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Abstract
Endothelial functions are highly regulated by imposed shear stress in vivo. The characteristics of
shear stress determine mechanotransduction events that regulate phenotypic outcomes including
redox and inflammatory states. Recent data indicates that microRNAs (miRs) in vascular
endothelial cells (ECs) play an essential role in shear stress-regulated endothelial responses. More
specifically, athero-protective pulsatile flow (PS) induces miRs that inhibit mediators of oxidative
stress and inflammation while promoting those involved in maintaining vascular homeostasis.
Conversely, oscillatory flow (OS) elicits the opposing networks. This is exemplified by the PS-
responsive transcription factor, krueppel-like factor 2 (KLF2), which regulates miR expression but
is also regulated by OS-sensitive miRs to ultimately regulate the oxidative and inflammatory state
of the endothelium. In this review, we outline important findings demonstrating the multifaceted
roles of shear stress-regulated miRs in endothelial redox and inflammatory balance. Furthermore,
we discuss the use of algorithms in deciphering signaling networks differentially regulated by PS
and OS.
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Introduction
Established evidence indicates that vascular endothelium in the arteries is not merely a tissue
layer separating the circulating blood and the vascular wall. Rather, the endothelium plays a
crucial role in maintaining vascular homeostasis, largely through its regulatory functions of
anti-coagulation, anti-inflammation, and anti-oxidative stress [1, 2]. In vivo, the endothelium
of the arterial tree is constantly exposed to shear stress (the tangential component of the
hemodynamic forces due to blood flow), which plays an important role in endothelial
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homeostasis [3]. The athero-protective flow pattern in the straight parts of the vascular tree
not only causes an elevated expression of anti-oxidative and anti-inflammatory genes, but
also suppresses pro-oxidative and pro-inflammatory genes. In contrast, the athero-prone
flow pattern in arterial curvatures and bifurcations results in functionally disturbed
endothelium as manifested by the elevated expression of pro-oxidative and pro-
inflammatory genes, and the down-regulation of anti-oxidative and anti-inflammatory genes
[4]. The distinct phenotypes of vascular endothelial cells (ECs) under different blood flow
patterns lead to the topographic distribution of atherosclerosis in the arterial tree of humans
and many experimental animal models. The pulsatile shear stress (PS) and oscillatory shear
stress (OS) applied to cultured ECs in vitro provide useful models for the study of athero-
protective and athero-prone flow patterns in vivo, respectively [5].

microRNAs (miR) constitute an important part of gene regulation in species ranging from C.
elegans to humans [6]. Instead of regulating target-gene expression at the levels of
transcription and translation, miRs associate with their target mRNAs to form miR-induced
silencing complex (miRISC), causing the degradation of the target mRNAs or suppression
of their translation [7]. The key genes involved in the core functions of ECs such as
angiogenesis, vascular tone, and leukocyte-endothelium interaction have been reported to be
regulated by miRs, as in many other types of cells in the body [8, 9]. Because shear stresses
are major physiological and pathophysiological stimuli that induce or suppress an array of
genes in ECs, it is not surprising that miRs are involved in the shear stress regulation of
endothelial biology and functions. Indeed, we and others have reported miR expression
profiles in ECs responding to different flow patterns [10, 11].

Conceptually, shear stress, similar to other environmental cues, elicits mechanotransduction
pathways to induce or silence the transcription of miR genes or miRs along with their
parental genes [10, 11]. Because of the diversity of miRs that can be modulated by shear
stress, their diverse targets can affect all aspects of endothelial biology. For example, the
transcripts of a key EC transcriptional factor [e.g., Krüppel-like factor 2 and 4 (KLF2,
KLF4)] can be regulated by shear stress-induced miRs [12, 13]. The gene products of this
transcription factor may further regulate the expression of a panel of miRs [14]. In addition,
the miR-involved signaling and gene expression networks are governed by temporal factors.
The analysis of such complex and comprehensive system requires bioinformatics and
systems biology tools. In this review, we focus on shear stress-sensitive miRs, their
differential regulation by athero-prone and athero-protective flows, and the functional
responses in terms of endothelial health and function. We will also discuss integrated
approaches combining in silico and experimental methods to be used for future study shear
stress-induced miR responses as a network.

