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1  |  INTRODUC TION

It is well established that vascular tone is increased by Ca2+/
Calmodulin-dependent myosin light chain kinase (MLCK) activation, 

which promotes myosin phosphorylation and actomyosin cross-
bridge cycling.1 However, the ERK-dependent removal of actin in-
hibition by caldesmon (CaD) can also increase cross-bridge cycling 
velocity and smooth muscle contractility.2-4 In smooth muscle cells, 
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Abstract
The extracellular signal-regulated kinase (ERK) pathway is a well-known regulator of 
vascular smooth muscle cell proliferation, but it also serves as a regulator of caldes-
mon, which negatively regulates vascular contractility. This study examined whether 
aortic contractile function requires ERK activation and if this activation is regulated 
by ageing. Biomechanical experiments revealed that contractile responses to the 
alpha1-adrenergic agonist phenylephrine are attenuated specifically in aged mice, 
which is associated with downregulation of ERK phosphorylation. ERK inhibition at-
tenuates phenylephrine-induced contractility, indicating that the contractile tone is at 
least partially ERK-dependent. To explore the mechanisms of this age-related down-
regulation of ERK phosphorylation, we transfected microRNAs, miR-34a and miR-137 
we have previously shown to increase with ageing and demonstrated that in A7r5 
cells, both miRs downregulate the expression of Src and paxillin, known regulators of 
ERK signalling, as well as ERK phosphorylation. Further studies in aortic tissues trans-
fected with miRs show that miR-34a but not miR-137 has a negative effect on mRNA 
levels of Src and paxillin. Furthermore, ERK phosphorylation is decreased in aortic 
tissue treated with the Src inhibitor PP2. Increases in miR-34a and miR-137 with age-
ing downregulate the expression of Src and paxillin, leading to impaired ERK signalling 
and aortic contractile dysfunction.
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the PKC-dependent activation of Raf and MEK activates ERK1/2 
through tyrosine/threonine phosphorylation.5 In contractile smooth 
muscle ERK activation results in the downstream phosphorylation 
and inactivation of the inhibitory actin-binding protein CaD, which 
normally functions to block the access of myosin to actin and hence 
impair cross-bridge cycling, much like troponin does in striated mus-
cle.6-8 Phosphorylation of CaD by ERK results in removal of this 
inhibitory effect and causes an increase in smooth muscle contrac-
tility. Previous studies have also demonstrated that ERK inhibitors 
attenuate contractility of the rat aorta9-13 but studies of the role 
of ageing on ERK activation and aortic function are lacking. Here, 
we focused on the widely used mouse model, the C75BL/6J mouse.

We recently demonstrated that miRs-34a and −137 are upregu-
lated with ageing in the mouse aorta.14 These miRs were predicted 
to target proteins involved in both ERK activation and ERK scaf-
folding, which play important roles in coordinating ERK signalling. 
We postulated, therefore, that these miRs may contribute to aortic 
smooth muscle contractile dysfunction with age and may represent 
novel targets to prevent thoracic aortic malfunction in the elderly. 
Thus, the purpose of the present study was to test the hypothesis 
that upregulation of miRs-34a and −137 with ageing in the mouse 
model might cause a pathophysiologic change of the smooth muscle 
of aorta via an ERK-dependent mechanism.

2  |  MATERIAL S AND METHODS

All animal procedures were performed in accordance with the NIH 
Guide for the Care and Use of Laboratory Animals and according 
to protocols approved by the Institutional Animal Care and Use 
Committee of Boston University (Permit Number: A3316-01) and 
used in compliance with federal, state and local laws.

2.1  |  Animals

Young adult C57Bl6  J mice (3months old) were purchased from 
Jackson Laboratories. Pre-aged 24–28  months old mice were ob-
tained from the NIA aged rodent colonies. Only tissues removed 
from animals euthanized in the Boston University Animal Science 
Center were used in this study. The animals were maintained accord-
ing to the guidelines set out by the NIH Guide for the Care and Use 
of Laboratory Animals and were obtained and used in compliance 
with federal, state and local laws. Mouse aortas were quickly ex-
tracted immediately after death by euthanasia by isoflurane (Trade 
name: Forane) inhalation.

