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Chapter 8

Abstract

Bicuspid aortic valve is the most common congenital heart defect and is associ-
ated with increased prevalence of thoracic aortic aneurysm and rupture. During
aortic dilation, the structure of the vessel wall is weakened by degeneration
of the extracellular matrix and phenotypic switching of the vascular smooth
muscle cells (vSMCs) from a contractile to synthetic phenotype. Four-and-a-Half
LIM-domain 2 (FHL2) is involved in vSMC phenotypic switching in carotid
artery lesions. To investigate whether FHL2 also plays a role in the phenotypic
switching of vSMCs in thoracic aortic dilation, we studied the expression of
FHL2 in the non-dilated and dilated thoracic aorta of patients with a tricuspid
(TAV) and bicuspid aortic valve (BAV). Moreover, we studied the behaviour of
aortic vSMCs isolated from FHL2/- mice and the levels of FHL2 in the condi-
tioned medium of these cells. Finally, FHL2 levels were investigated in plasma
from BAV patients with and without dilation.

Immunofluorescent analysis revealed different expression patterns of FHL2
protein in the aortic wall of BAV and TAV patients. While FHL2 was expressed
in the vSMCs in the intima, inner media and adventitia, a different pattern was
observed in the middle of the media where FHL2 was mainly present in the
extracellular space. Areas lacking nuclei and a-smooth muscle actin (xSMA)
expression, contained high amounts of extracellular FHL2. Furthermore, our in
vitro studies showed that FHL27/- vSMCs lose their contractile phenotype faster
than WT vSMCs and that vSMCs secrete extracellular vesicles containing FHL2.
Moreover, we showed that FHL?2 is present in human plasma. However, because
FHL2 plasma levels were highly variable between patients, no relation between
FHL2 levels and aortic dilation or other patient characteristics was observed.
In summary, we identified an inverse relationship between FHL2 and aSMA
as a new and interesting role for FHL2 in vSMC contractility in aortic dilation.
Moreover, the presence of FHL?2 in extracellular vesicles and peripheral blood
suggests a potential extracellular signaling role for this protein.
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Introduction

The most common congenital heart defect is bicuspid aortic valve (BAV) in which,
instead of the usual 3 leaflets, the aortic valve consists of 2 leaflets [1]. Although a
BAV can function normally throughout life, people with BAV have an increased
risk of developing an ascending aortic aneurysm, potentially leading to rupture
of the aorta [2]. Aortic dilation is caused by degeneration of the extracellular
matrix (ECM), the elastic lamellae and phenotypic switching of vascular smooth
muscle cells (vSMCs) from a contractile to a synthetic phenotype [3-5].

In a healthy aortic wall, vSMCs have a contractile phenotype; a state in which
they express high levels of contractile proteins such as a-smooth muscle actin
(a SMA) and SM22« [6,7]. When homeostasis is altered, e.g. after vessel wall
damage, vSMCs can undergo a phenotypic switch from a contractile state to a
synthetic state [8,9]. Synthetic vSMCs are characterised by a high proliferative
and migratory potential and express less contractile proteins than contractile
vSMCs [710]. Serum response factor (SRF) plays a central and crucial role in
vSMC phenotypic switching by regulating both contractile and synthetic gene
transcription [7,11-13]. SRF also promotes the expression of the scaffold protein
Four-and-a-Half LIM-domain protein 2 (FHL2). Interaction between FHL2 and
SRF has been shown to inhibit transcription of SRF-responsive smooth muscle
genes and knockdown of FHL2 increased the contractility of vSMCs in a collagen
matrix contractile assay [14,15]. FHL2 is reported to modulate the cardiovascular
stress response and impact on vSMC contractility in carotid artery lesions [16-19].
However, the role of FHL2 in aortic dilation has not yet been studied. Therefore,
this study aims to investigate the role of FHL2 in thoracic aortic dilation in TAV
and BAV patients.

