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Elastogenesis at the onset of human cardiac valve
development
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SUMMARY

Semilunar valve leaflets have a well-described trilaminar histoarchitecture, with a sophisticated elastic fiber network. It was previously
proposed that elastin-containing fibers play a subordinate role in early human cardiac valve development; however, this assumption
was based on data obtained from mouse models and human second and third trimester tissues. Here, we systematically analyzed
tissues from human fetal first (4-12 weeks) and second (13-18 weeks) trimester, adolescent (14-19 years) and adult (50-55 years) hearts
to monitor the temporal and spatial distribution of elastic fibers, focusing on semilunar valves. Global expression analyses revealed
that the transcription of genes essential for elastic fiber formation starts early within the first trimester. These data were confirmed
by quantitative PCR and immunohistochemistry employing antibodies that recognize fibronectin, fibrillin 1, 2 and 3, EMILIN1 and
fibulin 4 and 5, which were all expressed at the onset of cardiac cushion formation (~week 4 of development). Tropoelastin/elastin
protein expression was first detectable in leaflets of 7-week hearts. We revealed that immature elastic fibers are organized in early
human cardiovascular development and that mature elastin-containing fibers first evolve in semilunar valves when blood pressure
and heartbeat accelerate. Our findings provide a conceptual framework with the potential to offer novel insights into human cardiac

valve development and disease.
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INTRODUCTION

Despite the fact that elastin and elastic fibers are pivotal for normal
cardiac development and function, the majority of research efforts
have not been focused on the impact of the extracellular matrix
(ECM) on organogenesis or pathological remodeling processes.
While recent reports on cardiac ischemia have emphasized the
importance of ECM in the cardiovascular system (Barallobre-
Barreiro et al., 2012), there has been little focus on the role of the
ECM, in particular elastin, in human cardiovascular embryonic
development.

Elastin is a non-soluble, extremely durable protein. The processes
underlying elastic fiber formation are highly complex and require
the interplay of various molecules. To date, the mechanisms that
drive elastic fiber formation, termed ‘elastogenesis’, are not well
defined but are the subject of intense research by many groups
(Kielty et al., 2002a; Wagenseil and Mecham, 2007; Wise and
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Weiss, 2009). Elastic fibers consist of a variety of components,
including microfibrillar proteins (fibrillins), linking proteins
[fibulins, elastin microfibril interfacers (EMILINs), microfibril-
associated glycoproteins (MAGPs)], soluble factors [e.g.
transforming growth factor (TGF) beta] and the core protein elastin
(Wagenseil and Mecham, 2007; Sherratt, 2009; Wise and Weiss,
2009). In addition, a fibronectin network is needed for the assembly
of fibrillins, and consequently of microfibrils, that provides a
microenvironment which controls tropoelastin/elastin arrangement
and cross-linking processes (Sabatier et al., 2009). Fibulin 5 and
MAGPI (also known as MFAP2) are known to bridge between
microfibrils and tropoelastin (Gibson et al., 1986; Nakamura et al.,
2002; Yanagisawa et al., 2002; Cirulis et al., 2008). Fibulin 4 (also
known as EFEMP2) links the enzyme lysyl oxidase (LOX) to
tropoelastin (Horiguchi et al., 2009). Interestingly, in organisms that
possess a low-pressure circulation system, microfibrils alone
provide sufficient elasticity (Faury, 2001; Piha-Gossack et al.,
2012). By contrast, in organisms that feature a higher blood
pressure, elastin-containing fibers are required. In such systems it
has been suggested that, during embryonic development, an
incorporation of elastin into the microfibrillar network takes place
when blood pressure increases (Faury, 2001; Wagenseil and
Mecham, 2009).

As elastin is a very durable protein that can remain functional
throughout a lifetime [e.g. elastin turnover in human lung is ~74
years (Shapiro et al., 1991)], gene expression is reduced in aging
cardiovascular tissues (Kelleher et al., 2004; Wagenseil and
Mecham, 2009). Elastic fibers provide the essential recoil for all
tissues that are exposed to constant, repeated strain, such as the
larger arteries or heart valve leaflets (Faury, 2001; Kielty et al.,
2002b; Wagenseil and Mecham, 2007; Sherratt, 2009). In semilunar
valve leaflets, the layer facing the ventricles (the ventricularis) is
mainly composed of a sophisticated elastic fiber network, which is
vital for physiological leaflet function (Aikawa et al., 2006; Lindsey
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and Butcher, 2011; Schenke-Layland et al., 2004). However, the
mechanisms underlying this specialized histoarchitectural assembly
are poorly understood and neither the endogenous (e.g. cellular and
ECM involvement) nor exogenous (e.g. biophysical signals)
contribution is sufficiently defined.

