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Abstract

Mitral valve prolapse (MVP) affects 2.4% of the population and has poorly understood etiology. 

Recent genetic studies have begun to unravel the complexities of MVP and through these efforts, 

mutations in the FLNA (Filamin-A) gene were identified as disease causing. Our in vivo and in 

vitro studies have validated these genetic findings and have revealed FLNA as a central regulator 

of valve morphogenesis. The mechanisms by which FLNA mutations result in myxomatous mitral 

valve disease are currently unknown, but may involve proteins previously associated with mutated 

regions of the FLNA protein, such as the small GTPase signaling protein, R-Ras. Herein, we 

report that filamin-A is required for R-Ras expression and activation of the Ras-Mek-Erk pathway. 

Loss of the Ras/Erk pathway correlated with hyperactivation of pSmad2/3, increased extracellular 

matrix (ECM) production and enlarged mitral valves. Analyses of integrin receptors in the mitral 

valve revealed that Filamin-A was required for beta1 integrin expression and provided a potential 

mechanism for impaired ECM compaction and valve enlargement. Our data support Filamin-A as 

a protein that regulates the balance between Erk and Smad activation and an inability of filamin-A 

deficient valve interstitial cells to effectively remodel the increased ECM production through a 

beta1-integrin mechanism. As a consequence, loss of filamin-A function results in increased ECM 

production and generation of a myxomatous phenotype characterized by improperly compacted 

mitral valve tissue.

✉ Corresponding author: Cardiovascular Developmental Biology Center, Department of Regenerative Medicine and Cell Biology, 171 
Ashley Avenue, Charleston, SC, 29425, Office: 608 Children’s Research Institute, Lab: 604F Children’s Research Institute, Phone: 
(843) 792-3544 (office), Phone: (843) 792-1544 (lab), Fax: (843) 792-0664, norrisra@musc.edu. 

HHS Public Access
Author manuscript
Anat Rec (Hoboken). Author manuscript; available in PMC 2020 January 01.

Published in final edited form as:
Anat Rec (Hoboken). 2019 January ; 302(1): 117–124. doi:10.1002/ar.23911.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION:

Mitral valve prolapse (MVP) is one of the most common human diseases, affecting 1 in 40 

individuals and is the most common reason for mitral valve surgery(Devereux et al., 1982; 

Devereux et al., 1986; Duren et al., 1988; Devereux, 1989; Devereux et al., 1989; Avierinos 

et al., 2002; Grigioni et al., 2008; d’Arcy et al., 2011; Chambers et al., 2013; den Hoed et 

al., 2013). MVP is characterized by increased proteoglycan and fragmented collagen and 

elastin, resulting in floppy valves that prolapse into the left atrium and cause mitral 

regurgitation (MR) (de Vlaming et al., 2012). Serious complications from valve dysfunction 

include congestive heart failure, and sudden cardiac death. MVP can occur as part of a 

recognized syndrome, such as Marfan syndrome, or it can occur in isolation, in which case it 

is called non-syndromic MVP. Mitral valve dysfunction and prolapse in the young 

population is generally benign but can progress in the aged population to a serious disease 

with no available non-surgical treatment. The age-dependent nature of MVP has led to the 

assumption that MVP is not a congenitally-based disease but rather a disease that is acquired 

over decades. However, based on recent genetic and biological data, we have shown that 

MVP can indeed be classified as a congenital disease, a finding supported by antenatal echo 

data in large families with inherited MVP (Kyndt et al., 2007)and mouse knockout data of 

MVP genes showing developmental valvular anomalies(Sauls et al., 2012; Durst et al., 

2015). These findings underscore the importance of establishing the genetic and congenital 

mechanisms that underlie the initiating causes of mitral valve prolapse.

Mutations in the X-linked FLNA (Filamin-A) gene cause congenital valvular defects and 

progress to myxomatous mitral valve disease in humans(Kyndt et al., 1998; Kyndt et al., 

2007; Lardeux et al., 2011; Le Tourneau et al., 2017). The Filamin family of proteins consist 

of 3 members: Filamin-A, Filamin-B, and Filamin-C, of which Filamin’s A and B are 

widely expressed, whereas Filamin-C expression is restricted to cardiac and skeletal muscle. 