Results

FHL2 is expressed throughout the intima, media and adventitia of dilated aorta
To determine the expression of FHL2 in the ascending aortic wall, a staining
for aSMA and FHL2 was performed on aortic tissues with a range of different
phenotypes from healthy to dilated and severely remodeled. In all samples FHL2
protein was detected, however the pattern and cellular localization differs within
the media, adventitia and in the intima depending on the degree of remodeling
observed in the aortic wall. In the remodeled intima/inner media, FHL2 was
mainly present in vSMCs as indicated by the co-localization of aSMA and FHL2
(Figure 1A). FHL2 and aSMA expression were present at different locations
within the cells in the inner media, whereas the expression of FHL2 in aSMA*
cells co-localized with aSMA expression within the vSMCs in severely remod-
eled intimal tissue (Figure 1A,B). In the media, FHL2 was mainly found extra-
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Media Inner media/ Intima

Adventitia

Figure 1. FHL2 expression in the thoracic aortic wall. A. Representative image of a remodeled
intima. Arrows indicate areas where aSMA and FHL2 overlap. B. Representative images showing
FHL2 and aSMA expression in the inner media, media and adventitia of the vessel. C. Represen-
tative image showing a medial area with decreased aSMA and increased FHL2 expression. Bars
indicate 100 um.
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cellularly in a speckled pattern. Only very little FHL2 expression was observed
within the medial vSMCs. In the adventitia both intracellular and extracellular
expression of FHL2 was clearly present. Interestingly, in areas in the middle
of the aortic wall with clear medial degeneration (indicated by the absence of
aSMA expression, nuclei and elastic lamellae) high expression of FHL2 protein
was observed (Figure 1C).

FHL2 is increased in dilated TAV aorta

Large variation in the expression of FHL2 staining could be observed between
different aortic samples (Figure 2A). To determine if the amount of FHL2 could
be related to specific patient characteristics, we performed a WB analysis on
aortic samples from TAV and BAV patients with (D) and without (N) aortic di-
lation (TAV N n=7, TAV D n=11, BAV N n=8, BAV D n=14). We observed that
FHL2 in the aorta of TAV samples with dilation was significantly increased com-
pared to all other groups (F(3, 36 )= 0.355, p=0.0155 (R?>=0.25), TAV N t(16)=2.886,
p=0.011, r=0.34, BAV N t(17)=3.486, p=0.0028, r=0.42 and BAV D t(23)=2.362,
p=0.027, r=0.20).

High FHL2

FHL2 (a.u.)

Low FHL2

TAVN TAVD BAVN BAVD

>

B

Figure 2. FHL?2 is increased in TAV dilated aorta. A. Images showing high and low amount of
FHL2 in the media. B. Quantification of FHL2 in aortic patient samples. N= non-dilated, D=dilated.
Bars indicate 50 pum. *, P<0.05 ** P<0.01.

FHL2"- smooth muscle cells lose their contractile phenotype in vitro

To explore the relation between FHL2 and the contractility of vSMCs, we cul-
tured aortic vSMCs isolated from FHL2/- and WT mice. After the first passage,
vSMCs from both WT and FHL2"/-mice showed the same elongated morphology
(Figure 3A) and expressed aSMA (data not shown). During culture the FHL2
/- vSMCs lost their contractile morphology and became cobble shaped (Figure
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3A). qPCR analysis confirmed a significant decrease in aSMA in the FHL2"
(M=0.0996, SD=0.095) compared to the WT vSMCs (M=1, SD=0.13) (p<0.0001)
(Figure 3B).

Figure 3. FHL27- SMCs lose contractile morphology quicker than WT. A. Representative images
of early (below p10) and late passage (above p20) WT and FHL2/- SMCs. B. qPCR results of aSMA
in late passage WT and FHL2"/-SMCs. Bars indicate 200 um. **** P<0.001.

FHL2 is secreted in conditioned medium and plasma

As mentioned, FHL?2 staining shows a speckled pattern in the aortic media. To
determine if FHL2 was secreted extracellularly, WB was performed on extra-
cellular vesicles isolated from vSMC conditioned medium. This confirmed that
FHL2 is present in the extracellular fraction (Figure 4A). Moreover, manipula-
tion of the intracellular FHL2 levels by knocking down or overexpressing FHL2
in the vSMCs indicated that the amount of FHL2 in the conditioned medium
could be altered (Figure 4B,C).