It was suggested that elastin-containing fibers are first detectable
at the onset of the third trimester in developing human valves
(Aikawa et al., 2006). In that study, only routine histological
analyses were performed by employing Verhoeff’s elastic stain,
which is the elastic fiber-detecting stain within the Russel-Movat
pentachrome stain (Movat’s stain). However, Verhoeff’s elastic stain
is only suitable to visualize mature elastic fibers (Mulisch and
Welsch, 2010) and it does not detect early, non-cross-linked fibers
or microfibrils. Therefore, we aimed in this study to employ
antibody and probe-specific analyses to identify the temporal and
spatial distribution of the early elastic fiber network in developing
human hearts with a focus on the semilunar valves.

MATERIALS AND METHODS

Human heart valve tissue procurement and processing

This study was performed in accordance with institutional guidelines and
was approved by the local research ethics committees at the University of
California Los Angeles (UCLA) and the University Hospital of the
Eberhard Karls University (UKT) (UCLA IRB #05-10-093; UKT IRB
#356/2008BO2 and #406/2011BO1). First trimester (n=8; 4-12 weeks of
gestation) and second trimester (n=7; 13-18 weeks of gestation) human fetal
hearts were obtained from electively aborted fetuses. Cryopreserved adult
aortic valves from adolescents (n=5; 14-19 years) and adults (n=5; 50-55
years), which were not suitable for transplantation due to extended storage
times, were obtained from Cell and Tissue Systems (Prof. K. G. Brockbank,
Charleston, SC, USA). After either harvest or thawing procedures, all
tissues were immediately washed in sterile phosphate-buffered saline (PBS)
(Lonza, Cologne, Germany), fixed in 10% buffered formalin for less than
12 hours, then rinsed in tap water and transferred to 70% ethanol. Fixed
specimens were embedded in paraffin.

Laser-capture microdissection (LCM) and RNA isolation

LCM of formalin-fixed paraffin-embedded (FFPE) samples was performed
as previously described (Votteler et al., 2013). Dissected leaflets and large
outflow tract vessels were collected separately in adhesive caps (Carl Zeiss,
Jena, Germany). RNA was then extracted using an isolation kit specific for
FFPE samples (#74404 and #73504, RNeasy FFPE Kit, Qiagen, Hilden,
Germany). For cryopreserved tissues, we separated leaflets and the aortic
trunk by tweezers and extracted RNA using the Microarray RNeasy Kit
(#76163, Qiagen). All further processing was performed according to the
manufacturer’s protocols. The purified RNA was eluted in RNase-free water
and stored at —80°C until gene expression analyses.

Whole-genome expression analyses

Microarrays were performed by MFTServices (UKT) using the cDNA-
mediated annealing, selection, extension and ligation (DASL) assay
(Illumina, San Diego, CA, USA) for RNA of FFPE and cryopreserved
tissues as previously described (Fan et al., 2004). RNA quality was
monitored using microfluidics-based electrophoresis (BioAnalyzer 2100,
Agilent, Waldbronn, Germany) and spectrophotometric analysis (Nanodrop
ND-1000, PEQLAB Biotechnologie, Erlangen, Germany). For data
processing and analyses, Genome Studio V2009.1 software (Illumina) was
used. The expression data from all chips were normalized with variance
stabilizing normalization (VSN). Heatmaps were created with R
(http://www.r-project.org) and vertical scatterplots were designed using
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA). All
data are displayed as intensities (log, normalized ratios) + s.d. Microarray
data have been deposited at GEO with accession number GSE45821.

Histology
Movat’s stain was used to visualize mature elastin-containing elastic fibers
(black), nuclei (dark red), collagens (yellow), muscle tissue (red) and

proteoglycans (blue-green) as previously described (Russell, 1972; Aikawa
et al., 2006; Schenke-Layland et al., 2008).

