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Abstract

Aim: Apoptosis of vascular smooth muscle cells (VSMCs) influenced by abnormal
cyclic stretch is crucial for vascular remodelling during hypertension. Lamin A/C, a
nuclear envelope protein, is mechano-responsive, but the role of lamin A/C in VSMC
apoptosis is still unclear.

Methods: FX-5000T Strain Unit provided cyclic stretch (CS) in vitro. AnnexinV/
PI and cleaved Caspase 3 ELISA detected apoptosis. qPCR was used to investigate
the expression of miR-124-3p and a luciferase reporter assay was used to evaluate
the ability of miR-124-3p binding to the Lmna 3’UTR. Protein changes of lamin
A/C and relevant molecules were detected using western blot. Ingenuity Pathway
Analysis and Protein/DNA array detected the potential transcription factors. Renal
hypertensive rats verified these changes.

Results: High cyclic stretch (15%-CS) induced VSMC apoptosis and repressed
lamin A/C expressions compared with normal (5%-CS) control. Downregulation of
lamin A/C enhanced VSMC apoptosis. In addition, 15%-CS had no significant effect
on mRNA expression of Lmna, and lamin A/C degradation was not induced by au-
tophagy. 15%-CS elevated miR-124-3p bound to the 3°UTR of Lmna and negatively
regulated protein expression of lamin A/C. Similar changes occurred in renal hyper-
tensive rats compared with sham controls. Lamin A/C repression affected activity
of TP53, CREB1, MYC, STAT1/5/6 and JUN, which may in turn affect apoptosis.
Conclusion: Our data suggested that the decreased expression of lamin A/C upon
abnormal cyclic stretch and hypertension may induce VSMC apoptosis. These mech-
ano-responsive factors play important roles in VSMC apoptosis and might be novel

therapeutic targets for vascular remodelling in hypertension.
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1 | INTRODUCTION

Vascular smooth muscle cells (VSMCs) are dominant cel-
lular constituents of arteries and are critical determinants of
vascular disease.! In hypertension, VSMCs undergo signifi-
cant dysfunction, which increases the ratio of vascular wall
thickness to lumenal diameter, and enhances the vascular
remodelling.2 VSMC apoptosis has been shown to be an im-
portant process in remodelling arteries during hypertensive
circumstances.” In the process of artery remodelling during
systemic hypertension, VSMC apoptosis is promoted, and
extracellular collagen synthesis and degradation are imbal-
anced, leading to an excessive deposition of collagen in the
vascular wall.*

During hypertension, mechanical cyclic stretch, de-
fined as repetitive deformation of the cells as a vessel wall
rhythmically distends and relaxes with the cardiac cycle, is
significantly increased.” Various studies have revealed that
this pathologically changed force plays crucial roles in vas-
cular remodelling diseases associated with hypertension.6
Mechanical cyclic stretch induces phenotype switching,
proliferation,’ apoptosis8 and migration9 of VSMCs. Many
mechano-responsive signalling pathways have been indi-
cated to be influenced by cyclic stretch, including the PI3K/
Akt,10 PKC,]1 NFKB,'2 Rho family GTPases'"® and MAPK
pathways.14 In addition, cytoskeletal proteins in both the cy-
toplasm and nucleus are also responsive to varying degrees
of cyclic stretch. For example, cyclic stretch induces realign-
ment and rearrangement of microfilaments'® and reorienta-
tion of microtubules and intermediate filaments.'® Our recent
work shows that lamin A and emerin, important cytoskeletal
proteins in the nucleus, are responsive to both cyclic stretch
and shear stress.”"’

Lamins are nuclear intermediate filament proteins and
constitute structural components of the nuclear lamina, which
is a protein network underlying the inner nuclear membrane
that determines nuclear shape and size.'® Two types of lamins
are found in mammalian cells: A-type lamins, including lamin
A, C, AA10 and C2, are encoded by a single gene (Lmna) and
are developmentally regulated and expressed in differentiated
cells; B-type lamins, including lamin B1 and B2/B3, are en-
coded by two distinct genes and are constitutively expressed
in all cells.” In mechano-responsive processes, lamin A and
C are stress-sensitive molecules that have been widely stud-
ied. For example, when BEAS-2b cells are subjected to 18%
equibiaxial stretch, the expression of lamin A and its ratio to
lamin B expression both increase significantly, which then
changes the compliance of nuclei.”’

Although studies have proven that different kinds of me-
chanical stimuli regulate lamin A/C, the detailed mechanisms
involved in these processes are still unclear. Transcriptional
regulation, protein synthesis, degradation and rearrange-
ment may all participate in varying the expression of lamin

A/C. Our preliminary experiment indicated that inhibition of
the ubiquitin degradation pathway partially reversed the re-
pression of lamin A/C induced by abnormal cyclic stretch.
However, this reversal process was not complete, which sug-
gested that there are other regulatory mechanisms that affect
the expression of lamin A/C. Here, we tried to demonstrate
the mechanism of the altered expression of lamin A/C under
abnormal cyclic stretch and to further detect the role of this
altered expression in VSMC apoptosis.

In this study, the roles of miRNA regulation and protein
degradation induced by autophagy were first explored under
cyclic stretch application. Then, the role of repressed lamin
A/C in the apoptosis process of VSMCs was demonstrated.
This study may provide a new insight into understanding the
mechanism of VSMC dysfunction in hypertension, and may
provide a potential target to maintain VSMC homeostasis in
physiologically and pathologically.

