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Shear stress is known to affect many processes in (patho -) physiology through a
complex, multi-molecular mechanism, termed mechanotransduction. Here, we
comprehensively evaluate the role of small non-coding miRNA in the regulation of
mechanotransduction in intact blood vessels.

Murine carotid arteries were instrumented with a flow modifying cuff for 7 days to
induce calibrated reductions in shear stress to infer causal mechanosensitive genetic
patterns. After 7 days, the vessels were snap-frozen, cross sectioned and endothelial
cells were obtained with an optimised Laser Capture (LCM) protocol and their total
RNA processed for deep sequencing. A novel ultrasensitive bioinformatics pipeline
identified 8083 mRNA and 215 miRNAs differentially regulated by the 7-day reduction
of shear stress, of which ~150 were new mechanosensitive miRNA. Ultrafast, and
sensitive machine learning algorithms were developed which revealed that ~45% of
differently regulated mRNA (3950 mRNA) were controlled by the 215
mechanosensitive miRNA.

Interestingly, the mechanosensitive miRNAs were organised in 43 miRNA-clusters, of
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which 35% consisted of homo-seed (miRNA-families) and 65% of hetero-seed
structures and these 43 clusters controlled 2270 mRNA.

The mechanosensitive mRNA’s were distributed over 41 signaling pathways, with the
mechanosensitive miRNA-clusters regulating the majority (65%) of these
mechanosensitive signaling pathways. Important and well-known mechanosensitive

pathways, like KLF-eNOS, MAPK, ROS and inflammation pathways were regulated by
the mechanosensitive miRNA clusters.

In conclusion, a new and important mode of regulation of mechanotransduction was
discovered, based on miRNA clusters. This finding implicates new avenues for
treatment of mechanotransduction and atherosclerosis.
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Abstract

Shear stress is known to affect many processes in (patho -) physiology through a
complex, multi-molecular mechanism, termed mechanotransduction. Here, we
comprehensively evaluate the role of small non-coding miRNA in the regulation of
mechanotransduction in intact blood vessels.

Murine carotid arteries were instrumented with a flow modifying cuff for 7 days to
induce calibrated reductions in shear stress to infer causal mechanosensitive genetic
patterns. After 7 days, the vessels were snap-frozen, cross sectioned and endothelial
cells were obtained with an optimised Laser Capture (LCM) protocol and their total
RNA processed for deep sequencing. A novel ultrasensitive bioinformatics pipeline
identified 8083 mRNA and 215 miRNAs differentially regulated by the 7-day reduction
of shear stress, of which ~150 were new mechanosensitive miRNA. Ultrafast, and
sensitive machine learning algorithms were developed which revealed that ~45% of
differently regulated mRNA (3950 mRNA) were controlled by the 215
mechanosensitive miRNA.

Interestingly, the mechanosensitive miRNAs were organised in 43 miRNA-clusters, of
which 35% consisted of homo-seed (miRNA-families) and 65% of hetero-seed
structures and these 43 clusters controlled 2270 mRNA.

The mechanosensitive mMRNA'’s were distributed over 41 signaling pathways, with the
mechanosensitive miRNA-clusters regulating the majority (65%) of these

mechanosensitive signaling pathways. Important and well-known mechanosensitive
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pathways, like KLF-eNOS, MAPK, ROS and inflammation pathways were regulated
by the mechanosensitive miRNA clusters.

In conclusion, a new and important mode of regulation of mechanotransduction was
discovered, based on miRNA clusters. This finding implicates new avenues for

treatment of mechanotransduction and atherosclerosis.

Keywords: shear stress, laser capture, deep sequencing, miRNA, miRNA families,

signaling pathways, mechanotransduction.
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INTRODUCTION 1t is well known that the shape and size of blood vessels is
determined by mechanical factors, like shear stress 1-3. Shear stress is the friction
force imposed onto the stationary endothelial cells by the movement of blood through
the vessel. The biomechanical environment of endothelial cells are sensed through a
complex process called mechanotransduction 4. This process consists of ~5,000-
7,000 genes that are organised into >40 signalling cascades which are regulated by

>8 mechano-sensors and >50 transcription factors 7.