2.2  |  Preparation of aorta samples

After euthanization with an overdose of inhaled isofluorane in ac-
cord with institutional approval, #PROTO201900004, and in accord 

with the NIH guidelines, descending thoracic aortas were quickly 
excised from young (3–4  months) and aged (24–29  months) mice 
and kept in ice-cold tissue-collecting buffer (TCB; modified Krebs 
solution, in mM: 154 NaCl, 5.4 KCl, 1.2 MgSO4, 10 MOPS, 5.5 glu-
cose and 1.6 CaCl2; pH = 7.4). Adipose tissue around the aortas was 
cleaned and each thoracic aorta was evenly cut into two rings in 
preparation for stress measurements. After stress measurements, 
for biochemical analyses, rings were quick-frozen in freezing solu-
tion (10  mM dithiothreitol and 10% trichloroacetic acid dissolved 
in dry ice-acetone mixture for western blot analysis), as described 
previously.15

2.3  |  Cell culture

A7r5 rat aortic smooth muscle cells (ATCC) were cultured in DMEM 
high glucose with 10% foetal bovine serum (FBS), 100 units/ml peni-
cillin and 100 μg/ml streptomycin. Cells were grown to confluency 
before experiments and serum-starved to drive them into a differ-
entiated state similar to contractile smooth muscle cells 24 h before 
experimentation.16

2.4  |  Biomechanics

Aortic segments were mounted using two triangular wires 
(0.254-mm diameter). Wall force was recorded by a force trans-
ducer attached to the upper triangle. The lower triangle was 
attached to a micrometer, which allowed adjustment of stretch 
during the normalization procedure. After mounting, aortic seg-
ments were incubated in organ baths containing warmed (37°C) 
oxygenated (95% O2–5% CO2) physiological salt solution (PSS; in 
mM: 120 NaCl, 5.9 KCl, 1.2 NaH2PO4, 25 NaHCO3, 11.5 dextrose, 
2.5 CaCl2 and 1.2 MgCl2; pH = 7.4). Stretch was monitored by a 
300C Dual-Mode Lever Arm System from Aurora Scientific and 
force was recorded in Chart software (AD Instruments, Sydney). 
Before experimentation, each aortic segment was stretched to 
a previously determined optimal diameter for force production 
(1.8  ×  slack diameter) and left to equilibrate for 45  min. Vessel 
viability was confirmed by addition of PSS, in which 51  mM 
NaCl was replaced with KCl, for 15  min, followed by a return 
to PSS for 30  min. Segments that did not respond to KCl were 
discarded. Segments were then exposed to increasing doses 
(2  min duration each, of 10−8, 10−7.5, 10−7, 10−6.5, 10−6, 10−5.5, 
10−5 M) of the alpha1-adrenoreceptor agonist phenylephrine (PE). 
Measurements of force generated were collected at baseline 
and at steady state after each dose. In a subset of experiments, 
segments were pre-treated with the selective ERK inhibitor FR 
180204 (10 µM, Tocris Biosciences) or vehicle control (H2O) for 
30 min prior to experimentation.

Ex vivo aortic stress in this study was measured as the amplitude 
of force normalized to cross-sectional area (CSA) using the equation: 
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Stress = ∆F/(2DL), where ∆F is the amplitude of the force, D is the 
wall thickness, and L is the length of aortic strips.

2.5  |  Transfection of Aortic tissues

Each freshly dissected aorta was cut into 3 pieces (3  mm in 
length). Aortic tissues were transfected with 0.6% Lipofectamine 
RNAiMAX reagent mixed with Negative Control #1 (Control), 
hsa-miR-34a-5p (miR-34a) or hsa-miR-137-3p (miR-137) mirVana™ 
miRNA mimics for 48  h for RNA analysis. Control, miR-34a and 
−137  miR mimics were diluted in Opti-Mem medium at a final 
concentration of 100  nM. After 48  h-incubation, biomechanical 
experiments were performed to test viability and contractility of 
aortic segments in response to 51 mM KCl solution and 10−5 M PE. 
Aortic segments that responded to KCl solution were frozen at 
−80°C for further RNA analyses.

