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Abstract

Background: EMILIN2, elastin microfibril interface located protein
2, is expressed during cardiovascular development, by cardiac
stem cells, and in adult animal models of heart disease. In humans,
the EMILIN2 gene is located on the short arm of Chromosome 18,
and patients with partial or complete deletions of this chromosome
region have cardiac malformations. The objective of this study was
to evaluate whether the Emilin2 deficient mice have cardiac defects.

Methods and results: Cardiac malformations were assessed in
adult Emilin2, Emilin1 (EMILIN2 homologue) deficient mice, and
Emilin2:Emilin1 double deficient mice. The primary malformation
in Emilin2 deficient mice was ventricular septal defects. Although
EMILIN1, is also expressed during cardiovascular development,
the primary cardiac anomalies in Emilin1 deficient mice were
valve insufficiency (pulmonary, aortic and mitral). Only half of
the expected Emilin2:Emilin1 double deficient offspring were
weaned, indicating embryonic and perinatal lethality. Surviving
Emilin2:Emilin1 double deficient mice had both ventricular septal
defects and regurgitation of valves. There was a trend for anterior
wall thinning and left ventricular dilation in Emilin2:Emilin1 double
deficient mice. In embryonic Emilin2:Emilin1 double deficient mice
complete arterioventricular canal defects and ventricular septal
defects were identified. A potential mechanism for development of
cardiac defects in Emilin2 deficiency may be reduced mobilization
of stem cells during heart development.

Conclusions: Emilin2 deficient mice express cardiac anomalies,
primarily ventricular septal defects, and Emilin1 mice exhibit
primarily valve abnormalities including pulmonary regurgitation,
whereas in Emilin2: Emilin1 double deficient mice, both
anomalies occurred, suggesting that Emilin2 and Emilin1 have
differential roles in cardiac development. Emilin2 deficient mice
have cardiac malformations similar to individuals with deletions
of the short arm of Chromosome 18. Emilin2 deficient mice may
be an informative model to investigate the consequences of
cardiac anomalies in subjects with deletions of the short arm of
Chromosome 18, 18p.
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Introduction

Deletion of 18p is one of the most common chromosomal deletion
syndromes with an incidence of about 1:50,000 births [1,2]. A recent
study found that 56% of 18p subjects have documented cardiac defects
[3]. Heart malformations reported in several studies include tetralogy
of Fallot, pulmonary valve stenosis, mitral valve prolapse, aortic
coarctation, VSDs, and aortic stenosis [4-15]. However, the identity
of the causative gene of the cardiac anomalies in the 18p deletion
subjects is unknown. There are 67 known genes [3] in the 18p region,
but only a few of these genes have been implicated with the clinical
symptoms. TGIF [16], and HPE4 [17] have been associated with the
holoprosencephaly, DYT7 with the dystonia [18], SMCHDI [19] with
the facioscapulohumeral muscular dystrophy type 2, and a locus for
susceptibility to alopecia [20]. However, none of the known genes in
18p have been associated with cardiac malformations.

Emilin2 (E2) is expressed in the cardiovascular system during
development in the mouse [2,21,22] and zebra fish [23]. Studies
[11,24] in mice reported that E2 is differentially expressed in right
ventricular tissue. The goal of this study was to investigate whether E2
deficient (E27°) mice also had cardiac defects.

E2 was first identified as a binding partner to Emilinl (E1), and
both are elastin microfibril interface located proteins. E2 is highly
homologous to E1, with 70% homology in their N-terminal and 75%
in their C-terminal domains [25]. Recently, Bot et al. [26] reported
multiple interactions among E2 and E1 N-terminal and C-terminal
domains, suggesting possible homo- and hetro-multimer interactions.
Differential expression of E1 and E2 has been reported in both mouse
[2] and zebra fish [23]. In adult mice we reported expression of E2 in
the aorta and heart [27] and expression of E1 has been reported in
both human and mouse heart valves [28-30].

Here we report that E27 mice express right-sided heart defects,
whereas E1 deficient (EI”") mice exhibit primarily valve abnormalities
including pulmonary regurgitation, double deficient mice, E27:E1”
exhibit both VSDs and pulmonary regurgitation, suggesting that E1
and E2 have differential roles in cardiac development.