As FHL2 can be secreted, we determined whether FHL2 was present in
plasma from BAV patients and control subjects. Indeed, FHL2 could be detected
in human plasma. Moreover, a large variation in the amount of FHL2 between
the different samples was observed (Figure 4D). To determine if FHL2 may serve
as a biomarker to detect aortic dilation, we determined the levels of FHL2 in
plasma of 3 groups: TAV without aortic dilation, BAV patients without aortic dila-
tion and BAV patients with aortic dilation (Table 1). No correlation was observed
between the FHL2 plasma levels and aortic dilation or BAV (H(2)) = 0.72, p = 0.65)
(Figure 4E). Analysing the data in more detail we observed two distinct groups;
one group with a high FHL2 in plasma and another group with a low amount
of FHL2 in plasma. However, we were unable to identify which factors, such
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as gender, age, height, weight or medication use of the patients, discriminates
between the high or low FHL2 plasma levels.

Figure 4. FHL2 in CM and extracellular vesicles. A. WB for FHL2 and FLOT on vesicles and ves-
icle deprived medium (control) conditioned by haSMCs. B. WB for FHL2 on haSMC conditioned
medium with overexpression and knockdown of FHL2. C. Quantification of WB results for FHL2
on medium conditioned by SMCs. D. Representative image of WB for FHL2 on patient plasma
samples. E. Quantification of WB for FHL2 on patient plasma samples. N=non-dilated, D=dilated,
a.u.= arbitrary units. ***¥ P<0.001.

Table 1. Patient characteristics

Group (N) Age Height Weight Gender
(mean,SD) (mean c¢m,SD) (mean,SD) (male%)
TAV N (10) 37.6,9.6 176.0, 7.1 774,13.6 50
BAV N (20) 35.7,129 171.6,13.1 70.0, 10.6 45
BAV D (10) 51.0, 7.0 187.2,8.1 91.1,16.7 100
Discussion

In the present study, we determined if the scaffold protein FHL2 is involved in
aorta dilation by analyzing the expression of FHL2 in vSMCs in relation with
aSMA, vSMC contractility and the dilating aorta. We detected FHL2 throughout
the aortic wall either in vSMCs or in the extracellular space. Interestingly, espe-
cially in areas of severe medial degeneration, the expression level of FHL2 was
very high. Although all aortic walls showed FHL2 expression, the amount of
FHL2 was significantly higher in the dilated TAV aorta compared to non-dilated
TAV aorta, dilated and non-dilated BAV aorta. Furthermore, FHL2 was secreted
by the vSMCs in extracellular vesicles and present in human plasma.
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We found increased FHL2 protein levels in dilated TAV aortas compared to
non-dilated TAV aortas. Interestingly, this increase was not found in BAV dilated
aorta compared to non-dilated BAV aorta samples. Since FHL?2 is involved in a
wide variety of processes, a difference in expression could be related to or caused
by one of the multiple differences known between TAV and BAV aortas. For ex-
ample; FHL2 impacts smooth muscle cell contractility and it is known that BAV
aortic tissue contains less aSMA than TAV aortas [14,15,20]. Furthermore, FHL2
can influence the proliferation of cells and, in dilated aortas, the gene expression
profile of TAV vSMCs indicate a more proliferative phenotype than BAV vSMCs
[21,22]. In line with previous studies on carotid artery vSMCs, our in vitro studies
suggest that increased levels of FHL2 stimulate a contractile phenotype in aortic
vSMC:s [17]. Therefore, the increased expression of FHL2 in the dilated TAV aorta
could be an attempt of vSMCs to maintain or regain a contractile phenotype. The
lack of an increased FHL2 expression in BAV dilated aortas could therefore play
a role in the increased prevalence of aortic aneurysms in BAV patients. [15,17].