2.6  |  Transfection of cells

A7r5 cells were cultured in 6-well plates and grown to confluency 
at a density of 2 × 105 cells/well. Cells were transfected using 0.6% 
Lipofectamine RNAiMAX reagent mixed with control miR, miR-34 
or −137 mimics for either 24 h (for RNA analyses) or 72 h (for pro-
tein analyses). Control, miR-34a and −137 miR mimics were diluted 
in Opti-Mem medium at a final concentration of 10  nM. For the 
cell stimulation experiments, A7r5 cells were treated with the va-
soconstrictor 12-deoxyphorbol 13-isobutylate 20-acetate (DPBA) 
for 10 min. Since DPBA was diluted in dimethylsulphoxide (DMSO), 
equimolar DMSO (0.03%) was added to unstimulated cells as a ve-
hicle control.

2.7  |  RNA quantification

RNA was isolated with a TRIzol-based protocol at 4°C. Briefly, 
cells were scraped from the cell culture plates directly in TRIzol 
and then mixed several times. Aortic tissues were homogenized 
in TRIzol using the Precellys® 24 tissue homogenizer (Bertin 
Technologies) and RNA was isolated with RNeasy Plus Micro Kit 
(QIAGEN). RNA concentration and quality were quantified by 
NanoDrop (Agilent Technologies). A 260/280 ratio of >1.75 was 
required for further study. RNA was reverse transcribed by the 
TaqMan Reverse Transcription kits. For mRNA analysis, TaqMan 
mouse gene expression assays were used for Pxn (Mm00448533_
m1), Src (Mm00436785_m1) and Ptk2 (FAK, Mm00433209_m1). 
Gene expression was normalized to Gapdh (Mm99999915_g1). 
Quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) was performed on the StepOnePlus Real-Time PCR sys-
tem (Applied Biosystems). All fold changes were calculated by the 
∆∆Ct method as described previously17 and compared with either 

young mice (in ageing comparisons) or scrambled control (in miR 
mimic comparisons).

2.8  |  Western blotting

A7r5 cells were scraped in lysis buffer (62.5 mM Tris, 2% SDS and 
10% sucrose supplemented with protease inhibitor cocktail) and 
vortexed several times. Aortic tissues were homogenized in ho-
mogenization buffer (20 mM MOPS, 4% SDS, 10% glycerol, 10 mM 
DTT) supplemented with phosphatase and protease inhibitor using 
the tissue homeginizer. Cell lysates and tissue homogenates were 
cleared by centrifugation for 10 min at 13,000 rpm, 4°C. Fifteen 
µg of protein was resolved by SDS-PAGE, transferred to a nitro-
cellulose membrane for western blotting with the following anti-
bodies: ERK, paxillin, Src, FAK, p-ERK1/2, or GAPDH and viewed 
following incubation with IRDye 680RD goat anti-rabbit or IRDye 
800CW goat anti-mouse IgGs. Protein bands were visualized on 
an Odyssey infrared imaging system (LI-COR) and densitometric 
analysis was performed with the Odyssey 2.1 software (LI-COR). 
Intensity was adjusted for display purposes, but all quantitative 
analysis was performed on the raw data. For quantitative analy-
sis of protein expression, bands of interest were normalized to 
GAPDH or total protein.