2 | RESULTS

2.1 | Pathological cyclic stretch represses
the expression of Lamin A/C and induces the
apoptosis of VSMCs

Mechanical circumferential stress is significantly increased
by high blood pressure which causes more intense deforma-
tion of the elastic blood vessels.”! Using an FX-5000T Strain
Unit system, different magnitudes of cyclic stretch were ap-
plied to VSMCs in vitro.

Compared with 5% cyclic stretch (physiological stretch
to mimic normal tension), 15% cyclic stretch (pathological
stretch to mimic hypertension) significantly increased the
apoptosis of VSMCs, which was detected using both Annexin
V/PI staining (Figure 1A) and cleaved Caspase 3 ELISA
(Figure 1B). In addition, the protein expressions of lamin
A/C were studied after the cells were subjected to different
levels of cyclic stretch. Compared with 5%-CS, 15%-CS de-
creased the expression of lamin A (at 6, 12, and 24 hours)
(Figure 1C) and lamin C (at 24 hours but not at 6 or 12 hours)
(Figure 1D).

These results implied that pathological elevated cyclic
stretch induced VSMC apoptosis and repressed lamin A/C
protein expression.

2.2 | Repressed expression of lamin A/C
induces apoptosis of VSMCs

Because the altered expressions of lamin A/C were accom-
panied by changes in apoptosis under pathological cyclic
stretch, we detected whether lamin A/C participated in the
modulation of apoptosis.

Under the static conditions, specific siRNA was used to
specifically decrease the expression of lamin A/C (Figure
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FIGURE 1 Cyclic stretch (CS) modulated the expression of lamin A/C, which participates in the apoptosis of VSMCs in vitro. A, A cyclic

stretch level of 15% increased VSMC apoptosis in comparison with a level of 5%, as detected with AnnexinV-FITC/PI staining. B, A cyclic stretch

level of 15% increased VSMC apoptosis in comparison with a level of 5%, as detected using cleaved Caspase 3 analysis. C and D, A cyclic stretch

level of 15% decreased the expression of lamin A and lamin C in comparison with a level of 5%. E, Lamin A/C targeted RNA interference (RNAI)

markedly suppressed the expression of both lamin A and lamin C, under the static condition. F, Lamin A/C targeted siRNA increased VSMC
apoptosis, as detected with AnnexinV-FITC/PI staining. G, Lamin A/C targeted siRNA increased VSMC apoptosis, as detected using cleaved
Caspase 3 analysis. Non-silencing siRNA with no known homology to rat genes was synthesized as a negative control (NC). The values represent
the mean + SD. *P < .05, TP < .01 vs. control. The control value (for A-D, 5%-CS was used as the control, and for E-G, the control was the

siRNA negative control) was standardized to 1 (n = 8)

1E). Lamin A/C knockdown significantly increased the
apoptosis of VSMCs under static conditions (Figure 1F,G).

Together, our results regarding lamin A/C expression and
VSMC apoptosis under stretch application suggested that
the repression of lamin A/C induced by pathological cyclic
stretch may contribute to the regulation of VSMC apoptosis.

2.3 | Decreased expression of lamin A/C
is not regulated by transcription or autophagy

Since the protein expressions of lamin A/C were decreased
under 15%-CS, we then explored the potential mechanisms in
this process. Although our preliminary experiment revealed

a partial effect of the ubiquitin degradation pathway in this
pI’OCCSS,7 the detailed regulatory mechanisms of the expres-
sion of lamin A/C were further detected.

First, we detected the effects of different levels of cyclic
stretch on the expression of Lmna, the mRNA of lamin A/C.
The results revealed that there were no significant differences
in the expression of Lmna between the 5%- and 15%-CS
groups at 6, 12, and 24 hours (Figure 2A). This finding in-
dicated that pathological cyclic stretch may not change the
transcription of lamin A/C.

Furthermore, we explored the effects of autophagy, a
mechano-responsive protein degradation mechanism?>%
that is involved in lamin B degradation,24 on lamin A/C
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FIGURE 2 The protein expression of lamin A/C was regulated by miR-124-3p but not by transcription or autophagy. A, Compared with
5%-CS, 15%-CS had little effect on the expression of Imna, the mRNA of lamin A/C, at 6, 12, and 24 hours. B, C, D and E, The western blot
results indicated that in VSMCs, Baf strongly blocked autophagy level (LC-II/LC-I, C), but had little effect on the expression of lamin A/C (D, E)
compared with the control. F, G and H, The western blot results indicated that in VSMCs, CQ greatly induced autophagy (LC-1I/LC-I, F), and had
little effect on the expression of lamin A/C (G, H) compared with the control. (I) Sequence alignment between rno-miR-124-3p and its putative
binding sites in the rat Lmna 3’UTR. (J, K, L) The western blot results indicated that in VSMCs, miR-124-3p mimics greatly reduced the protein
expression of lamin A/C (K), while miR-124-3p inhibitor greatly increased it compared with the NC (L). The values represent the mean + SD.