miRs, KLF2, and functional endothelium
A major step of miR regulation occurs at the transcriptional initiation of the miR genes or
their parental genes [15]. Because multiple transcription factors are shear stress-inducible, it
is expected that a myriad of miRs can be induced or repressed by shear stress-inducible
transcription factors. One of these transcription factors is KLF2 [12, 13]. Functioning as a
master regulator of endothelial lineage, KLF2 upregulates genes such as endothelial nitric
oxide synthase (eNOS), thrombomodulin (TM), and nuclear factor erythroid 2-related factor
2 (Nrf2) that exert anti-inflammatory, anti-thrombotic, and anti-oxidative effects in ECs [16,
17]. KLF2 can also inhibit the expressions of vascular cell adhesion protein 1 (VCAM-1), E-
selectin, plasminogen activator inhibitor-1 (PAI-1) and tissue factor in ECs, which adversely
affect endothelial functions [16, 18]. KLF2 is predicted to transcriptionally regulate several
miRs, including miR-126, miR-30a, miR-10a, miR-23b, miR-143, miR-145, and miR150
[15, 19, 20]. Among them, miR-126 can enhance vascular endothelial growth factor (VEGF)
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signaling [21] and seems to be endothelial-specific [19]. Nicoli et al. demonstrated that klf2a
(zebrafish version of KLF2) regulates miR-126 to induce flow-stimulated angiogenesis in
zebrafish [20]. Indeed, a putative KLF2 binding site is located -1 kb upstream of the
miR-126 transcriptional start site in human [22].

In many instances, the shear stress-inducible transcriptional factors themselves are regulated
at the transcriptional level. Athero-protective PS activates MEF5/ERK5/MEF2 and AMP-
activated protein kinase (AMPK) pathways, which merge at the transcriptional up-regulation
of KLF2 [23, 24]. In addition, KLF2 can be transcriptionally up-regulated through increased
phosphorylation of histone deacetylase 5 (HDAC5) and hence HDAC dissociation from
myocyte enhancer factor-2 (MEF2), which in turn leads to the enhanced MEF2
transactivation of KLF2 [25]. Interestingly, athero-prone oscillatory OS can up-regulate
classes I and II HDACs resulting in nuclear accumulation to promote deacetylation of
MEF2, leading to decreased KLF2 transactivation [26]. Importantly, KLF2 is also directly
targeted and regulated by miRs. KLF2 and KLF4 mRNAs have been shown to be targeted
by miR-92a, which is in line with the decreased expression of KLF2- and KLF4-regulated
genes, such as eNOS, in ECs loaded with pre-miR-92a [12, 13]. OS, but not PS, elevates the
level of miR-92a in ECs [12]. Given that KLF2 and KLF4 regulates EC functions, these
results suggest that the functionally disturbed endothelium under the athero-prone flow is
caused in part by the increased miR-92a targeting KLF2 and KLF4. Future study should be
conducted to investigate whether the athero-prone regions in EC-specific miR-92a KO mice
become resistant to atherogenesis. In addition to the experimentally validated miR-92a,
bioinformatics analysis predicts that miR-32, miR-363, miR-25, miR-367, miR-101,
miR-330-5p, miR-365, miR-326, miR-223, miR-185, miR-381, miR-300, miR-340, and
miR-27 may also target KLF2 mRNA (microRNA.org) [27]. Experimental validation of
these miRs that target KLF2, their correlation with flow conditions, and the consequent EC
responses would be fruitful research topics.

The advancement of miR biology makes it apparent that flow regulation of KLF2 occurs at
multiple levels, including transcriptional, post-transcriptional, and post-translational (Fig. 1).
Thus, a temporal regulation network including miRs, rather than chains of signaling events,
should be considered for the study of KLF2 in EC responses to distinct flow patterns in
relation to EC functional outcome.