Each of these proteins are large cytoplasmic proteins that function as molecular tethers by 

interacting with both extracellular matrix (ECM)-bound cell-surface integrin’s and the actin 

cytoskeleton. In addition to their function as a structural entity within the cell, filamin’s also 

play a major role in cell signaling. The structural and signaling roles of Filamin proteins are 

driven through their myriad of protein interactions. To date, Filamin-A is known to interact 

with over 70 different proteins in cell and tissue dependent contexts to regulate various cell 

behaviors such as proliferation, differentiation, migration, and ECM compaction(Stossel et 

al., 2001; Zhou et al., 2007; Zhou et al., 2010). Not surprisingly, global loss of Filamin-A in 

knockout mice results in embryonic lethality and a host of cardiovascular and skeletal 

malformations, demonstrating the functional importance of this protein during 

morphogenesis(Feng et al., 2006).

Mutations in the filamin-A gene cause at least 10 phenotypically unique congenital diseases 

including: periventricular heteropia(Fox et al., 1998), Melnick-Needles syndrome(Robertson 

et al., 2003), congenital short bowel syndrome(Oegema et al., 2013; van der Werf et al., 

2013), and myxomatous valvular dystrophy(Kyndt et al., 2007; Levine and Slaugenhaupt, 

2007; Lardeux et al., 2011; Duval et al., 2014; Le Tourneau et al., 2017). The fact that 

particular FLNA mutations confer disease specificity argues for cell/tissue-specific 

interactions that are uniquely impaired in the context of damaging genetic variants. Thus, 
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evaluating the location of mutations that are associated with disease phenotype may inform 

the mechanistic underpinnings for disease inception. For example, nearly all of the 

mutations in FLNA that have been reported as causative in non-syndromic myxomatous 

valvular dystrophy occur within the amino end of the protein. This genetic data suggests a 

unique interaction between the FLNA amino terminus and various protein interactors to 

confer valve-specific regulation such that disruption of this interaction would lead to valve 

defects and the generation of a myxomatous phenotype defined by increased proteoglycans 

and loss of normal zonal boundary interfaces. R-Ras, a small GTPase was recently identified 

as interacting within same region in which FLNA mutations have been observed in patients 

with myxomatous valvular dystrophy(Gawecka et al., 2010; Griffiths et al., 2011). Due to 

previous reports of R-Ras affecting the balance between Erk and Smad activities in addition 

to regulating integrin activities in concert with the known interaction between FLNA and 

beta1 integrin, we tested whether loss of Filamin could impair R-Ras and/or integrin 

signaling and function(Kretzschmar et al., 1997a; Kretzschmar et al., 1999; D’Addario et al., 

2002; Sowa et al., 2002; Lincoln et al., 2006; Krenz et al., 2008; Chen et al., 2009; Gehler et 

al., 2009; Gawecka et al., 2010; Kim et al., 2010; Griffiths et al., 2011). The overall goal of 

this study was to utilize genetic data from FLNA patients to inform pathway discovery that 

would lead to an understanding of the etiology for this common disease.

MATERIALS and METHODS:

Gene-Targeted Mice:

Filamin-A floxed mice were bred with the Tie2 Cre line to obtain conditional KO animals at 

E17.5. As Filamin-A is X-linked in both mouse and humans, we primarily focused our 

analyses on male mice, although some female mice have been characterized for phenotypic 

differences. These mice were reported previously by us and others (Feng et al., 2006; Sauls 

et al., 2012; Gould et al., 2015; Sauls et al., 2015). All mouse experiments were performed 

under protocols approved by the Institutional Animal Care and Use Committee, Medical 

University of South Carolina. Prior to cardiac resection, mice were euthanized in accordance 

with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85–23, 

revised 1996.)