*P < 05, TP < .01 vs. control. The control value (for A, 5%-CS was used as the control; for B-H, the control was the untreated group; for K, the
control was the negative control for miRNA mimics; and for L, was the negative control for miRNA inhibitor) was standardized to 1 (n = 4-8)

expression. Two kinds of autophagy inhibitors, Baf and
CQ, considerably blocked the autophagy in VSMCs (Figure
2B,C.F), but had no significant effect on the protein expres-
sion of lamin A/C (Figure 2D,E,G and H). Then, we detected
the possible post-transcriptional regulatory mechanism of the
expression of lamin A/C.

2.4 | miR-124-3p decreases the expression of
lamin A/C

MiRs are important endogenous non-coding RNA mol-
ecules that negatively regulate protein expression by
targeting specific mRNAs and induce their degradation
or translational repression. To identify possible miRs
in lamin A/C regulation, three online databases, PicTar
(http://www.pictar.org/), TargetScan (http://www.targe
tscan.org/) and miRanda (http://www.microrna.org) were
searched. The search results revealed that there were

two predicted binding sites for miR-124-3p in the Lmna
3’UTR (Figure 2I), indicating that miR-124-3p may neg-
atively regulate lamin A/C protein expression. The se-
quence alignment between miR-124-3p and Lmna 3’UTR
was well conserved among different species (Table S2).
Interestingly, miR-124-3p also targets emerin, another nu-
cleoskeletal protein that was affected by 15%-CS (Figure
S2A), and miR-124-3p is important to VSMCs under dif-
ferent pathological states. >’

Subsequently, miR-124-3p was overexpressed or
knocked down in VSMCs with a specific mimic or in-
hibitor respectively. The western blot analysis results in-
dicated that the miR-124-3p mimic significantly reduced
the protein expression of lamin A/C (Figure 2K), whereas
the inhibitor increased lamin A/C levels compared with
the respective NC (Figure 2L). These results indicated that
miR-124-3p played an important role in the regulation of
lamin A/C expression.


http://www.pictar.org/
http://www.targetscan.org/
http://www.targetscan.org/
http://www.microrna.org

BAOTTAL ACTA PHYSIOLOGICA ki

(A) (B

LMNA 3' UTR(mutant1) 5'..CCUUUUCCCUGUAUCACGGAAUA...3’

rno-miR-124-3p 3'...CCGUAAGUGGCGC-—-ACGGAAU...5'
LMNA 3' UTR(mutant2) 5'...CGAGACUCCUCUGCCACGGAAUC..3'

~ Relative luciferase activity =~
(x-fold change)

mo-miR-124-3p 3'...CCGUAAGUGGCGC--ACGGAALU...5'
©), mNC. . mimic (©
5 5 o
e 2 2
[*]
% ] o ] g 37 e e - A
=] § - 8_ °
T T % 2 Fromen e
273 27 5}
2
- - -
o1 2 g 1 e
® 0 .4 ‘2 .13 4 C:? o 23 4 Fo r T
10° 10 102 10° 10 10° 10" 10 10° 10 s 8 & © =
Annexin V Annexin V E £ % 3
- . SRl <
- iNC. - inhibitor £
e = (E)
R L g
i z
a6l ool »
2 e ?
7]
- - ]
23 o3 @
©
(]
> > S

S : T T o . : r
10° 10 10% 10° 10* 10° 10 10* 10° 10
Annexin V Annexin V

(3]
g E ¢
E E

inhibitor

FIGURE 3 MiR-124-3p has two binding sites in the Lmna 3°UTR. A, Three mutants of the binding sites on the Lmna 3'UTR were created
from two mutations at separate sites. B, A dual luciferase reporter gene system was used to detect the luciferase activity in wild-type (WT) and
mutant (Mut) Lmna 3’UTR in negative control (NC)- and miR-124-3p mimic-treated HEK-293T cells. miR-124-3p significantly reduced the
luciferase activity of the wild-type Lmna 3’UTR in comparison with the Mut Lmna 3’UTR with three culture repeats. C and D, Increasing or
suppressing of the expression of miR-124-3p in the VSMCs increased or decreased apoptosis respectively, as detected with AnnexinV-FITC/PI
staining. E, Increasing or suppressing of the expression of miR-124-3p in the VSMCs increased or decreased apoptosis respectively, as revealed by
cleaved Caspase 3. The values represent the mean + SD. *P < .05, 'P < .01 vs. control. The control value (for C-E, respective negative control
for miRNA mimics and inhibitor was used as the control) was standardized to 1 (n = 8)

2.5 | MiR-124-3p has two binding sites The effect of miR-124-3p on VSMC apoptosis was then
in the 3°UTR of Lmna examined. Using miR-124-3p mimic or inhibitor, Annexin

V/PI and cleaved Caspase 3 ELISA assays revealed that
A dual luciferase reporter gene system was then used to as- compared with the respective controls, apoptosis of VSMCs

sess the binding and inhibitory capacity of miR-124-3p to was significantly accelerated by the miR-124-3p mimic,
two independent target sites of Lmna 3’UTR. Three Lmna  but attenuated by the inhibitor compared with the respec-
3’UTR mutants were designed: two with mutations at ei-  tive controls (Figure 3C,D and E). The above results indi-
ther target site (Figure 3A), and one with mutations at both  cate that miR-124-3p negatively regulated the expression
sites simultaneously (Table S3). Figure 3B showed that  of lamin A/C by targeting two sites on the Lmna 3’UTR,
compared with the NC cotransfected, miR-124-3p mimic  and subsequently promoted the apoptosis of VSMCs.
cotransfected with the wild-type 3’UTR of Lmna signifi-
cantly decreased the luciferase activity in the HEK-293T
cells. In contrast, miR-124-3p cotransfected with the three . .
L . . . apoptosis caused by cyclic stretch are reversed
mutants significantly increased luciferase activity com- e 3 ey ese A
pared with miR-124-3p cotransfected with the wild-type by the inhibition of miR-124-3p
3’UTR. This suggested that both targeting sites in the We then explored whether miR-124-3p was mechanically
3’UTR of Lmna are important in downregulating the ex-  sensitive and whether it participated in the regulation of
pression of lamin A/C protein by miR-124-3p. lamin A/C expression and VSMC apoptosis during cyclic