Shear stress, EC redox state, and miRs
Athero-prone flow contributes to the production and accumulation of reactive oxygen
species (ROS) in ECs, ultimately resulting in functionally disturbed endothelium and
leading to the progression of vascular diseases such as atherosclerosis [28]. In ECs, the
redox state is mediated in part by NADPH oxidase (NOX), eNOS, superoxide dismutase
(SOD), glutathione peroxidase (GPx), thioredoxin-dependent peroxidase (TrxR2) and
catalase [29, 30]. Ample evidence indicates that miRs are involved in the redox state of ECs
exposed to distinct flow patterns (Fig. 2). Athero-prone flow patterns in vivo and OS in vitro
may increase the expression of miRs that target anti-oxidant genes, while decreasing those
that target pro-oxidant genes. Conversely, athero-protective flow patterns in vivo and PS in
vitro have opposite effects on miR networks. Table 1 summarizes the PS- and OS- inducible
miRs that probably contribute to the redox and inflammatory state of ECs.

NOX activation is a major source of ROS in ECs. Specifically, ECs express two major
isoforms of the catalytic subunit of NOX, i.e., NOX2 (gp91phox) and NOX4 [31, 32].
Activation of NOX depends on the phosphorylation of NOX subunit p47phox, which is
required for its translocation to the plasma membrane to prime its association with p67phox

[33, 34]. Recent findings indicate that many NOX components are subject to regulation by
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miRs. NOX4 is a validated target of miR-25 [35] and putatively targeted by miR-23b. miR
microarray profiling and flow channel experiments have revealed that PS induces miR-23b
[11]. If NOX4 is a bona fide target of miR-25 and miR-23b in ECs, one can speculate that
PS may down-regulate NOX4 by inducing miR-25 and miR-23b, contributing to anti-
oxidative defense in vasculature. Similarly, NOX2 (gp91phox) may be targeted by miRs. As
predicted by miRNA.org [27], miR-17-5p, Let-7g, and miR-20a are putative p47phox-
targeting miRs. Collectively, shear stress may regulate a panel of miRs in ECs to fine tune
the ROS production by targeting multiple NOX subunits.

SOD, GPx, TrxR2, and catalase are major antioxidant enzymes that serve essential roles in
maintaining redox balance. SOD converts O2- to H2O2; GPx, TrxR2, and catalase reduce
H2O2 to water and O2; GPx also reduces lipid hydroperoxides to alcohols [36–38].
Presumably, athero-prone flow decreases the expression of these anti-oxidant genes by up-
regulating their respective miRs. However, the miR network is intricate in that PS and OS
induce different but overlapping miR profiles that result in healthy versus
pathophysiological phenotypes, respectively. For example, the promiscuous miR-21 has
been shown to be increased in ECs under both PS and OS [39]. Under PS, miR-21
expression positively correlates with the phosphorylation and activity of eNOS [40].
Paradoxically, the OS-induced miR-21 may be pro-oxidative, since it directly targets SOD3
[41]. Another possible mechanism contributing to the pro-oxidative role of miR-21 is its
attenuation of SOD2 by targeting TNF-α, a homeostatic mediator of SOD2 transcription
[41, 42]. miR-30b, which has been shown to be increased under laminar shear stress [43],
paradoxically inhibits catalase [44]. However, the regulation of some miRs by different flow
patterns is more definitive. For example, PS down-regulates miR-17 [11]. Importantly,
miR-17* targets SOD2, GPx2, and TrxR2 [11, 45]. In contrast, OS down-regulates SOD1
[28], possibly through the targeting by miR-872, a pro-oxidative stress miR that also targets
heme oxygenase-1 [46, 47]. Additionally, thioredoxin (Trx), an oxidoreductase, and its
thioredoxin-interacting protein (Trxnip) function in response to oxidative stress and may
likely be subject to shear-responsive miR regulation. miR-17 and miR-373 target Txnip but
have an anti-oxidative and anti-inflammatory effect [48, 49], which may serve a protective
role in OS. Trx, on the other hand, serves an anti-oxidative role [50] but its regulation by
miRs has not yet been reported. However, miRanda (micro.org) predicted that it might be
targeted by hsa-miR-183, hsa-miR-129-5p, and hsa-miR-135a/b. Further study is warranted
to delineate whether shear stress-mediated miR regulation of Trx and Txnip occurs, and if
so, its ensuing effects on endothelium.