Materials and Methods
Mice

E2” mice were generated in a C57BL/6 (B6) background with
two lox-P sites flanking exon 3 in the mouse genome (Taconic)
and previously described [31]. E27** mice were crossed with the
CMV-Cre recombinant mice to generate global E2” mice. E27" mice
were compared to wild-type mice with CMV-Cre (WTc). Professor
Giorgio Bressan, University Padua, Italy, kindly provided EI”- mice
in a B6 background and B6 mice were used as the control (WT) for
EI7 mice. The expected number of 25% wildtype, 50% heterozygous,
and 25% deficient mice were found in EI”- and E2”" mice, suggesting
no embryonic lethality in the single deficient mice. E2” and E1”
mice were bred to obtain heterozygous mice, genotyped and bred to
generate homozygous E27:E1” mice. The phenotype of the E27:E1”
was expected to be more severe than either of the single deficient
mice, and indeed only 50% (12% rather than the 25%) of the expected
offspring (from E2*- X E1*" breeding pairs) survived to weaning. All
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mice were maintained on B6 background and utilized at 8-10 weeks
of age. Mice were bred, housed in sterilized isolator cages, maintained
on a 14-hour light/10-hour dark cycle, and provided with sterilized
food and water at the Biological Resource Unit of the Cleveland Clinic
Lerner Research Institute. All animal experiments were performed
in accordance with protocols approved by the Cleveland Clinic
Institutional Animal Research Committee.

Ultrasound imaging and doppler echocardiography

Mice were sedated with 1-2% isoflurane and echocardiography
was performed using the GE Vivid7 with a 14-MHz i13L transducer
for cardiac phenotyping. Color flow and spectral doppler imaging
were obtained to detect any cardiac anomalies. Briefly, left ventricular
(LV) dimensions were quantified by digitally recorded 2D clips and
M-mode images in a short axis view from the mid-LV just below the
papillary muscles to allow for consistent measurements from the same
anatomic location in different mice. Ejection fraction (EF), percent
fractional shortening (%FS), heart rate (HR), anterior wall thickness
in systole (AWTs), left ventricle internal diameter in systole (LVIDs)
measurements were made. All studies were performed on awake
mice. After cardiac perfusion, the aortas were harvested, immediately
embedded into OCT (Tissue-Tek, Torrance, CA) and frozen. The
frozen aortas were sectioned at 10 um using a cryostat (Leica
CM1850, Leica Microsystems, Nassloch, Germany) and stained with
Hematoxylin and Eosin (H&E).

Structural imaging using optical coherence tomography

Optical coherence tomography (OCT) has been previously shown
as an effective tool for 3-D structural imaging of embryonic cardiac
tissues [32-35]. In this study, 7 E2”" embryonic mouse hearts were
collected at E 19.5. The hearts were fixed in 4% paraformaldehyde with
1X phosphate buffered saline (PBS) overnight under room conditions,
followed by 3 consecutive 10 min rinsing sessions in 1X PBS. To
reduce light scattering and increase imaging depth, optical clearing
has been utilized in combination with 3-D imaging to visualize the
morphology of the heart without sectioning the tissue [34-37]. In this
experiment, the fixed hearts were cleared in excess Sca/eCUBIC-1
optical clearing reagent containing 25 wt% Urea, 25 wt% N,N,N N’-
tetrakis(2-hydroxypropyl) ethylenediamine, 15 wt% Triton X-100 and
35 wt% deionized water. The hearts were cleared for 3 days at room
temperature while being shaken at 200 rpm [38]. The cleared hearts
were then imaged using a custom-built spectral domain OCT system
[39], with the cleared tissue immersed in the original optical clearing
reagent for optimized refractive index matching. The OCT system
used in this study employs a 1300 + 50 nm superluminescent diode,
a quasi-telecentric galvo scanner, a prism based linear-wavenumber
spectrometer and a line-scan camera with variable line rate. Both the
lateral and the axial resolution of the OCT system is about 10 um in the
cleared tissue. Custom Matlab (MathWorks; Natick, MA) programs were
employed to process the images from the raw binary data collected from
the OCT system. The 3-D datasets were then inspected by an experienced
fetal echocardiography investigator to determine phenotype abnormalities.
Slice and volume images of the hearts were rendered and visualized using a
commercial visualization program called Amira (FEI Visualization Sciences
Group; Burlington, MA).