Immunohistochemistry (IHC):

IHC was performed as we have previously reported (Norris et al., 2010; Sauls et al., 2012; 

Durst et al., 2015; Sauls et al., 2015). Briefly, Mouse fetuses at embryonic day (E) E17.5 

were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5 μm. 

Deparaffinized sections were rehydrated through a graded series of ethanols to phosphate 

buffered saline (PBS-Sigma, St. Louis, MO.). Sections were subjected to antigen unmasking 

(H-3300; Vector Laboratories, Burlingame, CA) and treated for 1 hr at room temperature 

with a blocking buffer of PBS (Sigma, St. Louis, MO) containing 5% normal goat serum, 

(NGS, Cappel, Malvern, PA). Primary antibodies used were: affinity-purified rabbit anti-

human Filamin-A monoclonal antibody (Epitomics, Inc) diluted to 1:250, MF20-c 

(Developmental Studies Hybridoma Bank, Iowa City, IA) diluted 1:50, pSmad3 (Epitomics) 

diluted 1:100, RRas (Abcam) diluted 1:100, pErk1/2 (Cell signaling) diluted 1:100, beta1 

integrin (Abcam) diluted 1:100. Primary antibodies were placed in blocking buffer overnight 
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at 4°C. Following primary antibody incubations, specimens were washed five times in PBS 

and incubated at room temperature with Alexa Fluor goat α-rabbit 488 and goat α-mouse 

568 (Invitrogen, Eugene, OR) diluted 1:100 in PBS. Nuclei were stained with Hoechst dye 

(1:10,000) (Invitrogen) in PBS for 5 min prior to the final washes in PBS. All samples were 

cover-slipped using Dabco mounting medium (Sigma). Images of immunostained sections 

were captured with a Leica DM IRB Microscope System (Leica Microsystems, Inc Exton, 

PA). Files were transferred to Adobe Photoshop for labeling and figure preparation.

Western analyses:

Single anterior mitral leaflets from E17.5 or P2 control and filamin-A conditional knockout 

hearts were dissected and used for Western analyses as we have previously reported (Sauls et 

al., 2015). Dilutions for all primary antibodies were 1:1000. Pairs used were control samples 

versus conditional knockout and a two-tailed t-test was used to define statistical significance 

with α=.05

Adhesion assays:

Valve interstitial cells were obtained from sheep mitral valve biopsies and cultured in 

DMEM/10%FBS/1% Pen/Strep. Cultures were passaged a total of 5 times prior to use. 

Adhesions assays were performed using adhesion array kits (Chemicon) according to 

manufacturer’s instructions. Statistical significance was determined using the Student t-test 

(2-tailed, type 2), with significance (P<.05). Statistical data are presented as the mean + one 

standard deviation from the mean.

RESULTS:

R-Ras is abundantly expressed in the valve leaflets and is lost in the filamin-A conditional 
knockout mice.

Although R-Ras has been shown to interact with the amino terminus of Filamin-A the 

consequence of loss of filamin-A on R-Ras signaling has not been evaluated in the 

developing valves. Due to filamin-A global knockouts resulting in embryonic lethality by 

E14.5, we took a conditional approach and genetically removed filamin-A from 

endocardium and endocardial derived cells using a Tie2Cre line. As shown in Figure 1, 

Tie2Cre- mediated excision of the floxed-Filamin-A allele resulted in near complete loss of 

filamin-A expression in the mitral and tricuspid valve leaflets, consistent with our previous 

reports(Sauls et al., 2012; Sauls et al., 2015). Immunohistochemistry (IHC) revealed a near 

complete loss of R-Ras expression in the mitral and tricuspid valves. Some residual R-Ras 

staining persisted in the valves, but was concentrated in cells that maintained filamin-A 

expression. Additional areas within the heart, such as the muscular rim at the base of the 

atrial septum showed pronounced reduction of R-Ras in the Tie2Cre(+);FilaminAf/y knockout 

mice. These data show that Filamin-A co-localizes with R-Ras and is required for R-Ras 

expression in the developing heart.