A decrease in eNOS-derived NO bioavailability results in impaired endothelial function and
vascular tone [51]. The balance between NO and ROS is important in maintaining proper
EC signaling and functions [52]. As shear stresses are important physiological and
pathophysiological stimuli regulating eNOS, miRs distinctly regulated by PS and OS play an
important role in eNOS expression and activity. For example, PS-induction of KLF2
decreases miR-214, which can directly target eNOS mRNA [53]. miR-221/222 have been
shown to indirectly decrease eNOS expression [9, 54]. Thus, miR-221/222 are expected to
be up-regulated during OS but down-regulated during PS. As mentioned previously, eNOS
expression is also indirectly inhibited through miR-92a (17-92a cluster) targeting of integrin
alpha-5 (ITGA5) and KLF2, both of which are necessary for eNOS expression [12, 55].
Shear stress further regulates eNOS at the post-translational level through a synergistic
effect between AMPK phosphorylation and silent mating type information regulation 2
homolog 1 (SIRT1) deacetylation [56]. Given that miR-217 down-regulates SIRT1 [57],
whilst miR-33 inhibits AMPK expression [58], these miRs may also take part in the negative
effect of OS on eNOS. miR-148a can increase eNOS activity by targeting rho-associated,
coiled-coil containing protein kinase 1 (ROCK1) [59, 60]. Considering that ROCK1 is
highly expressed in atherosclerosis and that the Rho/ROCK pathway is pro-atherogenic by
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decreasing eNOS function [61], miR-148a is likely to be involved in OS-impairment of NO
bioavailability.

Shear stress regulation of EC inflammatory state and miRs
In addition to the balanced redox state, a functional endothelium is manifested by its low
inflammatory stress [2]. In line with this notion, athero-protective flow exerts an anti-
inflammatory effect in ECs due largely to the down-regulation of pro-inflammatory and up-
regulation of anti-inflammatory molecules, including miRs (Fig. 3). [62, 63]. In contrast, the
athero-prone flow up-regulates pro-inflammatory and down-regulates anti-inflammatory
molecules, causing a pro-inflammatory state in functionally disturbed endothelium. The
inflammatory status of the endothelium is governed by the local flow patterns that activates
or silences nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) in ECs
[64]. Activation of the NF-κB pathway prompts its nuclear translocation, resulting in
transactivation of chemoattractants and adhesion molecules, including interleukin 6 (IL-6),
IL-8, intercellular adhesion molecule 1 (ICAM-1), VCAM-1, and E-selectin [65–67]. These
changes promote monocyte recruitment to endothelium and subsequent invasion into the
subendothelial space [68]. miR profiling of athero-protective regions in vivo has shown that
miR-10a is expressed under PS conditions [14]. This would result in miR-10a targeting the 3
UTR of mitogen-activated protein kinase kinase kinase 7 (MAP3K7) and β-transducin
repeat containing E3 ubiquitin protein ligase (βTRC). Under PS, the down-regulation of
these molecules is likely to prevent the degradation of IκB and the consequent nuclear
translocation of NF-κB p50 and p65 subunits [69]. Both shear stress-sensitive miR-30b and
miR-10a directly inhibit VCAM-1 and E-selectin [43, 69]. Additionally, the shear stress-
sensitive miR-181b inhibits the NF-κB pathway by directly targeting importin-33 to
decrease nuclear accumulation of p50 and p65 [70].

Angiotensin II (Ang II) is a potent activator of the NF-κB pathway [71]. Although there is
no clear indication whether Ang II-elicited signaling is suppressed under PS, miR-155 has
been shown to be up-regulated by PS and targets Ang II receptor 1 [72, 73]. Additionally,
PS increases miR-143/145 in ECs [14]. Because miR-143/145 has been shown to target
angiotensin converting enzyme (ACE) [74], one would expect that under PS, Ang II level
remains low because miR-143/145 would target ACE.

KLF2 is critical for functional endothelium, in part due to its anti-inflammatory effect. For
example, KLF2-induced miR-23b exerts an anti-inflammatory effect by targeting the MAPK
binding proteins 2 and 3 and IκB kinase-α (IKKB-α), which function to increase IL-1
mediated activation of NF-κB and MAPK8/JNK pathways [75]. KLF2-induced miR-126 is
increased under PS, which would inhibit VCAM-1 and possibly ICAM-1 and NF-κB. [76,
77]. PPARα negatively regulates the expression of many pro-inflammatory genes by
inhibiting the NF-κB and AP-1 pathways [78]. OS up-regulates the pro-inflammatory
activity of miR-21 in an AP-1 dependent manner [39]. Subsequently, miR-21 targets
PPARα and PPARγ [39]. Conversely, the KLF2-induced miR-143/145 may target FRA-1
to inhibit miR-21 transcription [79].