The sheer complexity of mechanotransduction makes one wonder how it is regulated.
MicroRNAs (miRNAs) are small (~22 nucleotides) non-coding RNA molecules that are
essential regulators of gene expression %14 Binding of miRNAs to the target
sequence in messenger RNAs (mMRNAS) leads to translational repression and/or
MRNA destruction 015, Repression of mMRNA by miRNA is a rather complex process
that depends upon the level of expression of an miRNA, the abundance of the target
MRNA, the number of target mRNAs per miRNA, the number and composition of
MiRNA binding sites per mRNA, and the cooperativity of individual miRNA, either in
families or clusters 1618 |nterestingly, these factors balance each other so that an
individual miRNA only moderately represses individual mRNA. In the last few years,
a clear role for overarching structures in miRNA control, like miRNA families and
MiRNA clusters, have emerged as regulators of signaling pathways, or phenotypic
changes that encompass groups of pathways!®2l. However, their role in
mechanotransduction has been not investigated. Here we present an overview and a
mixture of our own work providing evidence for the importance of miRNA clusters

regulating mechanosensitive signaling pathways.
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Evidence for an emerging role of families and clusters in signaling

Families of miRNA’s have been defined as miRNA sharing a common ancestor, or a
common structural similarity like the seed region???4, They have been Increasingly
implicated in a variety of processes in a variety of fields in Embryology, Neurology,
Cardiac Development and Oncology. As they act on similar mRNA targets, the
recruitment of miRNA family members leads to a gradual repression of their target
MRNA [ref]. Their role in mechanotransduction is unknown and we will further discuss
their roles below.

Clusters of miRNA are more recently been identified in mammalian genomes. MirBase
[v22] identifies 100 clusters in the mouse genome and 156 in human genome and
their numbers are increasing. Clusters are considered overarching structures
consisting both of members of families and structurally unrelated miRNA’s[ref].
Interestingly, they are often regulated as a functional unit through polycystronic
mechanism, consisting of either direct transcriptional control, silencing by epigenetic
mechanism or directly through coding proteins|ref].

At present, it is not clear how individual miRNA members and entire cluster interact.
Several studies indicate miRNA within a cluster regulate each other, probably
increasing the homogeneity in their response to stimuli. Other studies have emerged,
indicating that miRNA clusters regulate one or more signaling pathways (Table 1). It
is clear from Table 1 that either one cluster may regulate one pathway, or multiple
clusters may regulate a single pathway, or one cluster may regulate multiple pathways
(Table 1). In the latter observation miRNA are involved in processes, like the

Inflassome, lipid handling, and immune responses.
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Development of a bespoke pipeline for studies on mechanotransduction in
intact blood vessels

We have developed a method to induce reductions in shear stress aiming to discover
causal gene patterns induced by changes in shear strss[ref]. To that end, we have
developed a method to laser captured endothelial cells from instrumented (n=5) and
control carotid arteries (n=5) using a protocol optimised to reduce RNA loss during
the procedure which occurred by laser heating and drying. The instrumentation
reduced shear stress by ~60%. After optimising, ~1,000 endothelial cells from an
equivalent of 10-15 cross sections of 20 um were captured to generate sufficient
(>1pg/ul), high quality (RIN>7.0) total RNA. Subsequently, we developed a bespoke,
ultra-sensitive bioinformatics pipeline for the detection of differentially expressed
MRNA and miRNA in the freely available R programming environment. We expanded
DESEQ2, which successfully implemented a negative binomial distribution with a
weighting factor per gene as described in 25, to further increase power of the statistical
tests. The seven-day reduction in shear stress differently expressed 8,083 mRNA
(FDR<0.05), of which 4,653 were up-regulated and 3,430 down-regulated, a finding
much higher than reported in endothelial cells in culture 2. In addition, a high number
of miRNA were detected (~1500) of which 215 were affected by the 7 day reduction
in blood flow, which is a value much higher than the currently reported
mechanosensitive miRNA (~60 1127),

In order to analyse these complex data sets we i) developed machine learning
software to identify old and new miRNA-mRNA interactions, and ii) to identify signaling

pathways on basis of GSEA analysis (Figure 1, upper panel). In parallel, we
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developed software to identify overarching structures in the mechanosensitive miRNA
(miRNA-Families and miRNA-Clusters, Figure 1, lower panel) to identify how these

structures control mechanosensitive signaling pathways.

MiRNA Families and Clusters regulate the majority of mechano-sensitive
MRNA in vivo.

Approximately 45% of the 1500 miRNA could be allocated to 224 Families (miRbase-
v22), of which 187 miRNA-families were downregulated and 37 Families were
upregulated by the 7-day reduction of shear stress (Figure 2A).

Interestingly, a large fraction (~65%) of miRNA depended mRNA were regulated by
miRNA-family’s (Figure 2C). Bootstrapping identified 10 miRNA-families comprising
only ~20% of all miRNA (Figure 2B), which regulated ~40% of the 65% of miRNA
regulated mechanosensitive mRNA (Figure 2C). These influential miRNA families
exerted their influence, not by having more miRNA, but by having more “influential
mMiRNA members (Figure 2D, p<0.05 bootstrapping).