Filamin-A regulation of Mek/Erk pathway during mitral valve morphogenesis

As R-Ras is a major upstream kinase that activates the Mek/Erk pathway, we tested whether 

loss of Filamin-A (and R-Ras) would negatively affect Erk activation. As shown in Figure 2, 
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activated Erk (pErk1/2) is observed prominently at E17.5 in both endocardium and valve 

interstitial cells of the anterior and posterior mitral leaflets. IHC for pErk1/2 revealed a near 

complete loss of Erk activity in the mitral leaflets in the Tie2Cre(+);FilaminAf/y knockout 

valves. Internal controls for the IHC stainings show robust Erk activity in the atrial 

myocardium, which is unchanged in the conditional knockout. pErk1/2 activity was 

quantified by Western analyses of individual E17.5 anterior leaflets, which revealed a 

statistically significant reduction (11.8 fold) in pErk1/2 activities and roughly seven-fold 

reduction of pErk when normalized to total Erk1/2 values. Western analyses for Filamin-A 

on the same blot demonstrate a near complete loss of Filamin-A protein in the conditional 

knockouts as expected. pJnk1/2 was used as an internal control for parallel kinase cascades 

and revealed no statistically significant change between conditional knockout and wildtype 

controls. Combined with data shown in Figure 1, these results support a mechanism whereby 

Filamin-A is necessary for activation of the Ras/Mek/Erk pathway in the developing cardiac 

valves.

Loss of Filamin-A Results in Hyperactivation of Smad3

Due to the known inhibitory function of pErk1/2 in suppressing nuclear transport and/or 

activation of pSmad2/3(Kretzschmar et al., 1999; Sowa et al., 2002), we then examined 

whether the consequence of loss of pErk1/2 would lead to enhanced pSmad2/3 activity and 

increased downstream expression of collagen IαI, a known Smad2/3 target gene. Western 

analyses of single anterior leaflets at E17.5, revealed a statistically significant increase in 

pSmad3 activation Tie2Cre(+);FilaminAf/y knockout valves (Figure 2A). At this timepoint the 

increase in collagen I production in the conditional knockout was modest, but trended 

towards significance (p=.08). However, at the postnatal day 2 (P2) timepoint, Western 

analyses revealed a statistically significant increase in both pSmad3 and collagen IαI 

proteins (Figure 2B). This data was further supported by IHC showing increased collagen I 

throughout the entire mitral and tricuspid valves, no longer being restricted to the developing 

fibrosa layer (Figure 2C). Coincident with the Western data, IHC revealed a significant 

increase in pSmad3 activity in the mitral valve with a >50% increase in nuclear density of 

pSmad3 per cell (Figure 3D). Although this data does not directly prove that loss of pErk1/2 

directly affects pSmad2/3 activities, it does demonstrate that loss of filamin-A has a negative 

effect on Erk activity while positively influencing Smad activation and a correlative increase 

in collagen expression.

Loss of Filamin-A impairs beta1 integrin expression

During our analyses, we noted that total cell number does not change in the 

Tie2Cre(+);FilaminAf/y knockout mitral valves compared to the controls. However, the valve 

area and volume (previously described) are significantly increased. Thus, the cell density 

(cells/area) is decreased in the conditional knockout, which we hypothesized was likely due 

to an increase in ECM production (as evidenced by the increase in collagen I protein) and 

failure of Filamin-A deficient valve interstitial cells to effectively compact the ECM. 