Not only the amount, but also the expression pattern of FHL2 showed inter-
esting differences. FHL2 in the aorta was expressed intracellularly in vSMCs in
the inner media and adventitia while in the middle media and adventitia FHL2
was expressed extracellularly. Our finding that FHL2 can be secreted by vSMCs
could explain the speckled FHL2 expression pattern in the media and adven-
titia of the dilated aorta. Interestingly, the expression of intracellular FHL2 in
the intima and adventitia may also be stimulated by different mechanisms and
have different effects than the extracellular FHL2 in the media. FHL2 secretion
has also been reported for other cell types such as myoblasts and mesenchymal
cells [23,24]. Since vSMCs can secrete FHL2 and FHL2 expression is increased
in the dilated TAV aorta, we hypothesized that plasmic FHL2 levels could serve
as a biomarker for aortic dilation. Therefore, we compared FHL2 plasma levels
of TAV controls to BAV patients with and without aortic dilation. Unfortunately,
we were unable to correlate the level of FHL2 in plasma to the degree of aortic
dilation, which might be due to the number of patient samples analysed. Increas-
ing the number of patients might improve sensitivity. However, the presence
of two distinct groups in the data (high and low plasmic FHL2 levels) would
imply that plasmic FHL?2 levels are related to a common factor. We were unable
to relate the plasmic FHL?2 levels to factors such as gender, weight, height, age
or use of medication. For future research we aim to include TAV patients with a
dilating aorta, as we found an increased expression of aortic FHL2 in this group.
Unfortunately, we were unable to include plasma samples of these patients into
our study.
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In conclusion, FHL2 is secreted by vSMCs into the aortic extracellular space and
into the circulation In local areas with severe medial degeneration and in TAV
aortic dilation, FHL2 expression is increased. These results highlight the intricate
interaction FHL2 has with vSMC contractility.

Material and methods

Aortic samples

Ascending aortic wall sample collection and handling was carried out according
to the official guidelines of the Medical Ethical Committee of Leiden University
Medical Center (LUMC), Leiden, and the code of conduct of the Dutch Federation
of Biomedical Scientific Societies (Wwww.FMWV.nl).

In short, material was collected during surgery from TAV and BAV patients
with and without aortic dilation (defined by >44mm). After 24hr fixation in 4%
formalin, samples were decalcified in a formic acid buffer (120hr), embedded in
paraffin and sectioned transversally (5um).

Cell culture

Human aortic vSMCs were isolated from aortic tissue as described previously
[25]. Informed consent was obtained according to the protocols of the Medical
Ethical Committee of the Academic Medical Center (Amsterdam). The cells were
cultured in DMEM:F12 supplemented with 10% fetal bovine serum (FBS) and
PenStrep (100U/ml, Gibco). Cells were transduced with lentivirus containing
FHL2-CMV overexpression construct [26], GFP-CMV control, shFHL?2 [27] or
PLKOI control (Mission Library, Sigma) via o/n incubation and refreshing the
medium the next day. Cells were refreshed at least 3 times before starting the
experiments. To condition medium, cells were incubated with DMEM:F12 for 24
hours after which the medium was collected and used for WB or extracellular
vesicle isolation. Mouse aortic vSMCs were isolated from WT and FHL2/ mice
via collagenase digestion and dissociation as described previously and approved
by an independent animal ethic committee of the Amsterdam Medical Center
(Amsterdam, permit number DBC102226) [17]. Cells were cultured in DMEM
supplemented with 20% FBS and PenStrep. Expression of XSMA was confirmed
at P1 via qPCR.

Plasma samples

Venous blood samples were collected from patients after informed consent at the
Erasmus University Medical Center (Rotterdam). The study has been approved
by the local Medical Ethical committee (MEC14-225). We included adult patients
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with BAV and with and without aortic dilation defined by sinus of Valsalva =40
mm and/or aortic size index =2.1 cm/m? (ascending aorta). TAV control samples
were isolated from people without known cardiovascular diseases. Exclusion
criteria were: age <18 years, previous valve or aortic replacement, pregnancy or
not capable of understanding or signing informed consent. Peripheral blood was
collected in EDTA coated tubes and plasma was isolated by centrifuge for 10 min
at 2000G. Afterwards it was stored at -80 °C within two hours after withdrawal.

Extracellular vesicle isolation

Conditioned medium (approximately 80 ml) was spun for 15 min at 2000G, 4°C.
The supernatant was carefully isolated without disturbing the pellet and sub-
sequently spun at 10.000G, 4°C for 30 min to further clear debris. To isolate the
vesicles the debris-free supernatant was spun 70 min ultracentrifuge at 100.000G,
4°C. The pellet containing the vesicles was washed by adding PBS and isolated
by centrifugation for 70 min using the ultracentrifuge at 100.000G, 4°C. Finally,
the pellet was resuspended in PBS.