Immunofluorescence staining and imaging

Tissue sections (3 pm) were deparaffinized and all slides were processed as
previously described (Schenke-Layland et al., 2007). Antigen retrieval was
performed in a microwave oven for 8 minutes each in 10 mM Tris, 1| mM
EDTA, 0.05% Tween 20 (pH 9.0) and in 10 mM citrate solution in PBS (pH
6.0). All sections were then incubated for 30 minutes in blocking buffer
(2% goat serum, 0.1% Triton X-100, 0.05% Tween 20 in PBS). Antibodies
were diluted in blocking buffer without goat serum. Primary antibodies were
polyclonal rabbit IgG anti-elastin (1:75) and anti-EMILINT1 (1:500) Prestige
antibodies (#HPAO18111 and #HPA002822, Sigma-Aldrich, Munich,
Germany) and anti-fibronectin (1:500; #A0245, Dako, Eching, Germany).
Anti-fibrillin 1, 2 and 3 (each 1:1000) and anti-fibulin 4 and 5 (each 1:500)
were produced in rabbits (Lin et al., 2002; Sabatier et al., 2011). Primary
antibodies were incubated overnight at 4°C. Alexa Fluor 594-conjugated
goat anti-rabbit IgG (H+L) secondary antibodies (Life Technologies,
Molecular Probes, Darmstadt, Germany) were diluted 1:250 and applied
for 30 minutes at room temperature. For co-labeling we employed FITC-
labeled a-smooth muscle actin (aSMA) (1:400; #F3777, Sigma-Aldrich).
After incubation with secondary antibodies, slides were exposed to 4',6-
diamidino-2-phenylindole (DAPI) solution for 10 minutes followed by
mounting using ProLong Gold antifade mounting medium (Life
Technologies, Molecular Probes). Fluorescence images were acquired using
an Axio Observer Z1 microscope or an LSM710 inverted confocal
microscope (both Carl Zeiss). Images were processed with Photoshop CS5
(Adobe Systems, San Jose, CA, USA).

For semi-quantification of tropoelastin/elastin protein expression in
adolescent and adult valve tissue sections, we used identical exposure times
and compared gray value intensity (GVI) signals of antibody-stained tissue
sections at 20x magnification as previously described (Aikawa et al., 2006;
Schenke-Layland et al., 2010). For each sample group we used three
sections of three specimens (#=3) and, within each section, we measured
three regions of interest (ROIs).

Real-time quantitative PCR (qPCR)

qPCR of FFPE RNA was performed using a QuantiFast Probe One-Step
Assay (Hs ELN 1 FAM, Qiagen). We employed 10 ng total RNA and used
the recommended cycling conditions (95°C for 3 minutes, followed by 45
cycles at 95°C for 3 seconds and 60°C for 30 seconds). All data are
displayed as arbitrary units (a.u.).

Statistical analyses

Statistical significance was determined by ANOVA with Tukey’s multiple
comparison tests and Student’s ¢-test using GraphPad Prism 5 software.
P<0.05 was defined as statistically significant.

RESULTS

Human fetal first trimester cardiovascular
structures exhibit elastin-containing fibers at

4 weeks of development

It has been reported that elastin-containing fibers and the typical
trilaminar architecture are first seen in developing human semilunar
valves after 36 weeks of gestation, as detected using Movat’s stain
(Aikawa et al., 2006). Our study confirmed these results and also
showed no evidence for elastin and elastin-containing fibers in
human first trimester (4-12 weeks) semilunar valve leaflets using
Movat’s stain (Fig. 1A,D, blue arrow). However, using targeted
antibody staining, we detected tropoelastin/elastin-containing fiber
structures in human developing valves as early as 7 weeks of
gestation (Fig. 1B). Interestingly, a rudimentary stratification was
already visible at this early stage of valve development, as
tropoelastin/elastin was mainly expressed in the layer facing the
ventricles (Fig. 1B, arrows).
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Quantitative real-time PCR data revealed that elastin (ELN) gene
expression decreases in semilunar valve leaflets with increasing age.
Accordingly, we detected a significant decrease in adolescent and
adult tissues when compared with the first trimester samples
[12.148.6% adolescent versus first trimester (set to 100%), P<0.02;
3.745% adult versus first trimester (set to 100%), P<0.03] (Fig. 1C).
This decrease in ELN expression with age was also seen in the large
vessels. The elastin content was significantly lower in the valve
leaflets than in the large vessels both on the protein and gene level
(Fig. 1D,E). In addition to ELN expression being significantly
higher in the vascular structures during early gestation, we also
observed earlier maturation of the elastic fibers in the fetal large
vessels, as Movat’s stain detected elastin-containing elastic fibers
already within the first trimester (Fig. 1D, red arrow). These results
are similar to reports focusing on the developing heart in chicken,
where elastic fiber components were detectable using
immunofluorescence staining in the early embryonic outflow tract,
but not in age-matched cardiac valves (Hurle et al., 1994). In adult
semilunar valve leaflets, routine histology was suitable to visualize
the complex network of elastin-containing fibers within the
ventricularis layer of semilunar leaflets (Fig. 1F-H, black staining).