We selected clusters on the basis of a strict criterion of < 3,000kB proximity?® and
identified that 35% of mechanosensitive miRNA’s are organised in 43 clusters
(miRBase v22) which is slightly higher than reported for the entire murine genome
(28% of the miRNA 28). We subsequently confirmed that mechanosensitive clusters
are regulated by a polycistronic mechanism?® — e.g. their variance in expression was
lower in a cluster then between cluster (p<0.05) - indicating they are functionally
controlled as well.

Interestingly, a very large fraction (~60%) of mechanosensitive mRNA controlled by
mMiRNA were regulated by the clustered miRNA (35% of all miRNA, Figure 3A).

Similarly as for families, clusters are enriched with influential miRNA (p<0.05) and
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influential mMiIRNA-Families (p<0.05, Figure 3B) providing a basis for this large number

of mMRNA.

A central role for clusters in mechanosensitive pathway coordination

The seven-day reduction in shear stress induced 8,083 mechanosensitive genes and
215 miRNA (FDR<0.05), the largest number of differentially expressed mRNA and
miRNA to date. Gene set Enrichment analysis (GSEA) 2°3 identified >100
mechanosensitive pathways, of which the most prominent were i) metabolism of
genes and proteins, ii) extracellular matrix genes, iii) programmed cell death, and iv)
signal transduction. A further, focussed analysis of the signal transduction pathways
revealed that 41 signaling pathways were affected by the reduction in shear stress.
These included well-known shear stress sensitive pathways such as eNOS and MAPK
73537 recently established mechanosensitive pathways such as NOTCH and WnT
7.38-48 and currently unknown mechano-sensitive pathways like Insulin. (Table 2).

A further analysis of our miRNA-clusters revealed that twenty-six (26) out of 43
differentially expressed miRNA-clusters regulated 30 out of 41 (65%, p<0.05)
signaling pathways (Table 2). We found single clusters affecting a single pathway
(clusters 2, 5), but the majority of clusters affected multiple pathways (Table 2). The
latter finding has been identified before (see above) in embryology where affected
pathways were related to processes, like development of organs??4%-52, In addition,
multiple clusters could affect a single pathway (clusters 4,7, 26, 46 affecting
metabolism), groups of clusters affecting physiological processes like vasodilation
(clusters 9, 37, 88 affecting eNOS and prostacyclin, Table 2) while clusters regulating

aspects of inflammation appeared more distributed (Cluster 21, MAPK, and JAK-
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STAT pathways, Cluster 40, the Inflammasome, and Cluster 73, the Cytokine

pathways).
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Discussion

Our major findings are that 65% of endothelial mechanotransductive pathways are
controlled by Clusters, which is to the best of our knowledge a new finding. The
important role of such a small number of clusters on so many signaling pathways was
due to an enrichment of influential miRNA (e.g miRNA affecting many mRNA) and
influential miRNA-Families in the mechanosensitive clusters. Furthermore, the
coordination of multiple clusters leads a subtle and graded regulation on individual
signaling pathways. As miRNA are amenable to synthesis this may offer a novel way

to control individual signaling pathways.

It is becoming clear that miRNA exert subtle control over mRNA through modification
of transcription factors, noise and signaling pathways®*> and cooperation in
overarching structures might be a currently overlooked mechanism for miRNA

regulated repression.

It has been appreciated that miRNA’s are not randomly distributed over the genome
but are enriched in clusters. These clusters develop evolutionarily and the expression
of miRNA in clusters have been shown to be coordinated by polycistronic mechanisms
to coordinate processes in embryology and inflammation. Interestingly, 41 out of 100
murine clusters were mechanosensitive and coordinated 65% of the 41
mechanosensitive signaling pathways. Major known atherosclerotic signaling
pathways were under control of miRNA clusters challenging the idea of transcription

factor control of mechanotransduction.

10
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In conclusion, we used modern machine tools to evaluate mMRNA-mMIiRNA interaction
of endothelial cells exposed to reduced shear stress in vivo. Our analysis was
focussed on finding overarching structures in miRNA, and we identified
mechanosensitive miRNA-families and miRNA-clusters that coordinated control of the

majority of mechanosensitive signaling pathways.