Compaction of ECM is largely dependent on integrin receptors that link contractile 

cytoskeletal forces to the ECM. Recognizing that R-Ras activity had previously been shown 

as important for integrin expression and activation(Sethi et al., 1999) combined with our 

data showing loss of R-Ras in the filamin-A knockout mice, led us to test whether integrin 
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expression was modified in the filamin-A knockout valves. To initially test this hypothesis, 

we assayed which integrins are present on valve interstitial cells and could promote 

adhesion. As shown in figure 4A and consistent with ours and others previous reports(Latif 

et al., 2007; Ghatak et al., 2014; Duval et al., 2015), beta1 integrin was the primary subunit 

that was responsible for valve interstitial cell adhesion, suggesting this integrin subtype as a 

major contributor to cell-ECM contraction forces. IHC analyses confirmed that beta1 

integrin expression in the Tie2Cre(+);FilaminAf/y knockout mitral valves was significantly 

abrogated compared to the controls and provides a plausible mechanism for altered 

compaction of the ECM, consistent with our previous reports(Sauls et al., 2012). 

Additionally, we noted that the beta1 integrin expression was also deficient in the atrial 

aspect of the posterior mitral leaflet, which retained Filamin-A expression (Figure 4B). This 

is indicative of a putative paracrine cross-talk mechanism whereby the endocardial-derived 

mesenchyme can influence protein expression on epicardial-derived cells.

DISCUSSION:

The amount of matrix produced during valvulogenesis ultimately defines its final form and 

function. While various growth factors are known to promote matrix production in the 

valves, the downstream mechanisms by which matrix synthesis is regulated in response to 

these signals remains an important, unresolved question. For example, Tgfb-Ligand binding 

to cognate receptors results in phosphorylation of the carboxyl-tail of Smad2/3 causing its 

nuclear transport and transcriptional activity(Wieser et al., 1993; Wrana et al., 1994; 

Massague and Weis-Garcia, 1996). Recent data has also demonstrated that nuclear transport 

of Smad2/3 can be affected by pErk1/2 activities. Following pErk1/2 phosphorylation of the 

Smad2/3 linker region, nuclear transport of Smad2/3:Smad4 is suppressed in a cell-type 

dependent manner(Kretzschmar et al., 1997a; Kretzschmar et al., 1997b; Kretzschmar and 

Massague, 1998; Calonge and Massague, 1999; Kretzschmar et al., 1999; Sowa et al., 2002; 

Massague, 2003). Thus, potential opposing regulatory inputs between Erk and growth factor 

signaling (e.g. Tgfb) to balance transcriptional activities through regulating the amount of 

Smad2/3 nuclear accumulation. We present data that supports a role for the cytoskeletal 

protein, Filamin-A in regulating this balancing act between Erk and Smads in the control of 

matrix synthesis. The amino end of the Filamin-A protein interacts directly with R-Ras to 

control its kinase activity. Loss of function of filamin-A in the Tie2Cre(+);FilaminAf/y 

knockout mitral valves exhibit decreased R-Ras and pErk1/2 while increasing pSmad3 and 

collagen I production. There remains a possibility that loss of filamin-A can lead to 

increased expression of Tgfb ligand and/or its receptors, which could lead to increased Tgfb 

signaling and the increase in pSmad2/3 activation. Thus, it is difficult at the current time to 

define whether the pSmad2/3 levels are a direct consequence of filamin-A interactions or 

whether they are secondary consequences of altered transcriptional outputs. Nonetheless, 

these data place filamin-A as a central regulator of ECM synthesis and compaction. Through 

balancing the amount/levels of Erk and Smad, as well as integrin activities, ECM synthesis 

and compaction are regulated by Filamin-A (Figure 5). This regulation culminates in 

remodeling of the mitral leaflets during fetal gestation and is critical for increased 

mechanical stability and ultimately, proper function. As such, alterations in the balance of 

these molecular signals would be anticipated in causing valvular heart defects.
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The data presented in this report aim to address fundamental unanswered question in valve 

development on how ECM synthesis is regulated as well as how the matrix can be assembled 

into lamellar arrays of fibrous tissue required for normal valve function. Answering these 

questions is of clinical significance as valvular pathologies (e.g. Mitral Valve Prolapse) are 

primarily characterized by their alterations in ECM composition and lack of proper 

organization(Cole et al., 1984; Rabkin et al., 2001; Grande-Allen et al., 2003; Mahimkar et 

al., 2009). In the context of valvular diseases such as mitral valve prolapse, gene mutations 

present at conception frequently manifest as clinically relevant diseases later in life. 