2.9  |  Reagents and antibodies

General laboratory reagents were obtained at analytic grade from 
Thermo Fisher Scientific, VWR International, Sigma-Aldrich and 
Bio-Rad. The alpha1-adrenoreceptor agonist phenylephrine (PE) 
was purchased from Sigma-Aldrich. Cell culture reagents were 
acquired from Invitrogen (Thermo Fisher Scientific) or ATCC. For 
the stimulation of A7r5 cells, DPBA (LC Laboratories) was used 
at a final concentration of 3 µM. The following primary antibod-
ies were used: ERK (mouse, 1:500) and phospho-ERK (rabbit, 
1:1000) from Cell Signaling Technology; FAK (rabbit, 1:400) and 
Src (rabbit, 1:500) from Santa Cruz Biotechnology; Src (mouse, 
1:500) from Abgent; paxillin (mouse, 1:500) from BD Biosciences; 
GAPDH (rabbit, 1:20,000) from Sigma-Aldrich. Secondary an-
tibodies used were IRDye® 680 RD Goat anti-Rabbit (1:1000) 
and IRDye® 800CW Goat anti-Mouse (1:1000) from LI-COR 
Biosciences. RNA-based experimental reagents, including TRIzol, 
Taqman and miR mimic kits were acquired from Life Technologies 
(Thermo Fisher Scientific).

2.10  |  Statistics

All values are presented as mean ± SEM. Analysis was carried out using 
GraphPad Prism (7.0) software. For biochemical analysis (of mRNA and 
protein expression) and stress comparisons, groups were compared 
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F I G U R E  1  PE-induced contraction 
is reduced in the thoracic aortas from 
aged mice. A, Representative raw force 
recordings from young (3-month-old) 
(top) and aged (28-month-old) (bottom) 
mouse aortas. B, Potassium chloride 
(KCl)–induced contractility was similar in 
isolated aortas from young (n = 17) and 
aged (n = 14) mice (two-tailed Student's 
t test). C, PE-induced aortic contractility 
(expressed as a percentage of KCl-induced 
contractions) is attenuated with ageing 
(n = 21 young, 10 aged, two-way ANOVA). 
****p < 0.0001, ***p < 0.001

F I G U R E  2  Ageing reduces 
phenylephrine-induced ERK activation, 
which may contribute to smooth muscle 
contractile dysfunction. A, The use of 
an ERK inhibitor (FR 18,024, 10 µM) 
demonstrates that ERK activity is required 
for PE-induced smooth muscle contraction 
in aortas from young (n = 5, left panel) 
and aged (n = 6 young 5 aged, right panel) 
mice. B, PE (10 µM for 10 min)-induced 
ERK phosphorylation was higher in young 
(n = 16) compared to aged (n = 12) aortas. 
PE numbers normalized to controls. 
****p < 0.0001, ***p < 0.001, **p < 0.01, 
*p < 0.05 (two-way ANOVA)
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using a Student's t-test (two-tailed) or two-way ANOVA for parametric 
data. For grouped analyses, data were analysed with Tukey's multiple 
comparisons test. Significance was assumed at p < 0.05.

3  |  RESULTS

3.1  |  Contractility is downregulated in thoracic 
aortas of aged mice

To determine the effects of ageing on thoracic aortic contractility, 
we exposed isolated aortic strips to either a depolarizing stimulus, 

51  mM potassium chloride physiological saline solution (KCl) or 
incremental doses of the alpha1-adrenergic receptor-selective 
agonist phenylephrine (PE). Representative raw force tracings 
from young (Figure 1A, top) and aged (Figure 1A, bottom) aortic 
segments are displayed in Figure 1A. Segments were exposed to 
KCl, returned to PSS and then subjected to incremental doses of 
PE. Interestingly, there was no significant difference (p = 0.9646) 
in contractile responses to KCl between aortic strips from young 
and aged mice (Figure 1B). However, PE-induced contractility was 
significantly impaired (p  =  0.0005 for 0.05  μM; p  <  0.0001 for 
0.1 μM and higher concentrations) in proximal aortic strips from 
aged mice (Figure 1C).