11
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Pathway Families Clusters

TGF-B miR-17/92 7

signalling,

Hedgehog,

RB pathway,

MTORC1

signalling

BH3-only miR-106b/25 25

protein Bim

p21/cyclinD1 miR-212/132 40

KIT/ETV1 miR-221/222 65

PTEN/Akt miR-144/451 52

SMAD2 miR-212/132 40

Wnt/B- miR-17/92 7

catenin

TGF-B miR-17/92; 7,25

signalling miR106b/25

Rho/ROCK miR-200b/429 24

p21/Bim miR-106b/25 25

KIT/ETV1 miR-221/222; 7,65
miR-17/92;

Table 1: Family is the miRbase-v22 defined family of miRNA, CLUSTER numbering
as obtained from miRbase-v22, miRNA is the differentially expressed miRNA of that
cluster, the pathway obtained, and size stands for the number of mMRNA regulated by
the cluster(s). AKT, AKT serine/threonine kinase; BH3, Bcl-2 homology 3 domain; BIM,
Bcl-2-like protein 11; EP300, E1A-associated protein p300; ETV1, Ets variant gene 1;
KIT, proto-oncogene tyrosine-protein kinase; MET, MET proto-oncogene receptor
tyrosine kinase; mTORC1, mammalian target of rapamycin complex 1; P21, cyclin
dependent kinase inhibitor 1A; PLCGL1, phospholipase c gamma 1; PSAP, prosaposin;
P53, tumor protein P53; PTEN, phosphatase and tensin homolog; RB1, RB
transcriptional corepressor 1; RHO, ROCK Rho-associated protein kinase; SLU7, pre-
MRNA splicing factor SLU7; SMAD2, mothers against dpp homolog 2; 3-TRCP2 (also

known as FBXW11), F-box and WD repeat domain containing 11; TGF-[3, transforming

12
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growth factor beta; WEEL, WeelA kinase; Wnt, wingless-type mmtv integration site

family.

13
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FAMILY

CLUSTER

MIRNA’S

PATHWAYS

MIR-154
MIR-329
MIR-368
MIR-379

MIR-154
MIR-329
MIR-368
MIR-379

MIR-471
MIR-742
MIR-743
MIR-881
MIR-883

MIR-431

MIR-290

MIR-19

2

mmu-miR-
329-3p
mmu-miR-
376a-3p
mmu-miR-
376¢-3p
mmu-miR-
380-5p

mmu-miR-
329-3p
mmu-miR-
376a-3p
mmu-miR-
376¢-3p
mmu-miR-
380-5p

mmu-miR-
471-3p
mmu-miR-
742-5p
mmu-miR-
743a-3p
mmu-miR-
881-5p
mmu-miR-
883a-3p

mmu-miR-
3071-3p
mmu-miR-
3071-5p
mmu-miR-
431-5p

mmu-miR-
291a-5p
mmu-miR-
292b-5p
mmu-miR-
293-3p
mmu-miR-
294-3p

mmu-miR-
19b-3p

Prostacyclin
PPAR

Ubiquitin Proteasome

G-protein signaling

Metabolism

Nima kinases
Protein breakdown

Metabolism
WnT

14
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MIR-302

MIR-344

LET-7

LET-7
MIR-10

MIR-133
MIR-1

MIR-133
MIR-1

MIR-8

MIR-17

MIR-182

MIR-133
MIR-1

12

18

20

21

21

24

25

26

28

mmu-miR-
302b-3p

mmu-miR-
344e-
5p/mmu-miR-
344h-5p
mmu-miR-
3441-3p
mmu-miR-
344

mmu-let-7d-
3p
mmu-let-7f-2-
3p

mmu-let-7e-
Sp
mmu-miR-
125a-5p

mmu-miR-
133a-5p
mmu-miR-1a-
3p

mmu-miR-
133a-5p
mmu-miR-1a-
3p

mmu-miR-
200a-3p
mmu-miR-
200c-3p

mmu-miR-
106b-3p

mmu-miR-
182-3p

mmu-miR-
133b-3p
mmu-miR-
206-3p
mmu-miR-
206-5p

Prostacyclin
eNOS

Drug metabolism
Mechanosensors

G-protein signaling

RAF-MAPK

RAF-MAPK

JAK-STAT
Cytokine-to Cytokine

Scavenger receptors
PPAR pathway

GAG and Carbon Metabolism

Metabolism

G-protein
Cytokine-to-cytokine

15
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MIR-214 31 mmu-miR- G-protein signaling
214-5p wnT

MIR-216 37 mmu-miR- Prostacycline
216b-3p eNOS
mmu-miR- calcium- metabolism
216¢-3p pyrimidine- metabolism