Microfibril and associated proteins are expressed
at the onset of human semilunar valve cushion
development

Previous studies have hypothesized that elastogenesis starts with
microfibril formation followed by elastin deposition (Kielty et al.,
2002a; Wagenseil and Mecham, 2007). Cross-linking mechanisms
complete the maturation process of elastic fibers (Kielty et al., 2002a;

Fig. 1. Routine histology and probe-specific analyses
identify tropoelastin/elastin gene and protein expression
patterns in human semilunar valve leaflets. (A B) Routine
histology (A; Movat's stain) and immunofluorescence staining
with an antibody against tropoelastin/elastin (B; green) of a 9-
week human fetal semilunar valve leaflet section. In B, DAPI-
stained nuclei are in blue and a-smooth muscle actin (aSMA)-
expressing cells are in red. Arrows indicate tropoelastin/elastin in
the layer facing the ventricles. (C) gPCR data of ELN expression;
*P<0.05, first trimester versus adolescent and adult tissues. Error
bars indicate s.d. (D) Movat'’s stain of an 11-week tissue section
showing the fetal outflow tract [red arrow points to elastic fibers
(black) within the large arteries]. By contrast, no elastin-
containing fibers are visible in the semilunar leaflet (blue arrow).
(E) gPCR data comparing ELN expression in developing large
outflow tract vessels and leaflets. *P<0.05, first trimester large
vessels versus adolescent and adult vessels and all valve groups;
**P<0.05, second trimester large vessels versus all vessel and
valve groups. (F-H) Adult (50 years) aortic valve leaflet stained
with Movat'’s stain. f, fibrosa; s, spongiosa; v, ventricularis. Scale
bars: 50 um in A,B; 200 pm in D,H; 500 um in F.G.

Wagenseil and Mecham, 2007). In order to identify whether
microfibril-associated proteins are present in developing valves, we
isolated RNA from semilunar valve leaflets of first and second
trimester hearts employing LCM. We compared the fetal tissues with
tissues ranging from 14-19 (adolescent) and 50-55 (adult) years. We
performed global gene expression analyses and identified that key
microfibril-associated protein genes required for elastic fiber
assembly were highly expressed as early as the first trimester:
fibronectin (FN1), fibrillin 2 and 3 (FBN2 and FBN3), MAGP1I, latent
transforming growth factor beta binding protein 1, 3 and 4 (LTBP1,
3 and 4), LOX, fibulin 2, 4 and 5 (FBLN2, 4 and 5) and EMILINI
(Fig. 2). Clustering analyses further revealed that some of these genes,
such as FBN2 and FBN3, are highly expressed during fetal
development, but then significantly diminished in adolescent and
adult valves: FBN2 and FBN3 were the most highly expressed during
fetal development [respectively: 13.4+0.3 and 12.2+0.4 first trimester;
13.240.2 and 11.4+0.6 second trimester; Fig. 2 (red)] and decreased
significantly with increasing age [respectively: 8.4+0.8 and 6.2+0.4
adolescent; 8.2+1.5 and 5.9+0.8 adult; Fig. 2 (green); P<0.05].

Other genes, including FNI, LTBP4, LOX, FBLN2, FBLN4,
FBLNS5 and EMILIN], are expressed throughout life, although a
statistically significant decrease was seen for most of the genes. For
example, EMILINI and FNI were overall highly expressed
(respectively: 12.3+0.3 and 11.6+0.5 first trimester; 12.1+£0.2 and
11.5+0.3 second trimester; 10.7+0.6 and 10.3+0.6 adolescent;
10.740.2 and 10.3£0.1 adult). FBNI showed low expression
throughout life, with a significant decrease in aging valves (9.2+0.4
first trimester; 9.1+0.3 second trimester; 7.6+0.5 adolescent; 7.8+0.3
adult; P<0.05).
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Fig. 2. Genome-wide transcriptional profiling to determine age-
related gene expression changes in semilunar valves. Low expression,
green; high expression, red.

Protein expression analyses (Fig. 3; supplementary material
Fig. S1) revealed that fibronectin, as well as fibrillin 1, 2 and 3, were
detectable throughout the entire cushion area of the semilunar valves
at embryonic week 4 (Fig. 3A,D,G,J). By contrast, with the
beginning of leaflet elongation within the first trimester, fibronectin
and fibrillin 1 and 2 were increasingly detectable within the
ventricularis layer (Fig. 3B.E,H). Fibrillin 3 was predominantly
visible within the basement membrane (Fig. 3H), a spatial pattern
previously reported in human epithelia and endothelia (Sabatier et
al., 2011). Interestingly, in mature leaflets, fibrillin 1 was not
exclusively located in the ventricularis, but also spread into the
spongiosa (Fig. 3C). Similar to the FBN2 expression profile, fibrillin
2 was not detectable by immunofluorescence staining in adolescent
and adult tissues (Fig. 31).