F I G U R E  3  Overexpression of miR-34a and miR-137 downregulates focal adhesion proteins in A7r5 smooth muscle cells and in aortic 
tissue. Gene expression levels for the predicted targets of miR-34a (A; n = 9 for each protein, control and miR-34a) and miR-137 (B; n = 8 for 
Pax, n = 9 for Src, control and miR-137) were compared in A7r5 smooth muscle cells transfected with miR-mimic or scrambled miR (control). 
Protein expression levels for the predicted targets of miR-34a (C; n = 13 for FAK control, 10 for FAK plus miR-34a; n = 9 for Pax control and 
Pax plus miR-34a; n = 9 for Src control and Src plus miR-34a) and miR-137 (D; n = 6 for each protein, control and miR-137) were compared 
in A7r5 cells transfected with miR-mimic or scrambled miR (control). Black dividing lines indicate splicing of Western blot images for 
presentation. E, FAK protein levels were similar in aortas from young (n = 8) and aged (n = 8) mice. Representative Western blots are shown 
on the left and normalized data on the right. F, Gene expression levels for the predicted targets of miR-34a (n = 4) and miR-137 (n = 3) were 
compared in aortic smooth muscle tissues transfected with miR-mimic or scramble miR (control). ****p < 0.0001, ***p < 0.001, **p < 0.01, 
*p < 0.05 (two-tailed Student's t test)
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3.2  |  Downregulation of PE-induced ERK activation 
contributes to ageing-related smooth muscle 
contractile dysfunction

While KCl-induced contraction is calcium-dependent, we and oth-
ers have demonstrated that PE triggers an additional ERK signal-
ling pathway that causes Ca2+ sensitization.4,18 However, the role 
of ERK signalling has not yet been studied in the context of aortic 
contractility and ageing. Since KCl-induced contractions did not dif-
fer between age groups, we postulated that aberrant ERK signalling 
may be responsible for the age-related smooth muscle contractile 
dysfunction observed in Figure 1C.

We first sought to determine whether the ERK signalling pathway 
is required for contraction in the mouse thoracic aorta. Interestingly, 
the novel ERK-selective inhibitor, FR18024, greatly attenuated the 
contractile effect of PE (p < 0.0001 for 0.1 μM and higher concen-
trations) in aortas from young mice (Figure 2A, left panel). FR18024 
also reduced contractility of aged mouse aorta (p  =  0.0047 for 
0.5 μM; p = 0.0017 for 1 μM; p = 0.0005 for 5 µM; p = 0.0004 for 
10µM), but the absolute decrease was much smaller due to the ef-
fect of ageing to diminish the control response to PE (Figure  2A, 
right panel). To further probe the effect of ageing on ERK activa-
tion, we conducted western blotting on protein samples from young 
and aged mouse aortas stimulated with PE (10 μM). Compared with 
young mice (2-fold increase), PE-induced ERK phosphorylation in 
aged mice (Figure 2B; 1.4-fold increase) was decreased (p < 0.0001).

3.3  |  Increased miR-34a and miR-137 expression 
downregulates the expression of focal adhesion 
proteins in A7r5 cells and in aortic tissue, leading to 
defective ERK signalling

The question arises as to what causes the attenuation of ERK acti-
vation in the mouse aorta with increased age. We have previously 
demonstrated that miR-34a and miR-137  levels are increased with 
ageing and are predicted, by theoretical analyses, to target multiple 
genes that have been suggested to play a role in ERK signalling.14 
Specifically, these miRs were predicted by computational methods 
(miRbase and TargetScan) to target the non-receptor tyrosine kinase 
Src (miR-34a and −137), the focal adhesion proteins Paxillin (miR-34a 
and −137) and FAK (miR-34a). To modify miR expression here, we 
transfected with miR mimics for −34a and −137 to enhance their ac-
tivity in A7r5 smooth muscle cells. Smooth muscle cell lysates were 
harvested for measurement of gene expression (after 24 h) and pro-
tein (after 72 h) analysis by qPCR and western blotting, respectively.

The miR-34a mimic induced decreases in Src (p  =  0.0115) 
and paxillin (p  <  0.0001) mRNA levels in the smooth muscle cells 
(Figure 3A). There was also a slight decrease in FAK mRNA expres-
sion (p = 0.0545), but this trend was not significant. Protein expres-
sion of Src (p = 0.0005), paxillin (p < 0.0001) and FAK (p = 0.0001) 
were also significantly downregulated 72 h after transfection with 
miR-34a mimic (Figure 3C). Similarly, miR-137 caused reduction of 

both mRNA and protein levels of Src (p  <  0.0001 for mRNA de-
crease; p = 0.0034 for protein decrease) and paxillin (p = 0.0012 for 
mRNA decrease; p = 0.0364 for protein decrease) (Figure 3B,D re-
spectively). These findings indicate that miR-34a and −137 regulate 
the expression of important proteins previously associated with ERK 
signalling and also those associated with remodelling of focal adhe-
sions in smooth muscle cells.