2.6 | The Lamin A/C expression and VSMC
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FIGURE 4 The lamin A/C and apoptosis change caused by cyclic stretch can be reversed by inhibiting miR-124-3p. A, The real-time RT-
PCR results revealed that miR-124-3p expression (normalized to U6 expression) was markedly increased in the 15%-CS group compared with the
5%-CS group. B and C, Suppression of the expression of miR-124-3p in the 15%-CS group or the 5%-CS group decreased apoptosis, as revealed
by Annexin V/PI staining. D, Suppression of the expression of miR-124-3p in the 15%-CS group or the 5%-CS group decreased apoptosis, as
revealed by cleaved Caspase 3 levels. E and F, Suppression of the expression of miR-124-3p in the 15%-CS group or the 5%-CS group increased
the expression of lamin A/C. The values represent the mean + SD. *P < .05, P < .01 vs. control. The control value (for A, 5%-CS was used as
the control and for B-F, the inhibitor negative control was used) was standardized to 1 (n = 8)

5%- and 15%-CS conditions (Figure 4B,C,D), while it
increased the protein expression of lamin A/C (Figure
4E,F).

These results demonstrated that the miR-124-3p-lamin
A/C pathway participates in VSMC apoptosis promoted by
15%-CS.

stretch application. Compared with exposure to 5%-CS,
exposure to 15%-CS for 6, 12 and 24 hours markedly in-
creased the expression of miR-124-3p (Figure 4A), which
suggested that miR-124-3p was also a mechanosensitive
molecule. Compared with the NC control, miR-124-3p
inhibitor decreased the apoptosis of VSMCs under both
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involved in cell death and survival. F, G, H and I, Pathway exploration analysis of several transcription factors that were jointly regulated by lamin
A/C and emerin. J, Protein/DNA arrays microarray of various apoptosis-related transcription factor activities predicted by IPA bioinformatics

software

2.7 | Downregulation of lamin A/C
regulates the activation of various TF's
in VSMCs

It has been reported that nuclear envelope (NE) proteins reg-
ulate DNA synthesis, chromatin organization and gene tran-
scription.zg’29 Therefore, IPA bioinformatics software was
used to find the potential downstream transcription factors
that may interact with lamin A/C and emerin.

The functional analysis of the software showed that the
transcription factors interacting with lamin A/C and emerin
were closely related to cell death and survival (Figure
5A,B) through many signalling pathways (Figure 5C,D).
As shown in Figure 5E, 48 transcription factors, predicted
by IPA to be downstream of lamin A/C and emerin, were
involved in cell death and survival. Pathway exploration

was performed to analyse 4 transcription factors that were
jointly regulated by lamin A/C and emerin, and these TFs
could regulate at least 15 apoptosis-related molecules. We
found that the signalling pathways formed by TP53, MYC,
E2F1 and SP1 were involved in various stages of apoptosis
(Figure SF-I).

Subsequently, we used a protein/DNA microarray
(Panomics Inc, USA) to confirm the effect of lamin A/C or
emerin siRNA on the activities of apoptosis-related tran-
scription factors predicted by IPA bioinformatics software
(Figure 5J). For six TFs, TP53, CREB1, MYC, STATS5/6,
JUN and STAT]1, the activation was changed by more than
twofold by siRNA of lamin A/C or emerin. These findings
suggested that lamin A/C and emerin could modulate the
activities of TFs that might participate in the regulation of
VSMC apoptosis.
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2.8 | Hypertension induces the expression of
miR-124-3p and represses the expression of
lamin A/C in vivo

Using an abdominal aorta coarctation hypertensive model,
changes in VSMCs were explored in vivo. At 1 week after
surgery, systolic and diastolic blood pressure and mean arte-
rial pressure increased significantly in the hypertensive model
(Figure 6B,C). In the thoracic aorta, the wall thickness was
markedly increased in hypertensive rats compared with the
sham-operated controls by haematoxylin-eosin stain analysis
(Figure 6A,D). qPCR and in situ FISH revealed a significant
increase in miR-124-3p in the thoracic aorta in the model
group (Figure 6F), and this increase was mainly in VSMCs
(Figure 6I). Cleaved Caspase 3 ELISA analysis showed that
cell apoptosis in the thoracic aorta was also markedly in-
creased in hypertensive rats (Figure 6E), while lamin A/C ex-
pression was significantly suppressed (Figure 6G-H).

These results suggested that miR-124-3p/lamin A/C may
participate in the abnormal cyclic stretch induced apoptosis
of VSMC:s caused by hypertension.