Ni et al. 2011 showed that miR-663 is up-regulated by OS and is necessary for monocyte
binding to endothelium [80]. Although KLF4 mRNA does not have a direct binding site for
miR-663, miR-663 knockdown significantly increases the transcription of KLF4 and
decreases that of VCAM-1 and E-selectin [80]. Since KLF4 plays a positive role in
enhancing endothelial functions, these miRs affecting the upstream signaling of KLF4 or
transactivation of KLF4 may also have detrimental effect on endothelial functions [81].
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Role of miRs in the shear stress regulation of EC Cell Cycle, Cytosleleton,
and Gap junction

Distinctive EC phenotypes associated with different flow patterns also include proliferation
or quiescence, altered endothelial permeability, and differential cytoskeletal organization
[82–84]. For example, ECs under athero-protective flow are less proliferative [85]. This
quiescence is maintained by preventing EC from entering into S phase. The shear stress-
induced KLF2 is important for EC quiescence [86], which may be partly due to its
regulation of miR-23b [14]. PS-sensitive miR-23b is correlated to hypophosphorylation of
retinoblastoma (Rb) protein E2F1 [11]. The hypophosphorylated Rb increases its inhibitory
association with E2F1 to prevent cell cycle progression from G1 to S phase. Because
miR-23b does not directly target p53, p27, Cyclin D1, and CDK4, the mechanism by which
miR-23b inhibits Rb phosphorylation needs to be investigated.

Shear stress modulates endothelial permeability and integrity, largely through its effects on
intercellular junctional proteins, including connexins and vascular endothelial (VE)-cadherin
[87]. Disturbed flow can up-regulate Cx43 in ECs [88] whereas VE-cadherin (VE-Cad) at
EC borders is up-regulated in PS-predominant arterial regions [89]. Despite the lack of data
on shear stress-regulation of junctional proteins through miRs, connexins and VE- cadherin
are targeted by miRs [90, 91], and therefore may contribute to the shear stress-regulated
endothelial permeability.

Different flow patterns also induce distinct morphologies in ECs [92]. A round-shaped EC
with random and short actin filaments located mainly at the periphery of the cells are
prominent morphological features induced by OS or disturbed flow. On the other hand, ECs
exposed to PS are elongated, aligned in the direction of flow with organized and parallel
actin stress fibers [93]. Shear stress-responsive miR-155 may mediate the effects of flow on
endothelial cytoskeletal organization [73]. Overexpression of miR-155 decreased the
expression of RhoA, a regulator of actin cytoskeleton organization [94]. p21-activated
kinase (PAK), a Ser/Thr kinase that modulates small GTPases Rac and Cdc42-induced
cytoskeletal remodeling, may be of interest in future investigations as its expression is
known to be up-regulated by low shear stress [94, 95]. Because miR-126 represses PAK1 to
regulate vascular integrity in zebrafish [96], it is possible that athero-prone flow, by
repressing KLF2-induced miR-126, up-regulates PAK.

Future directions of research on shear stress regulation of miR in ECs
The current knowledge of shear stress regulation of miR and miR regulation of EC functions
is mainly based on studies of mechanotransduction and/or gene expression events at one or a
few time points. Furthermore, analysis of these signaling cascades has been performed in a
linear, “snap shot” manner. In ECs, miR regulation networks are much more complicated
because multiple mechanosensors and signaling cascades are engaged simultaneously or in a
time-dependent manner. Additionally, several miRs can bind to a common target mRNA,
multiple transcriptional factors/co-activators/co-suppressors can be involved in the induction
of a given miR gene, and EC phenotype is determined by the synergism of an array of miR-
regulated genes (e.g., pro-oxidant/anti-oxidant, pro-inflammatory/anti-inflammatory). In
order to elucidate the interactions and causal effects of these complicated but coordinated
events involving miRs, studies need to be extended to include time resolution and systems
analysis.