We have previously shown that the expression of the focal ad-
hesion proteins Src and paxillin are downregulated by ageing in the 
mouse aorta.14 Here, we assessed the effect of ageing on FAK pro-
tein expression. As shown in Figure 3E, ageing did not significantly 
influence FAK expression.

To further determine whether similar results can be obtained 
in actual aortic tissue, we transfected miR-34 and −137 mimic into 

F I G U R E  4  miR-34a and miR-137 overexpression attenuate 
agonist-induced ERK activation in aortic smooth muscle cells. 
DPBA-induced ERK phosphorylation in A7r5 smooth muscle 
cells transfected with mimics for miR-34a (A; n = 12 both vehicle 
controls, n = 9 both DPBA-treated) or miR-137 (B; n = 12 both 
vehicle controls, n = 10 DPBA-treated plus scrambled miR and 
n = 12 DPBA-treated plus miR-137) was reduced compared to 
control mimic-treated cells. Black dividing lines indicate splicing of 
Western blot images for presentation. ****p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05 (two-way ANOVA)
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freshly dissected aortic tissue rings. The aortic tissues were incu-
bated for 48 h in optimem/Hanks and then used to extract RNA for 
gene analyses. We observed significant decreases in mRNA levels 
of Src (p = 0.0001) and paxillin (p = 0.0009) in aortic tissues trans-
fected with miR-34 mimic, while no change was seen (p = 0.0548 
for Src and p = 0.5087 for paxillin) in miR-137-transfected tissues 
(Figure 3F). We also attempted to measure the expected correspond-
ing changes in protein expression of Src and paxillin in transfected 
live aorta. However, the tissues did not live significantly longer than 
72 h which was not long enough to detect protein changes. Thus, 
miR-34a appears to be more important in the regulation of gene ex-
pression of Src and paxillin.

To test the hypothesis that these two miRs can cause these 
age-related defects in agonist-induced ERK activation, we quan-
titated phorbol ester (DPBA, 12-deoxyphorbol 13-isobutyrate 
20-acetate)-induced ERK 1/2 phosphorylation in miR mimic-
transfected A7r5 cells after 72-h incubation. As shown in Figure 4, 
both miR-34a (Figure  4A; p  =  0.0014) and miR-137 (Figure  4B; 
p = 0.0049) significantly decrease DPBA-induced ERK activation in 
A7r5 smooth muscle cells.

3.4  |  Src and paxillin are required for agonist-
induced ERK activation

Having determined that miR-34a and miR-137 downregulate Src and 
paxillin in A7r5 cells, we next sought to investigate whether Src and 
paxillin play roles in effecting the diminished agonist-induced ERK sig-
nalling caused by these miRs. We therefore tested whether interfer-
ing with Src or paxillin influences agonist-induced ERK activation. As 
shown in Figure 5A, knocking down paxillin in A7r5 cells using pax-
illin siRNA attenuated DPBA-induced ERK activation (p  <  0.0001). 
Similarly, the use of PP2, a Src inhibitor, significantly reduces PE-
induced ERK phosphorylation in aortic tissue (Figure 5B; p = 0.0158 
for ERK1 and p = 0.0061 for ERK2), indicating that Src is required for 
ERK phosphorylation.

These findings indicate that the age-related increase in miR-34a 
and −137 contribute to the downregulation of Src and paxillin protein 
levels, which promote aortic smooth muscle contractile dysfunction 
through a decrease in agonist-induced ERK signalling (Summarized 
in Figure 6A,B).