3 | DISCUSSION

Lamins are type V intermediate filament proteins that form
the nuclear lamina, a filamentous network underlying the
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aberrant splicing32 and abnormal expression33 of lamin
A/C, the nuclear A-type lamins, will lead to the disruption
of various crucial cellular functions and result in a num-
ber of devastating diseases. For example, in the cardio-
vascular system, mutation of lamin A/C caused by Lmna
mutations participates in up to 10% of dilated cardiomyo-
pathies (DCMs) and underlies a spectrum of other diseases
including muscular dystrophy, lipodystrophy and acrogeria
syndromes.34 Progerin, a truncated and toxic prelamin A
caused by aberrant splicing, is associated with severe car-
diovascular problems, including cardiac electrical defects,
vascular calcification and stiffening, atherosclerosis, myo-
cardial infarction, and stroke, as well as with premature
death.® In addition, abnormal expression of lamin A/C has
also been reported in cardiovascular diseases such as hy-
pertension,7’33 which leads to dysfunction of vascular cells
and leads to vascular remodelling.

However, the mechanisms of how lamin A/C changes
cell function have still not conclusively determined.
Studies have revealed that the nuclear structural changes
caused by lamin A are important to a range of cellular
functions. Lamin A is rate-limiting in the 3D migration
of diverse cells, including glioma and primary mesenchy-
mal stem cells (MSCs).*® Harada et al reports that the high
ratio of lamin A to lamin B caused by extruded nuclear
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coarctation for 1 week, haematoxylin-eosin staining was used to analyse the morphological changes in rat thoracic aortas. Scale bar = 100 pm.

B-C, The operated rats exhibited markedly higher levels of systolic and diastolic blood pressure and mean arterial pressure than the sham rats. D,

The thickness of thoracic aorta wall was increased greatly. E-F, Marked increases of miR-124-3p and apoptosis were detected in the thoracic aorta.

(G-H) Lamin A/C expression in the thoracic aortas of hypertension model rats was suppressed as compared with the sham-operated controls. (I)

MiR-124-3p and miR-124-3p negative control probe was hybridized in situ FISH. Negative control probe with no known homology to rat genes.

The expression of miR-124-3p was markedly increased. Scale bar =50 pm. The values represent the mean + SD. *P < .05, TP < .01 vs control.

For B-E and G, sham-operated controls were used as a control; for F, a pair of experimental groups and sham-operated control rats were randomly

selected for comparison of expression by the 2~ “2<T method (n = 6-8)
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shapes after migration, promotes survival against migra-
tion-induced stresses.”® The absence of another kind of
nuclear envelope protein, emerin, is also reported to cause
abnormal nuclear shape and increase apoptosis in mouse
embryonic fibroblasts.’” Aside from changes in nuclear
structure, recent studies have provided support for a role
of lamin A in gene regulation. Ho et al reports that lami-
nA/C-deficient (Lmna™) cells impair nuclear translocation
of megakaryoblastic leukaemia 1 (MKL1), a mechanosen-
sitive transcription factor that is pivotal in cardiac develop-
ment and function.®® Altered nucleo-cytoplasmic shuttling
of MKL1 is caused by altered stress fibre assembly and
then affects the differentiation of VSMCs via the RhoA/
MKLI1/SRF* and MYOCD/MYOSLID/MKL1* pathways.
Under the mechanical stress situation, low shear stress
suppresses the expression of lamin A, which subsequently
modulates the activation of important transcription factors,
eg, Stat-1, Stat-3, Stat-5 and Stat-6, and eventually leads to
EC dysfunction.17 Furthermore, our results demonstrated
that knockdown of lamin A/C and emerin changed the ac-
tivity of a variety of apoptosis-related transcription fac-
tors, which may in turn affected apoptosis of VSMCs.

Under hypertension, the repression of lamin A/C has been
shown to be a potential biomarker that is associated with
blood pressure changes.33 Maggi et al also reports that ab-
normalities in lamin A/C cause hypertension.41 On the other
hand, abnormally elevated blood pressure can decrease the
expression of lamin A/C in vascular cells. Our results showed
that in hypertension, miR-124-3p was involved in the neg-
ative regulation of lamin A/C expression. There are many
other factors that also affect the expression of lamin A/C. For
example, in fibroblast cells, autophagy mediates the degrada-
tion, but not the transcription, of lamin A/C proteins during
oncogene-induced senescence.”” The Akt pathway modu-
lates both prelamin A and lamin A degradation in interphase
cells.” In VSMCs, the ubiquitin degradation pathway also
participates in lamin A/C protein reduction.” These results
suggested that post-transcriptional regulation, including neg-
ative regulation by miR-124-3p and protein degradation, play
an important role in the protein expression of lamin A/C.

In addition to the effects on transcription factor activity,
lamin A/C changes can affect the expression of other nu-
cleoskeletal proteins. Jan et al reports that in lamin C-only
(Lmna®™oc0)) embryonic fibroblasts, the expression of
lamin B2 is significantly increased, and there is a trend to-
ward increased levels of lamin B1.** In addition, our previous
research revealed that transfection of lamin A/C siRNA into
VSMC:s represses the expression of emerin; in addition, in-
terestingly, emerin siRNA also decreases the expression of
lamin A/C.” In our study, we proved that a miR-124-3p mimic
inhibited the expression of both lamin A/C and emerin, while
the dual luciferase reporter assay revealed that the mimic of
miR-124-3p could not bind to the Emd 3" UTR (Figure S2F-G).
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Therefore, in stress situations, changes in emerin protein were
probably caused by changes in lamin A/C expression.