Differential spatiotemporal expression of elastin-
associated proteins and tropoelastin/elastin in
human fetal, adolescent and adult semilunar
valve leaflets

In addition to microfibrillar proteins, we analyzed proteins that are
associated with tropoelastin/elastin deposition and required for
cross-linking processes (Fig. 4; supplementary material Fig. S1).
We also explored the expression patterns of the core protein elastin
(Figs 5 and 6; supplementary material Fig. S1). Overall, protein
expression analyses revealed the differential distribution of
EMILINI, fibulin 4 and 5 in aging valves. EMILIN1 was found
throughout the 4-week-old cushions (Fig. 4A) and became more
restricted to the ventricularis layer at 9 weeks (Fig. 4B). In
adolescent and adult leaflets, EMILIN1 was detectable in both the
ventricularis and spongiosa (Fig. 4C). By contrast, fibulin 4 was
expressed equivalently in developing and aged semilunar valves
and was predominantly located within the ventricularis and
spongiosa leaflet layers (Fig. 4D-F). Although fibulin 5 was initially
detectable throughout the entire leaflet and became spatially
restricted to the ventricularis layer, similar to the expression pattern
observed for EMILINI (Fig. 4G,H), it was highly expressed within
the ventricularis with increasing age (Fig. 41). Gene expression
analyses showed significantly decreasing FBLN4 levels in
adolescent and adult leaflets when compared with first and second
trimester tissues (92+4.5% adolescent and 91.84+0.9% adult;

19

fibrillin-1

Fig. 3. Microfibrillar proteins are expressed at the onset of semilunar
cushion formation. Immunofluorescence staining of human semilunar
valve tissues of different developmental stages (4 weeks, early first
trimester; 17 weeks, second trimester; 19 years, adolescent) reveals the
expression patterns of microfibrillar proteins (green) including fibronectin
(A-C), fibrillin 1 (D-F), fibrillin 2 (G-1) and fibrillin 3 (J-L). DAPI-stained
nuclei are white and aSMA-expressing cells are red. Asterisks indicate
erythrocytes. AVV, atrioventricular valves; SV, semilunar valves; OFT,
outflow tract; v, ventricularis. Scale bars: 200 pm.

P<0.001), whereas FBLN5 expression remained constant
throughout the lifetime (Fig. 2).

Tropoelastin/elastin deposition was first seen in the vasculature
of the outflow tract of 4-week-old fetal hearts (Fig. 5A,B, arrow).
The frequency of elastin-containing elastic fibers had rapidly
increased by week 5-6 (Fig. 5C, arrow). In semilunar valves,
tropoelastin/elastin expression appeared temporally distinct from
that in the vascular structures. The earliest elastic fibers were
detectable within the ventricularis layer at week 7 of human fetal
development (Fig. 5D, arrow). Interestingly, at 9 weeks, a network
of elastic fibers was predominantly seen in the ventricularis
(Fig. SE). At 15 weeks of development, elastin-containing elastic
fibers were mainly observed in the ventricularis layer, close to the
vessel wall (Fig. 5F).

Tropoelastin/elastin was expressed throughout the entire
ventricularis layer in adolescent and adult valve leaflets (Fig. 6A,B).
In addition to the quantitative gene expression analysis (Fig. 1C), we
performed semi-quantification of antibody-stained tissue sections.
Here, we identified a significant decrease in tropoelastin/elastin
protein expression with increasing age (a 42.8+7.2% decrease in
adult tissues compared with adolescent samples; P=0.0004;
Fig. 6C).

DISCUSSION
In this study, we showed for the first time that tropoelastin/elastin
expression in human developing hearts starts considerably earlier
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than previously projected (Aikawa et al., 2006). The earliest
tropoelastin/elastin patterns were detectable in the outflow tract
vasculature of the developing 4-week human heart, at a time when
the heart first starts to beat, the blood pressure is marginal and the
vessel wall is exposed for the first time to shear stress. During
human fetal development, the heartbeat starts at the beginning of
week 4 with a frequency of ~65 beats per minute (bpm), which
accelerates in week 7 when it peaks at 180 bpm (Riem Vis et al.,
2011). It might be speculated that, for the proper development of
an elastic fiber network, the peak seen at 7 weeks of human
development is the cue for elastin production in semilunar valves;
however, this would not explain the early presence of
tropoelastin/elastin in the outflow tract vasculature, which raises
questions as to whether the cues for vascular and valvular
tropoelastin/elastin deposition are similar.