4  |  DISCUSSION

In the current study, we discovered that ageing attenuates contrac-
tility of the mouse thoracic aorta and investigated the molecular 
mechanisms involved. We found that these mechanisms involve a 
microRNA-induced downregulation of ERK pathway proteins. We 
provide evidence that agonist-induced ERK signalling, which is de-
creased with ageing in the mouse aorta, is required for effective con-
tractile function and a healthy aortic phenotype. Ageing increased 
the expression of miR-34a and miR-137, which led to the downregu-
lation of their targets including paxillin and Src. We also demonstrate 
that overexpression of these miRs blunts agonist-induced ERK acti-
vation. Finally, we show that both Src and paxillin are necessary for 
proper agonist-induced ERK signalling in aortic smooth muscle cells. 
Importantly, the disruption of contractile signalling pathways with 
age may contribute to aortic pathophysiologies such as aneurysm 
formation and aortic dissection.

In the current study, we demonstrate, for the first time, that 
alpha agonist-induced ERK activation is diminished with ageing. 
The impairment of ERK signalling is likely caused by the age-related 
increase in microRNAs. We show here that miR-34a and miR-137 
impair agonist-induced ERK signalling through the targeted down-
regulation of Src and paxillin. Previous studies have suggested a role 
for these proteins in ERK activation in other non-vascular cell types. 
For example, Src regulates ERK activation in neuronal cells via direct 
phosphorylation of Raf-1 at its Tyr 340/341.19,20 In addition, paxillin 
has been demonstrated to act as a scaffold for the organization and 
activation of the proteins Raf, MEK and ERK at focal adhesions,21 
although the present study is the first study to do so in vascular 

F I G U R E  5  Src and paxillin play critical 
roles in agonist-induced ERK activation 
in aortic smooth muscle cells. A, DPBA-
induced ERK phosphorylation in A7r5 cells 
transfected with Paxillin siRNA (n = 12) 
was blunted compared to CTRL siRNA-
treated cells (n = 12) (two-way ANOVA). 
B, PE-induced ERK phosphorylation in 
proximal aortic tissue strips pre-treated 
with either PP2 (Src inhibitor, 10 µM; 
n = 3) or vehicle control (H2O; n = 3). PP2 
pre-treatment abrogated PE-induced ERK 
phosphorylation (two-tailed Student's 
t test). ****p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05
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smooth muscle cells. We also show here that PE-induced ERK ac-
tivation is Src dependent in vascular smooth muscle, supporting a 
previous study in the portal vein of the ferret.22 Additionally, we 
demonstrate, for the first time, that agonist-induced ERK phosphor-
ylation is diminished by paxillin knockdown in aortic smooth muscle 
cells.

The regulation of VSMC contraction has been shown to involve 
the activation of ERK, which phosphorylates and inactivates the 
actin-binding protein caldesmon, alleviating caldesmon-induced 
inhibition of myosin-actin interactions, thus promoting VSMC 
contraction.22-26 Our data show that miR-related degradation of 
Src and paxillin can impair the activity of ERK and thus promote a 

weakened contractile response to the agonist phenylephrine. Our 
finding that ageing promotes smooth muscle contractile dysfunc-
tion of the mouse aorta is in agreement with previously published 
data from other groups.27,28 It has been reported that a compro-
mised ability of vascular smooth muscle cells to contract underlies 
thoracic aortic aneurysm disease (TAAD).27-34 We have directly 
shown that agonist-induced ERK and focal adhesion remodelling 
pathways35 are impaired in the aged mouse aorta, which results 
in a reduced ability of the smooth muscle to contract. Since TAAD 
risk increases in the elderly,36 our data provide novel mechanistic 
insights into how the aged aorta may become susceptible to this 
pathology. It is to be noted that the sort of direct in vitro biome-
chanical, biochemical and molecular alterations observed here in 
the mouse aorta model have not yet been reported for comparable 
aged human aortas undoubtedly due to the lack of ready availabil-
ity of such human tissues.