In this research, Flexcell FX5000T Strain Unit was used
for the mechanical stretch application in vitro. The magni-
tude of cyclic stretch (5% mimics the physiological cyclic
strain, and 15% mimics the pathologically increased cyclic
strain) is based on the published clinical ultrasound data
which revealed that large artery dilates as much as 15%-
CS in hypertension,“s’46 and 5%-CS in normotension.*’*3
Although these magnitudes have been used in our lab”™#

3051 to demonstrate the roles of me-

and other researches
chanical cyclic stretch in vascular remodelling in hyperten-
sion, the mechanical situation is highly complex especially
in chronic hypertension which is combined with the re-
modelling of arteries. During acute hypertension or the
initiation of arterial hypertension, the distension of blood
vessels is increased which has been proved to be an import-
ant inducer for the subsequent vascular remodelling.”*>> If
the pathological factors of hypertension are persistent and
chronic, arterial walls undergo continuous remodelling that
involves VSMC hypertrophy and hyperplasia, and enhances
collagen decomposition and reorganization of extracellular
matrix, which gradually results in thickening and stiffening
of arterial walls.>* Then the mechanical situation includ-
ing the changes of stiffness and cyclic stretch will be more
complex. Furthermore, because of the limitation of the in-
strument, the Flexcell FX5000 System could not reach the
magnitude of 15%-CS under the rat cardiac cycle. The fre-
quency used in this study simulates the adult human heart
rate of 60-100 beats (www.heart.org). The mechanobiolog-
ical mechanism of the above dynamic complex processes
remains to be further demonstrated in the future studies.

In summary, this study has revealed that the NE proteins
lamin A/C were mechanosensitive molecules in VSMCs.
Pathologically elevated cyclic stretch suppressed the expres-
sion of lamin A/C by upregulating miR-124-3p, which may
subsequently modulate the activation of different TFs and
ultimately affect the apoptosis of VSMCs. These results pro-
vided evidence that cyclic stretch regulated VSMC functions
through an NE protein-mediated mechanism and shed light on
the role of nucleoskeletal proteins in mechanotransduction.

4 | MATERIALS AND METHODS

4.1 |

The animal care and experimental protocols were in accord-
ance with the Animal Management Rules of China (55, 2001,
Ministry of Health, China), and the study was approved by the
Animal Research Commiittee of Shanghai Jiao Tong University.

Renal hypertensive rats were generated by abdominal aor-
tic coarctation.”> Male Sprague-Dawley rats with an average
weight of 200 g were randomly assigned to an abdominal

Hypertensive rat model


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ho CY%5BAuthor%5D&cauthor=true&cauthor_uxml:id=23644458
http://www.heart.org
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aorta constriction group and a sham surgery control group.
All animals were anaesthetized with isoflurane inhalation
and treated in sterile conditions. The abdomen was opened,
and the abdominal aorta was surgically dissected from the
inferior vena cava at a site just above the renal arteries. A
0.8 mm blunt needle was then placed along the side of the
isolated aorta segment. Thereafter, a 3-0 suture was tightly
tied around the aorta and the overlying needle. The needle
was then removed, which caused aortic constriction above
the renal arteries. The animals assigned to the control group
underwent the same procedure, but without actual ligation
of the aorta.

The animals were then observed for 1 weak. Before the
samples were harvested, blood pressure was measured di-
rectly via a carotid cannula method.>>>® The animals were
anaesthetized with isoflurane, and the left carotid artery
was catheterized with a 1.1 mm indwelling needle. Blood
pressure was monitored directly via the arterial intubation;
the transducer was connected to a multiple-lead physiologic
recorder (MP30; Biopac Systems, Goleta, CA, USA). Mean
arterial pressure was calculated as follows: mean arterial
pressure = (systolic blood pressure + 2 X diastolic blood
pressure)/3.

4.2 | Cell culture

Primary VSMCs were cultured from the medial portions
of thoracic aortas from normal male Sprague-Dawley rats
after the removal of the adventitia and endothelium. The
media of the aorta was isolated surgically and minced into
small pieces, which were plated onto 25-cm? culture flasks
for culture in Dulbecco's Modified Eagle Medium (DMEM,
Gibco, USA) containing 10% heat-inactivated fetal bovine
serum (FBS, Gibco, Australia), 100 U mL-1 penicillin and
100 pg mL-1 streptomycin and were incubated at 37°C in
a humidified incubator (95% air and 5% CO,). The VSMC
monolayers were passaged every 3-4 days after trypsiniza-
tion, and the cells in passages 6-9 were used for experiments.
We used different rat-derived VSMCs for each independent
experiment. The purity of VSMCs was examined by using
immunofluorescence staining of VSMC specific marker,
smooth muscle a-actin (Sigma-Aldrich, SL, USA, Fig. S1),
and a purity more than 95% was used in this study.

43 |

VSMCs were seeded on flexible silicone-bottom plates
(Flexcell International, Hillsborough, NC) at a density of
2 % 10° cells per well and incubated overnight in an incubator.
After the cells had completely adhered, serum-free medium
was used for 24 hours to synchronize the cells. The cells were
then exposed to cyclic stretch provided by a FX-5000T Strain
Unit (Flexcell International) with an elongation magnitude

Cyclic stretch application

of 5%,*”* which mimics the physiological cyclic strain in
vivo, or 15%,%*¢ which mimics the pathologically increased
cyclic strain, at a consistent frequency of 1.25 Hz.