MIR-132 40 mmu-miR- ILP3- Inflammasome
132-3p ROS
mmu-miR-
132-5p

MIR-15 46 mmu-miR- Metabolism
15a-5p
mmu-miR-
15b-3p

LET-7 50 mmu-let-7c-  GO0-G1 division
5p

MIR-122 64 mmu-miR- Chemokine binding receptors
122-3p

MIR-296 73 mmu-miR- Cell division

MIR-298 296-5p Cytokine pathway
mmu-miR-
298-3p

MIR-1199 | 88 mmu-miR- Prostacyclin
1199-3p eNOS

PAF

MIR-34 92 mmu-miR- Osteoclast differentiation
34a-5p WnT

MIR-767 98 mmu-miR- G-protein, calmodulin
767

LET-7 100 mmu-miR-98- Neurotrophin signalling
3p Protein breakdown
mmu-miR-98- WnT
Sp

Table 2: Family is the miRbase-v22 defined family of miRNA, CLUSTER
numbering as obtained from miRbase-v22, miRNA is the differentially expressed
MiRNA of that cluster, the pathway obtained, and size stands for the number of

MRNA regulated by the cluster(s). AKT, AKT serine/threonine kinase; BH3, Bcl-

16
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2 homology 3 domain; BIM, Bcl-2-like protein 11; EP300, E1A-associated protein
p300; ETV1, Ets variant gene 1; KIT, proto-oncogene tyrosine-protein kinase;
MET, MET proto-oncogene receptor tyrosine kinase; mTORC1, mammalian
target of rapamycin complex 1; P21, cyclin dependent kinase inhibitor 1A;
PLCG1, phospholipase c gamma 1; PSAP, prosaposin; P53, tumor protein P53;
PTEN, phosphatase and tensin homolog; RB1, RB transcriptional corepressor 1,
RHO, ROCK Rho-associated protein kinase; SLU7, pre-mRNA splicing factor
SLU7; SMAD2, mothers against dpp homolog 2; B-TRCP2 (also known as
FBXW11), F-box and WD repeat domain containing 11; TGF-R3, transforming
growth factor beta; WEE1, WeelA kinase; Wnt, wingless-type mmtv integration

site family.

17
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Ultra-sensitive detection of mRNA Using multi-f2atured, non-linear Selection of signaling pathways
and mIRNA expression patterns ML to predict mIRNA-mRNA patterns Using GSEA

Figure 1 -Legend

Schematic presentation of the proposed analysis of our data obtained from the
laser captured endothelial cells. In the upper row on the left side is displayed the
map of the top 100 genes and 215 microRNA. In the top row, middle panel is
displayed the Support Vector Classifier scheme used to predict miRNA/mMRNA
interactions and the upper row, right panel shows one of the signaling pathways
derived from our analysis. The lower panel shows the distribution of the miRNA,
and the miRNA-families and miRNA-Clusters derived from the differentially

expressed miRNA. Not that all maps are derived from real data

18
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A B influaniial miRMA

8083

miRNA (—)\—)
3165 4918 o ﬂ

Famiies T asberal Pk p A
Infiuential Famdies

2261 1004

Influential )
Families $a1 I

1356 915

Figure 2-Legend

A detailed analysis of mechanosensitive miRNA Families. Panel A. The number
of differentially expressed mechanosensitive mMRNA controlled by miRNA (3165),
controlled by Families (2261) and controlled by Influential Families (1365). Panel
B displays the distribution of mMRNA regulated either by miRNA In colour is
displayed the lowest one third (red), middle one third (green) and upper third
(blue) of MRNA per miRNA for the miRNA and for miRNA families. Note that
influential miIRNA families contain more influential miRNA. Panel C shows the
distribution of Families per mRNA regulated per Family. The colour displays the

number of influential mMiIRNA per Family.

19
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Influantial miRNA

BOB3

miRNA (—A—)
3165 4918 | ﬂ
Clusters o1 . - . ,
J el 50 ™ 10
Plarie of SR por il
Inmpential Giusiars

2450 815

Influential
Clusters

1425 915

Figure 3-Legend

A detailed analysis of mechanosensitive miRNA Clusters. Panel A displays the
distribution of mMRNA regulated by miRNA (3165) and by Clusters (2450) and by
Influential Clusters (1425). In panel B the distribution of individual miRNA per
MRNA is displayed (upper row), while the lower row shows the similar distribution
with colour coding related to low, medium and highly influential miRNA. In panel
C, the influential Clusters are displayed, with in the lower row shows the
distribution of low, medium, and highly influential mRNA. It is clear that the

influential Clusters contain more Influential mMiRNA and influential Families.

20
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Ultra-sensitive detection of mRNA Using multi-featured, non-linear Selection of signaling pathways
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