Immunohistochemistry

Sections were deparaffinised, rehydrated and antigen retrieval was performed
by heating the sections to 97°C in sodium citrate buffer (pH 6.0) for 11 minutes.
Subsequently, sections were incubated o/n at room temperature with the prima-
ry antibodies (Monoclonal mouse-FHL?2 antibody, F4B2-B11ThermoFisher, 1:250;
Rabbit-aSMA, ab5694, Abcam, 1:500) diluted in 1%BSA-PBST before incubating
the samples with the secondary antibodies diluted in 1%BSA-PBST for 40 minutes
and 4'6-Diamidine-2-phenylindole dihydrochloride (DAPI, D3571 Life Tech-
nologies 1:1000) for 5 minutes to stain for nuclei. Sections were mounted using
Prolong Gold (Invitrogen, Carlsbad, CA, USA; P36934) Between the staining
steps, all sections were rinsed in PBS (2x) and PBST (1x).

Protein isolation and Western blot

To isolate protein from the aortic samples and cells, a lysis step was used. Both
crushed aortic samples and cells were lysed in cold radio immunoprecipitation
(RIPA) lysis buffer supplemented with protease inhibitors (Complete protease
inhibitor cocktail, 11697498001, Roche Diagnostics, Basel, Switzerland). Protein
concentration was determined using BCA protein assay (23225, ThermoFisher
Scientific, Waltham, MA, USA). Equal amounts of protein were diluted using
5x sample buffer. To perform WB on (the extracellular fraction of) conditioned
medium and plasma the lysis step was not required. For these samples, equal
volumes were supplemented with 5x sample buffer (CM cleared from debris by
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centrifugation step, plasma 1:1000 diluted in 1x SB). Ponceau staining was per-
formed to check for equal loading. From this point, all samples follow the same
protocol. After 5 minutes at 98°C, the samples were loaded onto and separated
by SDS-PAGE and transferred to Immobilon-P PVDF membranes (IPVH00010,
Merck). Membranes were blocked in Tris-buffered saline, 0.2% Tween-20 (TBST)
containing 10% dry milk and incubated overnight with primary antibodies
(FHL2: Abcam, ab202584, 1:2000; FLOT: Santa Cruz, SC-25506, 1:1000; aSMA:
Sigma, A2547, 1:10.000) diluted in 5% BSA in TBST. Membranes were washed
3 times with TBST and incubated with a horseradish peroxidase-conjugated
goat-anti-rabbit antibody (31458, ThermoFisher Scientific) diluted 1:10.000 in 10%
dry milk in TBST. Membranes were washed with TBST again after which protein
expression was detected using enhanced chemiluminescence (WesternBright
Quantum, Advanstra) and visualized on x-ray film (Fuji film).

mRNA isolation and quantitative RT-PCR

RNA was isolated using the ReliaPrep RNA cell miniprep kit (Z6012, Promega)
according to the manufacturer’s protocol. RevertAid First Strand cDNA Synthesis
(K1622, ThermoFisher Scientific) was used to generate cDNA according to the
manufacturer’s protocol, after which qRT-PCR was performed using GoTaq qPCR
Master Mix (A6001, Promega).

Table 2. Primers

aSMA FW: 5" TCGGTGGCTCCATCCTGGCT-3 RV: 5 TGCTAGAGGCAGAGCAGGGGG-3’
GAPDH FW: 5-AGCCACATCGCTCAGACAC-3 RV: 5-GCCCAATACGACCAAATCC-3’
ARP FW: 5-CACCATTGAAATCCTGAGTGATGT-3"  RV: 5-TGACCAGCCGAAAGGAGAAG-3

Statistical analysis

All results were obtained in 3 independent experiments, unless otherwise men-
tioned. Statistical assays were performed using Graph Pad Prism (version 7).
Correlations were tested using One-Way ANOVA (WB aortic FHL2) or Krus-
kal-Wallis test (patient plasma FHL2) when required. All other statistical tests
were performed using Students t-test for unpaired samples. P-values < 0.05 were
considered significantly different.