However, we have now begun to appreciate that these genetic lesions lead to altered 

developmental processes that are not clinically evident at birth but result in increased 

susceptibility to disease or organ dysfunction as an individual ages. MVP, like most genetic 

diseases, shows variation in age at onset in families, despite the fact that the affected 

individuals all carry the same mutation. Mitral valve dysfunction and prolapse has been 

diagnosed in children and fetuses with Filamin-A mutations, but these mutations can also 

cause juvenile or adult onset disease(Kyndt et al., 1998; Kyndt et al., 2007). Data in our 

previous studies as well as in this report show morphogenetic consequences of altering 

causative mitral valve prolapse genes. Thus, genetic mutations, expressed at the time of 

valve morphogenesis and in particular cell lineages, leads to developmental defects that, 

over-time present clinically as MVP. These results define a developmental basis for MVP, 

and as such MVP should be viewed as a congenital heart defect. Only through the 

elucidation of relevant developmental pathways can we begin to understand how MVP genes 

(e.g. Filamin-A) regulates valve morphogenesis, with the goal of determining if these 

pathways can be modified for patient benefit in the future.
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Figure 1: R-Ras expression is diminished in FLNA cKO valves.
R-Ras is nearly ubiquitous in wild-type animals whereas E17.5 FLNA cKO mice exhibit a 

near complete loss of R-Ras in mitral leaflets (asterisk). Low levels of R-Ras are persistent 

in FLNA containing cells (arrows).
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Figure 2: Erk1/2 activity is blunted in FLNA cKO valves.
Fig. 2: (A) WT and cKO mitral leaflets were immunostained for pErk1/2 (red), MF20 

(green) and nuclei (blue). Near complete loss of pErk1/2 is observed in the cKO mice. (B,C) 
Western blotting and quantification demonstrate that pErk1/2 is significantly diminished 

whereas total Erk1/2, Jnk1/2, and pJnk1/2 are not significantly (n.s.) changed.
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Figure 3: Smad3 activation and collagen I expression increase in FLNA cKO valves.
(A) Western analyses for Smad3 and Collagen 1α1 of individual E17.5 and P2 mitral leaflets 

from WT and cKO FLNA mice. pSmad3 increases coincident with increased Col 1α1, being 

statistically significant at postnatal day 2 (P2) (Asterisks). (B) IHC for Col 1α1 (red) at 

E17.5 showing increased distribution throughout the FLNA cKO valves. (C) pSmad3 (red) 

staining and (D) quantification of staining showing a 50% increase in pSmad3 density/cell.
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Figure 4: Integrin profile in VICs and Beta1 integrin in Filamin-A cKO mitral leaflets.
(A) Adhesion assays showing beta1 (black arrow) as the primary beta subtype required for 

adhering VIC’s to the ECM. (B) Diminished β1-integrin (ITGβ1) protein expression (arrow 

heads) is observed in the FLNA cKO valves at E17.5. Residual filamin-A expression is 

noted in the posterior leaflet (white arrow), likely due to the epicardial-expressed filamin-A. 

Blue=nuclei, Red= Filamin-A or ITGβ1; AL, PL= Anterior or Posterior Leaflets, 

respectively.
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Figure 5: Hypothetical model by which FLNA regulates the balance between Erk1/2 and 
Smad2/3 activation in driving matrix synthesis and compaction.
FLNA bound R-Ras can be activated through various receptor engagements (including 

TGFβ as depicted) leading to MAPK pathway activation of Erk1/2. pErk1/2 phosphorylates 

the pSmad2/3 linker region to inhibit nuclear import whereas phosphorylation of the 

Smad2/3 C-terminus by TGFβ-receptors result in nuclear import. Our data support a process 

by which pSmad2/3 nuclear import and beta1 integrin expression (possibly through R-Ras 

activities) are regulated through a filamin-A intermediate to balance the effects of ECM 

production and ECM compaction/remodeling.
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