Many methods have been employed to construct relationships and networks from both
experimental and predictive data sets [97]. Given that mechanotransduction responses in
ECs are integrated and dynamic, investigations of signaling and gene expression regulatory
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networks that involve several steps require temporal and causal analysis to capture
representative component relationships (Fig. 4). Mechanotransduction signaling pathways
constitute post-translational modifications (PTM) to initiate transcription factor activation
and miR expression. Predictive programs such as PTMScout (http://ptmscout.mit.edu)
provide avenues for deriving the PTM pathways involved in transcriptional activation or
repression of miR-induced regulatory networks [98]. Experimental evidence involving
proteomic evaluation (mass spectroscopy, immunoblotting, enzyme-linked immunosorbant
assay (ELISA) and gene expression and manipulation (microarrays, qPCR, expressional
alteration, mutagenesis) is necessary to verify the effects a PTM has on miR expression and
its downstream targets. Delineating the impact of a shear stress-regulated transcription factor
in regulating miR networks involves the understanding of where does the TF bind in the
genome. Both TRANSFAC® (http://www.gene-regulation.com/pub/databases.html) and
JASPAR CORE databases (http://jaspar.genereg.net/) offer in silico approaches to
investigate this issue by providing information on experimentally-proven transcription factor
binding sites, consensus binding sequences, and regulated genes [99, 100]. Chromatin
immunoprecipitation sequencing (ChIP-seq) applied to Model-based analysis of ChIP-seq
(MACS, http://liulab.dfci.harvard.edu/MACS/) [101], can verify predicted binding sites or
provide new information on transcription factors association with miR promoters.
Understanding miR target specificity is also important for describing the influence of miRs
in mediating flow-initiated phenotypes. 3′UTR sequences can be obtained from WormBase
WS159, which can be cross-referenced to several programs used to predict miR targets,
including: PicTar [102], Diana-microT 3.0 target prediction program
(diana.cslab.ece.ntua.gr/microT) [103], miRanda Targets version 4 [104], TargetScan
release 3.1 [105], and RNA-hybrid [106]. However, none of these databases directly
addresses how many transcripts a particular miR can influence. Plaisier, et al. have
developed a Framework for the Inference of Regulation by miRs (FIRM) to predict which
miRs regulate a group of mRNAs [107]. This algorithm is based on the concept that genes
regulated by the same miR can be identified by their correlated fluctuation in mRNA
abundance accompanied by the presence of a conserved miR-binding site in their 3′UTRs.
This algorithm also assesses which mRNAs are indirectly affected by a miR. Recently,
Satoh et al. developed an effective global modeling scheme that integrated Ensembl IDs of
miR respective target genes into KeyMolnet (http://www.immd.co.jp/en/product_1.html,
KeyMolnet) [108]. The advantage of KeyMolnet is that it allows analysis of molecular
interactions stemming from the traditional research.

The time-dependent data sets are necessary to integrate this information into a miR network
featured in temporal correlation. This is particularly important because EC phenotypic
outcomes at the distal end are a sum of the mechano-sensitive signaling and gene expression
events in time-dependent manners. In silico construction of such miR networks based on wet
experiments at the molecular level will increase the reliability for functional validations at
cellular (i.e., EC) and organ (i.e., vessel) levels.
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3′UTR 3′ untranslated region

ACE angiotensin converting enzyme

AMPK AMP-activated protein kinase
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βTRC β-transducin repeat containing E3 ubiquitin protein ligase

CDK4 cyclin-dependent kinase 4

ChIP chromatin immunoprecipitation

EC endothelial cell

ELISA enzyme-linked immunosorbent assay

eNOS endothelial nitric oxide syntase

FIRM Framework for the Inference of Regulation by MiRS

GPx glutathione peroxidase

HDAC histone deacetylase

ICAM-1 intercellular adhesion molecule 1

IL-6 interleukin 6

IL-8 interleukin 8

ITGA5 integrin alpha-5

JNK c-Jun N-terminal kinase

KLF2 krueppel-like factor 2

MAP3K7 mitogen-activated protein kinase kinase kinase 7

MEF2 myocyte enhancer factor-2

miR micro RNA

miRISC miR-induced silencing complex

NOX NADPH oxidase

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

Nrf2 nuclear factor erythroid 2-related factor

PAK p21-activated kinase

PS pulsatile shear

OS oscillatory shear

ROCK1 rho-associated, coiled-coil containing protein kinase 1

ROS reactive oxygen species

SIRT1 silent mating type information regulation 2 homolog 1

SOD superoxide dismutase

TM thrombomodulin

TrxR2 thioredoxin-dependent peroxidase

VCAM-1 vascular cell adhesion protein 1
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Highlights