Results
Congenital heart defects in E2”, E1”-and E27:E1"- mice

Cardiac anomalies were detected by color Doppler flow recordings
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in E27, E1”"and E2”":E1"" mice. Color flow Doppler echocardiography,
in which flow movement toward the transducer is shown in red and
flow movement away from the transducer is shown in blue, 2D-images
from a modified short axis and apical 4-chamber views are shown in
Figure 1. Ventricular septal defects (VSDs) were observed in these
mice. Figure 1A shows sequential 2D echocardiography images of a
representative E2” heart with VSD in apical 4-chamber view. VSD
in both the 2D structural image (Figure 1Aa) and the doppler flow
images are shown in Figure 1Ab-d. The incidence of VSDs in E2-
~mice was 56%, 33% in EI” mice, and 52% in the E27:EI"- double
deficient mice compared to only 9% in CMV-Cre (WTc) mice (Table
1). There was no difference in heart to body weight ratio (Table 1)
among the different strains.

Additionally, in E2” mice, stenotic flow patterns were captured
as red, blue, and yellow mosaic patterns at the pulmonic and aortic
valves during systole. The incidence of pulmonary regurgitation (PR)
was only 7% in E2"mice compared to 56% in EI1” mice, and in the
double deficient mice, E27:E1”- 43%. Mice with the E1 deficiency, EI
and E2:EI”" mice, had a >2-fold higher (56 & 43%) incidence of
PR than mice with the E1 gene B6, WTt, and E2” mice (10, 18 & 17).
The CMV-Cre (WTc) mice had only 18% PR. EI” mice (Figure 1) had
mitral regurgitation (MR) and aortic regurgitation (17%) (Table 1).
Shown in the bottom panel of Figure 1C are thickened leaflets of the
pulmonary and mitral valves (H&E staining). E27:EI” mice also had
mitral regurgitation (26%) and aortic regurgitation (9%) (Table 1). In
Figure 1 in one E27:EI”- mouse the top panel shows the ascending
aorta in a 2D long axis and the lower panel shows coarctation of the
aorta.

Cardiac anomalies in embryonic E27 mice

Cardiac anomalies in E19.5 mouse hearts (Figure 2) were detected
by 3D structural imaging using optical coherence tomography that
is an effective tool for detecting cardiac abnormalities compared
to traditional histochemistry. Of the 7 E27 fetal hearts evaluated,
there was 2 out of 7 incidence of VSDs and 2 out of 7 had complete
atrioventricular canal defects (CAVC) with abnormal great artery
position. The E2” fetal hearts also exhibited hypoplastic right
ventricles (HRV; 5 out of 7 incidence) and hypoplastic pulmonary
arteries (HPA; 2 out of 7 incidence). Only 1 of the evaluated E2” fetal
hearts were completely normal with no cardiac defects while 6 out of 7
exhibited one or more of the above described abnormalities.

Cardiac function

To determine whether the cardiac abnormalities altered cardiac
function echocardiography was performed in these mice. Ejection
fraction (Figure 3A) and percent fractional shortening (Figure 3B)
were not different among the strains suggesting these cardiac defects
did not alter systolic function in these mice. There was a trend for
anterior wall thinning (Figure 3C) and left ventricular dilation (Figure
3D) in the E27:E17- mice.

Potential mechanisms for the development for the cardiac
anomalies in E2"mice

Four potential mechanisms for the cardiac anomalies in E2”'mice
were investigated: 1) abnormal platelet aggregation 2) abnormal blood
vessel structure; 3) TGF-B1 processing and 4) abnormal stem cell
mobilization. In a previous study [31], we generated double deficient
mice, in the C57BL/6] background. In this group of mice we selected
mice with no cardiac defects, mice with pulmonary regurgitation, and
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Figure 1: Doppler Flow of Cardiac Malformations in E2* and E17 Mice.

axis and the bottom panel shows coarction aorta. LV-left ventricle. aorta.

E2” mouse, RV-right ventricle, LV-left ventricle. 1B) E71-* pulmonary regurgitation and mitral regurgitation. Ao-aorta, PA-pulmonary artery, MV-mitral
valve. Bottom panel demonstrating thickening of pulmonic (PV) and mitral valves (MV).1C) Top panel shows ascending aorta (Asc aorta) in a 2D long
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1A) a-d. Sequential Doppler events of ventricular septal defect (VSDs) in a

Arrow indicates coarctation.

Table 1: Cardiac Anomalies

in E27, E1*, and E27:E17 Mice.