It had been hypothesized in mouse models that elastin
production might be impacted by changes in hemodynamic forces
(Wagenseil et al., 2010). The amount of elastin in large arteries
was seen to increase significantly at mouse developmental stage
E18, which is approximately equivalent to the third trimester in
humans. The increase in pressure at this stage of development
(E18-P1) was reported to be a key signal for fibrillogenesis and
elastin-containing fiber assembly. It was further proposed that
these ontogenetic changes are similar to phylogenetic changes in
ECM expression patterns in the vasculature of invertebrates (<20-
30 mm Hg) as compared with vertebrates (>20 mm Hg) (Faury,
2001; Kelleher et al., 2004; Wagenseil et al., 2010; Cheng and
Wagenseil, 2012). Immunofluorescence analyses in chicken have
revealed that tropoelastin expression starts at embryonic stages
HH21-22 in the outflow tract vessels and that the formation of an
elastic layer wall starts between HH22 and HH29, which is
equivalent to ~4-6 weeks of gestation in humans; the first signs
of elastogenesis in chicken cardiac valves appeared comparatively
delayed, at HH30 (equivalent to ~6 weeks gestation in humans)
(Hurle et al., 1994; Little and Rongish, 1995; Lindsey and Butcher,
2011).

The major aim of this study was to identify the dynamic
expression patterns of microfibril and associated proteins as well as
of elastin and, ultimately, to define the earliest appearance of elastic

. *EMILIN-1

Fig. 4. Human semilunar cushion matrix is rich in elastin
fiber components EMILIN1, fibulin 4 and fibulin 5.
Immunofluorescence imaging of valve leaflet sections at the
indicated developmental stages stained for EMILINT (A-C),
fibulin 4 (D-F) and fibulin 5 (G-I) shows differences in the
protein expression patterns (all in green). DAPI-stained nuclei
are white and aSMA-positive cells are red. Asterisks indicate
erythrocytes. AVV, atrioventricular valves; SV, semilunar
valves; OFT, outflow tract; v, ventricularis. Scale bars: 200 um.

fibers in human semilunar valves. Using antibodies and specific
probes, we demonstrated that most of the proteins required for the
assembly of an elastic fiber network were present in semilunar
cushions as early as 4 weeks of human development.
Tropoelastin/elastin deposition was first detectable at 7 weeks,
during the period of morphogenic transition from the cushion stage
to the elongated leaflet structure. Interestingly, it appeared that the
stratified histoarchitecture of the semilunar valve leaflet, with elastic
fibers being predominantly located within the ventricularis, was
already predetermined between weeks 7 and 9 of gestation. By
contrast, Movat’s stain, with Verhoeft’s stain revealing the elastic
fibers, was not appropriate to visualize elastin and these early
elastin-containing fibers, similar to findings previously described
by others (Aikawa et al., 2006; Lindsey and Butcher, 2011). Indeed,
it has been reported that Verhoeff’s elastic stain is not suitable to
detect immature elastic fibers (Mulisch and Welsch, 2010). It
appears that the histological dye fails to detect immature elastin-
containing microfibrillar structures in early tissues due to the lack
of cross-links, which occur later in development (third trimester)
when the fibers mature. We conclude that ECM-visualizing stains,
such as Movat’s, that contain Verhoeff’s stain are suitable to detect
mature ECM components but fail to identify developing, immature
ECM structures.

In this study, we present the first comprehensive expression
analysis of elastogenesis, both on the gene and protein level,
providing unique insights into elastogenesis in human developing
and aging semilunar valve tissues. Fibrillin 1 showed completely
different protein and gene expression patterns to fibrillin 2 and 3.
Fibrillin 2 and fibrillin 3 were mainly expressed during fetal
development and decreased significantly in postnatal life, whereas
fibrillin 1 protein was detected throughout all developmental stages.
These results are consistent with the proposition that fibrillin 2
regulates the early process of elastic fiber assembly, whereas
fibrillin 1 provides structural and force-bearing support, making
continued fibrillin 1 deposition a premise for the maturation of fully
functional cardiovascular tissues (Zhang et al., 1995; Carta et al.,
2006). In addition, our data suggest that fibrillin 2 is generally
produced during valve development and remodeling, whereas
fibrillin 1 production continues after birth, which is similar to
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Fig. 5. Tropoelastin/elastin protein expression is first seen in the
outflow tract vasculature of 4-week hearts and can be visualized
with a 3-week delay in semilunar valve leaflets. Immunofluorescence
images of tropoelastin/elastin (green) expression in fetal (A-F), adolescent
(G) and adult (H) cardiac tissues, with focus on the semilunar valves that
are localized in the outflow tract. The boxed region in A is shown at
higher magnification in B. DAPI-stained nuclei are white and aSMA-
expressing cells are red. Arrows point to elastin-containing fibers.
Asterisks indicate erythrocytes. AVV, atrioventricular valves; OFT, outflow
tract; SV, semilunar valve; v, ventricularis. Scale bars: 200 um.