Interestingly, some previous studies have reported an increase 
in ERK phosphorylation in mouse models of TAAD.37,38 It is possible 
that basal ERK phosphorylation is higher in aged mice, but that the 
downregulation of Src, paxillin and MEK reduces the ability of ERK 
to be activated under hemodynamic stresses. Alternatively, differ-
ent pools of ERK could be involved. Importantly, the aforementioned 
studies suggested the use of pharmaceutical agents to blunt ERK ac-
tivation in the treatment of TAAD.22,37,38 However, our results would 
argue against this approach. As we and others have shown ERK acti-
vation to be important for smooth muscle contraction22,24,25,39 such 
agents will likely weaken aortic contractile function. Thus, since 
smooth muscle contractile dysfunction appears to be a key compo-
nent of TAAD progression,40 our data suggest that pharmaceutical 
manipulation of ERK signalling should be approached with caution.

Previous studies have elucidated an important role for focal adhe-
sion signalling in the development and regulation of vascular tone.41,42 
Focal adhesions (FAs) are dynamic structures that physically connect 
the actin cytoskeleton to the extracellular matrix (ECM) and have 
been proposed to play a role in aneurysm development.40 Focal ad-
hesion signalling and remodelling is initiated by Src-dependent tyro-
sine phosphorylation of the FA proteins paxillin, CAS and FAK.43-46 
We now show here that, along with miR-203,14 miR-34a and miR-137 
contribute to the age-related decrease in Src and paxillin expression 
in A7r5 cells. We also, importantly, show that miR-34a also has this ef-
fect on gene expression of Src and paxillin in actual contractile tissues. 
Despite a known role for FAK in ERK signalling,47 we demonstrate 
here that FAK protein levels are not significantly regulated by ageing, 
suggesting it is not responsible for this aged phenotype.

Thus, we propose that in the aged aorta, the mechanisms that 
lead to ERK activation are impaired, leading to a compromised 
contractile response of the aortas from aged male C57BL/6J mice. 
Furthermore, the ageing-associated increased expression of miR-
34a and miR-137, contributes to a decrease in Src and paxillin protein 
expression. We provide evidence that Src and paxillin are required 
for effective agonist-induced ERK activation in contractile aortic 
smooth muscle cells and thus that increased miR-34a and miR-137 
impairs ERK signalling (Figure 6A,B).

F I G U R E  6  Summary diagram/Graphical Abstract. A, 
Mechanisms of ERK-induced smooth muscle cell contraction 
with ageing. (i) MLC Kinase is a Ca2+/Calmodulin-dependent 
kinase and can be activated by increases in cytoplasmic ionized 
calcium ([Ca2+i]) levels, induced by depolarization or G-protein-
coupled receptor-mediated agonists, such as alpha adrenergic (α) 
agonists. (ii) agonists have also been demonstrated to promote 
the PKC-dependent activation of MEK that subsequently 
phosphorylates ERK, resulting in its activation. ERK activation 
induces phosphorylation of the actin-binding protein caldesmon, 
which releases its inhibitory action on actin, resulting in enhanced 
actomyosin cross-bridge cycling. B, Diagrammatic summary of 
the effects of miR-34a and −137 on ERK signalling. These miRs 
reduce the expression of both activators of and scaffolding 
proteins for ERK signalling. Src activates ERK through the direct 
phosphorylation of Raf.19,20 Paxillin functions as a scaffolding 
protein for the organization and activation of the ERK-activating 
proteins FAK, Raf and MEK at focal adhesions21 
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In conclusion, this study provides novel insights into the molec-
ular mechanisms of age-related impairment of VSMC signalling and 
contractile function. It is well known that aortic stiffness increases 
with age but contractility of the aged aorta has been less well stud-
ied. A compromised ability of vascular smooth muscle cells to con-
tract is thought to underlie thoracic aortic aneurysm and aortic 
dissection. We report here that impaired contractility of the prox-
imal aorta occurs with age and is agonist-specific. Furthermore, we 
show that impaired aortic contractility is characteristic of a specific 
miR-34a and miR-137-driven impairment of focal adhesion signalling 
and ERK activation. These molecular changes are potentially thera-
peutically addressable and hence of considerable importance. We 
suggest that future studies might utilize these findings to create 
novel miR-targeting therapeutic strategies that could prevent aortic 
dysfunction in the elderly.
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