Genotype PR AR ‘ MR VSDs Heart/BWT (%)
B6 2/20 (10) 0/20 (0) ‘ 1/20(0) 0/20 (0) 0.58 + 0.01
WTc 2/11 (18) 0/11 (0) 2/11 (18) 111 (9) 0.54 £ 0.17
E2* 3/18 (17) 0/18 (0) 1/18 (6) 10/18 (56) 0.55+0.32
E1* 10/18 (56) 3/18(17) 3/18 (17) 6/18 (33) 0.58 + 0.04
E27E1 10/23 (43) 2/23 (9) 6/23 (26) 12/23 (52) 0.59 +0.02

Number in parenthesis—% mice with defect; PR—pulmonary regurgitation;
AR: Aortic Regurgitation; MR—Mitral Regurgitation; VSDs—Ventricular Septal
Defect; Heart/BWT-% Heart Weight (g)/Body Weight.

mice with ventricle septal defects. Platelet aggregation, expressed as
%maximum amplitude, was determined and there was no significant
difference (one-way ANOVA) among the mice (n=3) with no defects
(45 * 1), pulmonary regurgitation and ventricle septal defects (38 +

6), or mice with only ventricle suggesting platelet aggregation was

not altered in adult mice with cardiac defects septal defects (36 + 3).
Similar to the previous study, (31) we found that platelet aggregation
in control mice (C57BL/6]) was 71 + 3 and was significantly different
(p<0.001) than E27:EI” mice as determined by a Dunnett’s multiple
comparison test.
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Figure 2: Stereomicroscopic and OCT images of selected E2 embryonic 19.5 day (E19.5) fetal mouse hearts. (All scale bars=1 cm) a) A
stereomicroscopic image of a fixed heart sample before optical clearing. b) A stereomicroscopic image of the same heart sample in a) after being
treated with a sca/eCUBIC-1 reagent for 3 days. Imaging was taken with identical illumination as in a), showing significantly improved transmission
of light and similar tissue size c) 3-D rendered OCT image of a different E27- E19.5 heart showing abnormal exterior structure. d) 4-chamber view,
cross-sectional image of the same heart in c) showing hypoplastic right ventricle (HRV) and possible complete atrioventricular canal defect (CAVC). e)
4-chamber view of a different E2- E19.5 heart showing CAVC. f) 4-chamber view of another E27- E19.5 heart showing HRV and a possible ventricular
septal defect (VSDs). g) axial view of the same heart in f) showing a hypoplastic pulmonary artery (HPA).
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Figure 3: Echocardiography of E2*, E17, E2":E1*. A. Ejection Fraction (EF %); B. Fractional Shortening (FS%); C. Anterior Wall Thickness in Systole (AWTs,
mm); D. Left Ventricular Internal Diameter in Systole (LVIDs, mm). Each mouse indicated with dot. Line is mean + SEM, n=8-10. Statistical analysis, Kruskal-
Wallis test, Dunn’s Multiple Comparison post-test,*p<0.05.
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Unlike the EI” mice [40], we did not detect any alterations
in the elastic laminae, vascular smooth muscle cells or collagen
(Supplementary Figure 1) of the aortic wall. The aorta wall consists
of several layers [41-44] including endothelial cells, smooth muscle,
elastic lamminae, and collagen with specific attachments. In the EI17
mice the elastic lamminae is disrupted and irregular compared to the
elastic lamminae in the EI1** mice (40). The arrangement of the layers
and integrity of aorta were intact in the E27 mice. In addition, after
treatment with CaCl2 toinduce dilation, we did not find any difference
in WTc (0.17 + 0.02 mm) and E27(0.18 + 0.03 mm) mice abdominal
aortic diameter changes (post minus pre mm). Thus, in E27 mice
we did not find defects in the vessel wall that replicate the disrupted
elastic laminae found in the aorta of the EI7- mice [40].

TGEF-bl is important in cardiac development and recovery from
injury [45,46]. E1 inhibits TGF-B1 processing and a deficiency of E1
causes an increase in TGF-B1. At the same age as plasma was collected,
we measured heart TGF-$1 mRNA and TGF-2 mRNA expression.
There was no difference in TGF-B1 or TGF-f2 mRNA expression
between the E27" mice and WTc mice (Supplementary Figure 2A, B).
In plasma (PPP) (Supplementary Figure 2C) from E2”, E1”", and E2”
:E1”" mice, total (latent plus activated) TGF-p1 was elevated compared
to B6, (E2+/+ and E1+/+) mice (Supplementary Figure 2D). In the
platelet rich plasma (PRP), a measure of TGF-P1 platelet content,
total (latent plus activated) TGF-B1 was not different in platelets from
E27 or EI”" mice compared to the B6 mice. Since TGF-P1 synthesis
was not different in B6 and E2” mice, the increase of TGF-f1 in the
plasma suggests that processing may be enhanced without E2 similar
to that found in the EI”" mice.