previous reports in other organ systems (Zhang et al., 1995; Kelleher
etal., 2004; Carta et al., 2006). The function of fibrillin 3 has not yet
been determined (Sabatier et al., 2011); however, our gene
expression analysis confirmed the data of Sabatier et al. that, similar
to fibrillin 2, fibrillin 3 is highly expressed during fetal cardiac
development and is significantly decreased in postnatal life.
Additionally, we observed that fibrillin 3 protein expression was
predominantly within the basement membrane of semilunar valve
leaflets.

In addition to microfibril-associated proteins, we detected the
presence of proteins required for tropoelastin/elastin deposition and
integration into microfibrils, such as fibulin 4 and 5 and EMILINI,
in the early stages of human semilunar cushion formation. Both
fibulin 4 and 5 assist tropoelastin aggregation and transfer to the
extracellular space as well as facilitating elastin deposition on
microfibrils (Nakamura et al., 2002; Yanagisawa et al., 2002; Cirulis
et al., 2008; Horiguchi et al., 2009; Yanagisawa and Davis, 2010).
Here, we revealed that, in aging valve leaflets, only fibulin 5 was
constantly expressed in the ventricularis. It had been reported that
EMILINTI is found on the interface between the amorphous elastin
core and microfibrils (Bressan et al., 1993; Wagenseil and Mecham,
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Fig. 6. Tropoelastin/elastin content decreases significantly within
aging valve leaflets. (A B) Representative immunofluorescence images
of adolescent (A) and adult (B) aortic heart valve leaflets showing
tropoelastin/elastin expression patterns (white). Scale bars: 500 um.

(€) Semi-quantification of tropoelastin/elastin protein expression based
on gray value intensities (GVI). *P=0.0004, adolescent versus adult tissues.
Error bars indicate s.d.

2007). Although our results showed that tropoelastin/elastin and
EMILINTI indeed exhibited similar gene and protein expression
patterns throughout life, with colocalization in the ventricularis and
areas of the spongiosa, EMILIN1 was already detectable throughout
the cushions of 4-week hearts, whereas tropoelastin/elastin was not
yet detectable in these early semilunar valves (compare Fig. 4A with
Fig. 5A,C).

It had been suggested that elastin protein is predominantly
produced and deposited during fetal and neonatal development and
that it lasts throughout the lifetime without replacement (Kelleher et
al., 2004; Sherratt, 2009; Wagenseil and Mecham, 2012). Our data
confirmed that elastin expression is significantly decreased in
semilunar valves with increasing age. We further revealed that
tropoelastin/elastin protein expression started at week 7 in semilunar
valve leaflets and that towards the end of the first trimester a
network of elastin-containing fibers was seen in the developing
ventricularis layer. An elastic fiber system with fibers branching out
to connect to the fibrosa, a pattern that was previously described in
the porcine system (Tseng and Grande-Allen, 2011), was seen
thereafter and into postnatal life. However, semi-quantification of
the antibody-stained tissue sections revealed significantly
decreasing amounts of tropoelastin/elastin protein with increasing
age.
When considering the hypothesis that biophysical signals are
essential for elastogenesis, it was interesting to identify that
tropoelastin/elastin protein was first detectable in the outflow tract
vasculature of 4-week fetal human hearts, when the heartbeat begins
and the blood pressure starts to increase (Faury, 2001; Riem Vis et
al.,, 2011). In species with low-pressure circulation systems,
microfibrils are known to provide sufficient elasticity and strength
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Table 1. Elastin and elastic fiber protein expression in human developing semilunar valves and the diseases associated with

these proteins

Expression in semilunar valves

Protein 4-6 weeks 7+ weeks Adolescent Adult Associated diseases

fibronectin ++ + + + -

fibrillin 1 ++ ++ ++ ++ Marfan syndrome (Ramirez, 1996)

fibrillin 2 ++ ++ - Beals syndrome (Putnam et al., 1995)

fibrillin 3 + + + + -

fibulin 4 + + + + Cutis laxa (Loeys et al., 1993)

fibulin 5 ++ ++ ++ ++ Cutis laxa (Loeys et al., 2002)

EMILIN1 ++ ++ ++ -

(tropo)elastin + ++ ++ Supravalvular aortic stenosis (Curran et al., 1993), Williams-