• Pulsatile flow-induces miRs involved in anti-oxidant, anti-inflammatory
networks.

• Oscillatory flow-induced miRs involved in pro-oxidant, pro-inflammatory
networks.

• Krueppel-like factor 2 (KLF2) maintains redox balance via miRs.

• Algorithms can be used to uncover temporal miR regulation of redox networks.
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Figure 1.
Different flow patterns determine distinct endothelial functional outcomes through multi-
level regulation of KLF2 and KLF4. In response to athero-protective flow in vivo or PS in
vitro, AMPK as well as MEF5/ERK5/MEF2 are activated to transactivate KLF2 and KLF4.
Subsequent increase in the respective mRNA’s level leads to an increase in KLF2 and KLF4
proteins. This prompts KLF2 to transactivate miR-126 which targets VCAM-1. In parallel,
KLF2 induces eNOS and increases NO bioavailability. Concurrently, KLF4 transactivates
eNOS. These orchestrated pathways support the functional ECs. Under athero-prone flow or
OS, the AMPK and the MEF5/ERK5/MEF2 pathways are repressed, resulting in down-
regulation of KLF2 and KLF4. Athero-prone flow or OS also up-regulates miR-92a, which
destabilizes KLF2 and KLF4 mRNA’s through post-transcriptional targeting. The
coordinated modulation of these pathways mitigates the beneficial effects of both KLF2 and
KLF4, leading to endothelial dysfunction.
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Figure 2.
Proposed miR network that regulates redox status in ECs in response to flow. With the
exception of miR-21, PS regulates a set of miRs that promote an anti-oxidative environment.
This effect may be achieved by (1) KLF2 inhibition of eNOS-targeting miR-221/222; (2)
inhibition of miR-17*, which targets anti-oxidative genes TrxR2, SOD2, GPX; and (3)
induction of multiple miRs that repress pro-oxidative enzymes such as p47phox, Catalase,
NOX4, and NOX2. In contrast, OS regulates an array of miRs that contributes to increased
oxidative stress. These include OS-induced miRs that repress eNOS and/or its positive
regulators (e.g. AMPK, SIRT1, KLF2, KLF4 and ITGA), OS-suppresses miRs that target
eNOS negative regulators such as ROCK1, as well as OS-upregulated miRs that inhibit the
anti-oxidative enzymes SOD3, SOD1, and HO-1.
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Figure 3.
Putative miR network that regulates the pro-inflammatory NF- B pathway. PS activates the
indicated miRs that result in the inhibition of NF- B by direct targeting and indirect
regulation. Additionally, miR-10a and miR-126 directly inhibit the expression of E-selectin,
VCAM-1, and ICAM-1. KLF2 plays a major role in transactivating many of the anti-
inflammatory miRs, including miR-143, miR-145, miR-23b, and miR-126. In contrast, OS
causes AP-1 activation and the consequent miR-21 induction. miR-21 inhibits PPARα and
PPARγ, both negatively regulate NF-κB. OS also up-regulates miR-663 that targets KLF4
and therefore desuppresses E-selectin and VCAM-1. The overall outcome of this intricate
network under OS is pro-inflammation.
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Figure 4.
Network scheme for deriving miR-regulated networks and signaling pathways. Cells are
subjected to shear stress for various time points and analyzed experimentally with proteomic
tools to assess PTM-mediated regulation of signaling pathways. PTM Scout is integrated in
this assessment, following which transcription factors regulating miR transactivation can be
investigated utilizing experimental and bioinformatics approaches. This data are cross
referenced with FIRM analysis, and can be utilized, with assistance from KeyMolnet, to
construct miR-regulated networks.
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