E2 is found on the surface of stem cells and has been a useful
maker to detect cardiac stem cells [47], but the function is not known.
Granulocyte colony stimulating factor (G-CSF) mobilizes stem cells
from the bone marrow and stem cells in the heart to sites of injury
after a myocardial infarction [48] and during embryonic development
[49]. We tested whether E2 deficiency would alter the mobilization of
bone marrow WBC (Supplementary Figure 3A) and stem cells (Lin-
ckit+) after treatment with G-CSF (Supplementary Figure 3B). There
was no difference in circulating WBC or hematopoietic stem cells in
saline treated mice, but the response to G-CSF was 2-3-fold higher in
the WT mice than E27 mice indicating that E2 is necessary for stem
cell mobilization.

Discussion

The results of this study show that 1) E2 deficiency causes right-
sided heart defects; 2) E2 deficiency does not disrupt the aortic elastic
lamina; 3) E2 deficiency results in increased plasma TGF-B1; and 4)
E2” mice have impaired stem cell mobilization. The malformations
in the E27 mice were associated with defects in the cardiac septal and
right ventricular walls of the heart, whereas the malformations in the
EI7" mice were associated with the valves. These marked differences
between the E27 and EI” mice in the expression of the cardiac
malformations may be due to the temporal and spatial expression
of the E2 and El during development. During early embryonic
development in the mouse [2], E2 is strongly expressed in the neural
fold, limb buds, and heart, whereas E1 shows a widespread expression
in mesenchymal cells in the head and trunk. In E14.5-old mouse
embryos; E2 is expressed in the trabecular zone of the heart ventricle
and many mesenchymal cells. E1 is found in the mesenchymal cells
throughout the body, and in the outflow tract at the aortic trunk and
aortic valve [2].
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Another difference between E2” and E1”" mice is that the structure
of the aorta is disrupted in the EI”" mice (40, 44), but not in the E2
’ mice. Also, we found no difference in abdominal aortic aneurysm
formation in E2” mice at 8-10 weeks of age compared to WTc controls.
Changes may occur in the aorta and the abdominal aortic aneurysm
formation in older E2”- mice. Munjal et al. [30] recently reported a
progression of the aortic valve disease in the older EI”- mice with age
(12-14 months) compared to young mice (8-10 days).

Mutations in the TGF-B1 pathway have been shown to contribute
to the occurrence of congenital VSDs [50-54]. TGF-P1 was increased
in E27 mice, suggesting that E2” mice may be important in the
regulation of TGF-B1 processing. E1 was identified as an inhibitor
and regulator of the furin-processing step of TGF-fB1 [55,56]. In
EI7 mice, furin processing is not inhibited by El and thus, more
TGEF-B1 is available for further processing and enhanced signaling.
TGF-PBland TGF-B2 mRNA expression was not elevated in the heart
of the E2”- mice, but TGF-BI in the plasma was increased suggesting
E2 functions to inhibit TGF-B1 maturation. A change in TGF-p1
in the plasma caused by E2 deficiency could alter the regulation
of TGF-B1 signaling pathways during cardiac development.
Differences in the spatio-temporal expression of E2 and E1 during
development could account for the different cardiac anomalies in
the E27 and EI”" mice.

In addition, while the cardiac anomalies in the E27 mice are
relatively mild, studies in patients with congenital defects similar to
the E2” mice indicate these patients are predisposed to cardiac and
vascular disease [57-60], and need to be monitored on a regular
basis throughout their lifetime. Several studies in mice reported
that E2 is differentially expressed in right ventricular tissue
[11,24], and E2 expression is increased in cardiac extracellular
matrix in isoproterenol-induced hypertrophy [61]. Thus, in E27
mice, older mice or in models of heart disease, such isoproterenol-
induced hypertrophy [61] and myocardial infarction, function
may be severely compromised.

Limitations of Study

This study has not determined the spatial and temporal
expression of E2 and TGF-1 in cardiac development and will require
the identification of E2 expression during embryonic development.
Another limitation of the study is that long-term survival of E27- mice
was not defined. Development of a mouse model that mimics the
deletion of E2 in 18p patients will be important to investigate survival
and response to chronic cardiac disease in these subjects.

Conclusions

This study indicates E2 plays a role in cardiac development with
over half the E27° mice exhibiting VSDs and twenty percent with
vessel anomalies. We did not detect abnormal vessel structure in E2-
’mice, but did find that E2 deficiency inhibits stem cell mobilization.
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