Beuren syndrome (Ewart et al., 1993), cutis laxa (Tassabehji et
al., 1998), valve calcification (Aikawa et al., 2009; Perrotta et
al., 2011)

-, NO expression; +, expression; ++, strong expression.

within the cardiovascular system. Species with high blood pressure
require the support of highly resilient proteins such as elastin (Faury,
2001). To date, elastin has only been found in vertebrates and some
jawless fish [e.g. lamprey (Piha-Gossack et al., 2012)] with high
blood pressure and pulsatile blood flow, which indicates that a
certain threshold has to be reached to ‘induce’ elastin expression
(Faury, 2001; Cheng and Wagenseil, 2012; Piha-Gossack et al.,
2012). However, it is unknown whether immature elastin tissue
structures can mature by exposure to defined biophysical signals,
what these signals are and how they could be recapitulated (e.g. in
a bioreactor system to engineer a cardiac valve). For almost two
decades, scientists have been aiming to deliver a clinically relevant
living tissue-engineered valve that is able to respond to growth and
physiological forces in the same way as a native valve (Vesely,
2005), in order that it would be suitable for surgical valve
reconstruction in children. To date, the only clinical experience with
tissue-engineered valves resulted in a number of early failures and
even patient death (Vesely, 2005). It therefore remains essential to
improve our knowledge of early human cardiac valve development
and the mechanisms that drive this process. Studying nature’s
blueprint, as in this study, the use of computational tools and the
utilization of sophisticated human-based in vitro systems will enable
greater progress towards the goal of successfully translating
scientific findings into a fully functional tissue-engineered valve
that can become a clinical reality.

Evidence in recent years has implicated that pathological matrix
remodeling plays a key role in cardiovascular disease development,
including valve calcification, which is the most common reason for
surgical aortic valve replacement. Accordingly, it had been shown
that ECM structural damage impacts valve durability, leading to
allograft degeneration (Schenke-Layland et al., 2009; Lisy et al.,
2010). Moreover, it was demonstrated that macrophage
metalloproteinase (MMP12)-mediated degradation of elastic fibers
contributes to valve mineralization by inducing calcium deposition
onto fragmented elastin, which was identified as the initial site of
calcification (Perrotta et al., 2011). Emerging evidence suggests that
elastin degradation contributes to arterial and aortic valve
calcification via the action of macrophage-derived cathepsin S, a
highly potent elastase (Aikawa et al., 2009). Mutations in ELN and
microfibril-associated protein genes are known to cause a variety
of congenital cardiovascular diseases (Table 1), including Marfan,
Beals and Williams-Beuren syndromes, as well as cutis laxa (Curran
et al., 1993; Ewart et al., 1993; Loeys et al., 1993; Putnam et al.,
1995; Ramirez, 1996; Tassabehji et al., 1998; Loeys et al., 2002;
Aikawa et al., 2009; Perrotta et al., 2011).

Conclusions

Here, we demonstrated that elastic fiber formation starts at the onset
of human semilunar valve development. Both gene and protein
expression of fibronectin, fibrillins, fibulin 4 and 5 and EMILIN1
were detectable in developing semilunar valve cushions as early as
week 4 of gestation. In addition, we demonstrated that
tropoelastin/elastin expression starts in the outflow tract vasculature
in the 4-week fetal heart and is then followed by deposition in the
semilunar valve leaflets as early as week 7 of gestation, which is
substantially earlier than previously projected based on data
obtained from mouse models and human second and third trimester
tissues. Based on previous reports, the hypothesis was raised that
elastin and elastic fibers might not be crucial for early
cardiovascular organ development. By contrast, our study, which
provided unique insights into the evolution of the human
cardiovascular system, demonstrates that elastin and elastic fibers
are important for the development of functional semilunar leaflets,
providing a conceptual framework to further identify the
mechanisms that tightly control cardiovascular tissue
morphogenesis and homeostasis.

Because we utilized non-diseased human tissues in this study, we
were limited to descriptive analyses that do not allow functional
insight into the process of elastogenesis. Although we identified
interspecies differences between data obtained from previous mouse
experiments and our findings in the human system, in-depth
mechanistic analyses of the semilunar valve tissues of the elastin
knockout mouse (Wagenseil et al., 2010) might further elucidate
general molecular events involved in valvulogenesis. In future
studies, it will be essential to investigate the impact of
microenvironmental cues on the interactions between cells and with
the ECM, soluble factors and biophysical signals that allow
elastogenesis. Our findings might provide novel insights into
therapies for acquired and congenital cardiovascular disease.
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