pathogenesis.

• MiRNAs are promising targets for the development of antifibrotic
and vasculopathy therapies and they can serve as highly sensitive
and specific biomarkers for SSc diagnosis, and for the assessment of
SSc progression and eventual clinical outcome.
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