44 | Autophagy analysis

VSMCs were seeded into 6-well cell culture plates at a density
of 2 x 10° cells. After the cells had completely adhered, serum-
free medium was used for 24 hours to synchronize the cells.
Then, increasing concentrations of bafilomycin Al (Santa
Cruz Biotechnology, Dallas, TX, USA, 0, 0.5 and 5 pM re-
spectively) and chloroquine (Sigma-Aldrich, SL, USA, 0, 10,
25 and 50 nM respectively) were added to the medium (Gibco,
USA), and the cells were cultured for another 24 hours.

4.5 | RNA extraction and SYBR Green
Real-Time PCR assay

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Optimization reactions consisting of
different annealing temperatures and different primer con-
centrations were performed to determine the most appropriate
annealing temperature and primer concentration. Negative
controls were run with each experiment. Real-time RT-PCR
was performed using a Quanti-Tect SYBR Green PCR Kit
(Bio-Rad, Hercules, CA, USA) with 1 pL of cDNA using an
iCycler (Bio-Rad, Hercules, CA, USA). Amplification of tar-
get genes and the reference gene (U6 for miR expression and
GAPDH for Lmna expression) was performed in triplicate,
and the PCR products were verified via melt curve analy-
sis. The results were normalized to the reference gene, and
the relative gene expression was measured using the pmAACT
method.

4.6 | Western blotting

VSMCs were gently washed with cold PBS and were lysed
at 4°C for 5 minutes with lysis buffer (0.15 M Tris, pH 6.8;
1.2% SDS; 15% mercaptoethanol). Lysates were subjected
to electrophoretic separation by 10% SDS-PAGE and trans-
ferred to nitrocellulose membranes (Hybond, Amersham).
Western blot analysis was performed using antibodies di-
rected against lamin A/C, (lamin A/C (1:500) (Santa Cruz
Biotechnology, Dallas, TX, USA), lamin A (1:500) (Abcam,
Cambridge, UK), lamin C (1:500) (Abcam, Cambridge, UK),
emerin (1:500) (Abcam, Cambridge, UK), LC A/B (1:500)
(Abcam, Cambridge, UK) and GAPDH (1:500) (Santa Cruz
Biotechnology, Dallas, TX, USA). After incubation with al-
kaline phosphatase-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, WestGrove, PA, USA), the
signals were visualized using nitroblue tetrazolium/bromo-
chloroindolyl phosphate (Bio Basic, Markham, ON, Canada),
and quantified with Image Studio Digits Ver 5.0 (LI-COR).
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4.7 | Transfection with miRs mimics, miR
inhibitor or Lmna siRNA

For the transfection experiment, VSMCs were transfected
with 100 nmol L-1 rno-miR-124-3p mimic, rno-miR-124-3p
inhibitor, Lmna siRNA or the respective negative controls
(Gene-Pharma, China). VSMCs were seeded into 6-well cell
culture plates at a density of 2 x 10> cells. After an 8-hour
incubation to allow for attachment, the cells were transfected
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
and mimics/inhibitors/siRNAs according to the manufac-
turer's instructions. Briefly, 100 nmol of siRNAs and 5 pL
of Lipofectamine™ 2000 were diluted in serum- and antibi-
otic-free Opti-MEM (Invitrogen, Carlsbad, CA, USA) to a
final volume of 800 pL. After mixing for 20 minutes at room
temperature, the mixture was added dropwise onto the cells,
and the cells were incubated at 37°C in a humidified CO,
incubator. Non-silencing siRNA with no known homology
to rat genes was synthesized as a negative control (NC). The
sequences of the RNA oligos are listed in Table S1.

4.8 | Dual luciferase reporter assay

The conserved miR-124-3p-binding sequences in the 3’ un-
translated regions (UTRs) of Lmna, Emd (mRNA of emerin,
another nucleoskeletal protein) and the mutation of the bind-
ing sequences were all obtained by gene synthesis, and then
inserted into the downstream of the luciferase reporter gene
(psiCheck-2; Promega, Madison, WI, USA) respectively. To
determine the suppression efficiency of miR-124-3p, human
HEK-293T cells were transfected with the reporter plasmid
or the mutated vectors together with miR-124-3p mimic and
NC. Twenty-four hours later, firefly and renilla luciferase
activities were measured consecutively by using a dual lucif-
erase reporter assay system (Promega, Madison, WI, USA).

49 |

Two methods were used to detect the apoptosis of VSMCs,
AnnexinV/PI assay and the cleaved Caspase 3 ELISA.
AnnexinV-FITC/PI kit (Roche Diagnostics, Germany) was
used according to the manufacturer's instructions. Briefly, cells
were collected and washed twice with PBS. After being gently
resuspended in AnnexinV binding buffer, the cells were incu-
bated with AnnexinV-FITC/PI in the dark for 10 minutes and
analysed using flow cytometry using a FACSCalibur (Becton,
Dickinson and Company, USA). In the scatter diagrams of the
FACS assay, the x-axis represents annexinV-FITC fluores-
cence and the y-axis depicts PI fluorescence. The upper right
quadrant indicates late apoptotic cells, the lower right quad-
rant indicates early apoptotic cells and the lower left quadrant
shows living cells. According to the manufacturer's instruc-
tions, the entire right region is defined as apoptotic cells.