193



Chapter 8

References

1. Ward, C. (2000). Clinical significance of the bicuspid aortic valve. Heart

2. Nistri, S, etal. (1999). Aortic root dilatation in young men with normally functioning
bicuspid aortic valves. Heart

3. Serhatli, M, et al. (2014). Proteomic study of the microdissected aortic media in
human thoracic aortic aneurysms. | Proteome Res

4. Nataatmadja, M, et al. (2003). Abnormal extracellular matrix protein transport as-
sociated with increased apoptosis of vascular smooth muscle cells in marfan syn-
drome and bicuspid aortic valve thoracic aortic aneurysm. Circulation

5. Halushka, MK, et al. (2016). Consensus statement on surgical pathology of the aorta
from the society for cardiovascular pathology and the association for european car-
diovascular pathology: Ii. Noninflammatory degenerative diseases - nomenclature
and diagnostic criteria. Cardiovasc Pathol

6. Rensen, SS, et al. (2007). Regulation and characteristics of vascular smooth muscle
cell phenotypic diversity. Neth Heart |

7. Owens, GK et al. (2004). Molecular regulation of vascular smooth muscle cell dif-
ferentiation in development and disease. Physiol Rev

8.  Gomez, D, et al. (2012). Smooth muscle cell phenotypic switching in atherosclerosis.
Cardiovasc Res

9. Chaabane, C, et al. (2014). Smooth muscle cell phenotypic switch: Implications for
foam cell formation. Curr Opin Lipidol

10. Frismantiene, A, et al. (2018). Smooth muscle cell-driven vascular diseases and mo-
lecular mechanisms of vsmc plasticity. Cell Signal

11. Wang, D, et al. (2001). Activation of cardiac gene expression by myocardin, a tran-
scriptional cofactor for serum response factor. Cell

12.  Yoshida, T, et al. (2003). Myocardin is a key regulator of carg-dependent transcription
of multiple smooth muscle marker genes. Circ Res

13. Wang, Z, et al. (2004). Myocardin and ternary complex factors compete for srf to
control smooth muscle gene expression. Nature

14. Philippar, U, et al. (2004). The srf target gene fhl2 antagonizes rhoa/mal-dependent
activation of srf. Mol Cell

15. Neuman, NA, et al. (2009). The four-and-a-half lim domain protein 2 regulates vas-
cular smooth muscle phenotype and vascular tone. ] Biol Chem

16. Tran, MK, et al. (2016). Protein-protein interactions of the lim-only protein fh12 and
functional implication of the interactions relevant in cardiovascular disease. Biochim
Biophys Acta

17.  Kurakula, K, et al. (2014). The lim-only protein fhl2 reduces vascular lesion formation

194

involving inhibition of proliferation and migration of smooth muscle cells. PLoS One



A role for FHL?2 in aortic dilation in BAV patients

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Friedrich, FW, et al. (2014). Fhl2 expression and variants in hypertrophic cardiomy-
opathy. Basic Res Cardiol

Huang, PH, et al. (2013). Deletion of fhl2 gene impaired ischemia-induced blood
flow recovery by modulating circulating proangiogenic cells. Arterioscler Thromb
Vasc Biol

Grewal, N, et al. (2014). Ascending aorta dilation in association with bicuspid aortic
valve: A maturation defect of the aortic wall. | Thorac Cardiovasc Surg

Blunder, S, et al. (2018). Targeted gene expression analyses and immunohistology
suggest a pro-proliferative state in tricuspid aortic valve-, and senescence and viral
infections in bicuspid aortic valve-associated thoracic aortic aneurysms. Atheroscle-
rosis

Charlotte, L, et al. (2008). The lim-only protein fhl2 regulates cyclin d1 expression
and cell proliferation. The Journal of biological chemistry

Martin, SE, et al. (2012). Proteome turnover in the green alga ostreococcus tauri by
time course 15n metabolic labeling mass spectrometry. | Proteome Res

Kim, HS, et al. (2012). Proteomic analysis of microvesicles derived from human
mesenchymal stem cells. | Proteome Res

de Vries, CJ, et al. (2000). Differential display identification of 40 genes with altered
expression in activated human smooth muscle cells. Local expression in atheroscle-
rotic lesions of smags, smooth muscle activation-specific genes. J Biol Chem
Kurakula, K, et al. (2011). Fh12 protein is a novel co-repressor of nuclear receptor
nur?77. | Biol Chem

Kurakula, K, et al. (2015). Lim-only protein fhl2 is a positive regulator of liver x re-
ceptors in smooth muscle cells involved in lipid homeostasis. Molecular and cellular

biology

195