Apoptosis assay

ACTA PHYSIOLOGICA i

Since AnnexinV/PI assay could not exactly distinguish be-
tween necrosis and apoptosis, the cleaved Caspase 3 ELISA
method, which detected the apoptosis-specific activation of
cleaved Caspase 3 (Aspl75), was also used to further validate
the levels of apoptosis. For in vivo and in vitro assays, the cleaved
Caspase 3 ELISA kit (Cell Signaling Technology, Danvers,
MA, USA) was used according to the manufacturer's instruc-
tions. VSMCs were treated with lysis buffer (with | mM PMSF
freshly added) on ice. The lysates were transferred to appropri-
ate tubes and then centrifuged for 10 minutes at 14 000 rpm and
4°C. The samples were sequentially incubated with relevant an-
tibodies according to the instructions mentioned on the cleaved
Caspase 3 ELISA kit. The absorbance at 450 nm was measured
using an ELISA plate reader (Bio-Rad 680).

4.10 |

The possible biological processes and functional classifi-
cations of the target transcription factor of lamin A/C and
emerin were obtained with Ingenuity Pathway Analysis
(IPA) software (Qiagen) (https://www.qiagenbioinformatics.
com/products/ingenuity- pathway-analysis content version:
39 480 507). IPA integrated the available knowledge on
genes, drugs, chemicals, protein families, processes and path-
ways based on the interactions and functions derived from
the Ingenuity Pathways Knowledge Database Literature. IPA
was used to understand the complex biological and chemical
systems at the core of life science research based on lectures
or predicated analysis.”’

Ingenuity pathway analysis

4.11 | Protein/DNA array analysis

To detect the activities of transcription factors induced by
lamin A/C and emerin interference, a protein/DNA array
was used. Nuclear proteins were prepared from VSMCs
transfected with siRNA by using a nuclear extraction kit
(Panomics, USA) following the manufacturer's instruc-
tions. TranSignal Protein/DNA Array I kit (Panomics,
USA) was used to identify the DNA-binding properties of
18 transcription factors (TFs) predicted by IPA. In general,
nuclear extracts from ECs were incubated with TranSignal
probe mix (Panomics) containing 18 biotin-labelled dou-
ble-stranded DNA oligonucleotides for 30 minutes at
15°C. The biotin-labelled oligonucleotides that were spe-
cifically bound to the TFs were eluted and hybridized to
a TranSignal array membrane containing oligonucleotides.
The blots were then washed and incubated with horserad-
ish peroxidase (HRP)-conjugated streptavidin according to
the manufacturer's instructions. The hybridization signals
on the array were detected using standard chemilumines-
cence procedures with Hyperfilm ECL (2-10 minutes). The
relative spot intensities were determined using ScanAlyze
software to obtain numerical data for comparisons.


https://www.qiagenbioinformatics.com/products/ingenuity
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The thoracic artery samples were frozen-sectioned into 6 pm
sections. The sections were then stained with haematoxylin
for 8 minutes and rinsed with distilled water, and 0.1% hydro-
chloric acid in 70% ethanol. After rinsing with tap water for
5 minutes, 0.3% ammonium hydroxide was used for 5 min-
utes. The slides were then rinsed with 70% and 90% ethanol
for 5 minutes respectively, stained with eosin for 30 s and
rinsed again with distilled water. Increasing concentrations
of ethanol (70%, 90%, 95% and 100%) were then used for
dehydration, followed by xylene twice. The raw data were
analysed with ImageJ (Rawak Software, Inc, Germany).

Haematoxylin-Eosin staining

4.13 |

The thoracic artery samples were plunged into freezing iso-
pentane and frozen-sectioned into 6-pm sections. To block
endogenous peroxide activity, the sections were treated with
0.3% H,0, before acetylation in acetic anhydride-triethan-
olamine and washed in 2 X saline sodium citrate (SSC) and
PBS before permeabilization with proteinase K (5 mg mL-1).
The thoracic artery sections were then hybridized with a miR-
124-3p biotinylated probe or a negative control biotinylated
probe (Shanghai GenePharma, Shanghai, China) (200 nM)
overnight at 56°C. After five post-hybridization washes in SSC
at room temperature, a wash in 50% formamide/SSC/0.1%
Tween 20 at the hybridization temperature (25°C) and a wash
in 0.2 X SSC at room temperature, the FISH signals were am-
plified with Tyramide SuperBoost Kits followed by an Alexa
Fluor Tyramide Kit (B40933; Thermo Fisher Scientific) and
photographed under a microscope (DP70; Olympus). The se-
quences of the RNA oligos are listed in Table S1.

FISH analysis

4.14 | Statistical analysis

Statistical analysis was performed and figures were made
with GraphPad Prism 6.0 biochemical statistical package
(GraphPad Software, Inc, San Diego, CA). All values were
expressed as the mean + SD. Gaussian distribution of val-
ues was tested using Kolmogorov-Smirnov test. A paired t
test was used for paired data with a Gaussian distribution;
Wilcoxon matched-pairs signed rank test was used for paired
data not with Gaussian distribution or the sample size was
less than 5. Besides, Friedman test was used for multiple
comparisons with a single reference group which sample
size was < 5. An unpaired t test was used for the unpaired
data with a Gaussian distribution. Differences with values of
P < .05 were regarded as statistically significant.
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