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Abstract
Elastic fibres are essential for normal physiology in numerous tissues, including arteries, lungs and
skin. Fibulin-4 is an elastic-fibre-associated glycoprotein that is indispensable for elastic-fibre
formation in mice. However, the mechanism by which fibulin-4 executes this function remains to
be determined. Here, we established an in vitro functional assay system in which fibulin-4 was
knocked down in human foreskin fibroblasts using siRNA (small interfering RNA) technology.
With two different siRNAs, substantial knockdown of fibulin-4 was achieved, and this
suppression was associated with impaired elastic-fibre formation by the fibroblasts. Real-time
reverse transcription–PCR analysis showed that knockdown of fibulin-4 expression was
accompanied by reduced expression of tropoelastin mRNA. Further analysis showed that this
decrease was caused by transcriptional down-regulation of tropoelastin. This effect was selective,
since the mRNA level of other elastic-fibre-associated proteins, including fibrillin-1, lysyl oxidase
and lysyl oxidase-like-1, was not affected. Moreover, addition of conditioned medium from
cultures of CHO (Chinese-hamster ovary) cells overexpressing fibulin-4 stimulated tropoelastin
expression and elastic-fibre formation in cultures of Williams–Beuren-syndrome fibroblasts.
Knocking down or knocking out fibulin-4 in mice led to a decrease in tropoelastin expression in
the aorta. These results indicate that fibulin-4, considered as a structural protein, may also
participate in regulating elastic-fibre formation in human cells through an unanticipated
mechanism, namely the regulation of tropoelastin expression.
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INTRODUCTION
Elastic fibres are the major ECM (extracellular matrix) structures that provide tissues with
elasticity throughout the body, especially in the major arteries, lungs and skin, where tissue
elasticity is absolutely necessary for physiological function. Elastic fibres are composed of a
central elastin core assembled on the scaffold of parallel microfibrils consisting of numerous
glycoproteins [1,2]. Formation of elastic fibres (elastogenesis) is a developmentally
regulated multi-step hierarchical assembly process of sequential interaction between elastin
and its associated proteins [3]. In cells, EBP67 (67 kDa elastin-binding protein) binds to
soluble tropoelastin and forms a complex with PPCA (protective protein–cathepsin A) and
Neu1 (neuraminidase-1) to facilitate tropoelastin secretion. Consecutively, Neu1 catalyses
removal of the terminal sialic acids from carbohydrate chains of microfibrillar glycoproteins
and other adjacent matrix glycoconjugates, unmasking their penultimate galactosugars. The
exposed galacto-sugars, in turn, interact with the galactolectin domain of the EBP, thereby
inducing the release of transported tropoelastin molecules and facilitating their subsequent
assembly into elastic fibres [4,5]. The released tropoelastin is deposited on microfibril
scaffolds, cross-links to form polymers and assembles to make elastic fibres. To date, over
34 proteins have been found to be associated with elastic fibres [6]. Only a few of them have
been shown to be structurally involved in elastogenesis. These include fibrillin-1 [7,8],
fibrillin-2 [9], LOX (lysyl oxidase) [10,11], LOXL1 (LOX-like-1) [12], emilin-1[13],
fibulin-4 [14] and fibulin-5 [15,16].

Fibulins are a family of extracellular glycoproteins that share the characteristics of a tandem
array of cbEGF (calcium-binding epidermal growth factor) motifs, followed by a 120–140-
aminoacid residue fibulin-type C-terminus [17–19]. Currently, seven genes have been
identified in the fibulin family. Fibulin-1, 2, and -6 are larger in size than fibulin-3, -4, -5
and -7, containing additional anaphylatoxin (AT) motifs at their N-termini. Fibulin-3, -4 and
-5 contain five cbEGF motifs preceded by a modified cbEGF domain at their N-termini.
Because of the similar modular structure, fibulin-1 to -5 all show a rod structure with
globules at one end (fibulin-3, -4 and -5) [20] or both ends (fibulin-1 and -2) [21,22] by
rotary-shadowing electron microscopy.

The fibulins are widely distributed throughout the body and are more prominent in tissues
rich in elastic fibres, such as aorta [20]. They bind to a large number of ECM proteins
ranging from the basement-membrane proteins, proteoglycan aggregates, various
microfibrils such as fibronectin microfibrils and fibrillin microfibrils, to elastic networks
[6,17]. Indeed, all fibulins that have been analysed have been found to be associated with
elastic fibres. Fibulin-1 is associated with the elastin core [23], fibulin-2 [24] and -4 [20] are
associated with the microfibrils, and fibulin-2 [24] and -5 [20] are located at the interface
between the elastin core and the microfibrils.

Despite the extensive similarity among the fibulins, only fibulin-4 and -5 have been
implicated as regulators of elastic-fibre formation. Whereas fibulin-4-null mice fail to make
elastic fibres [14], fibulin-5-null mice still assemble elastic fibres, although the fibres are
abnormal [15,16]. On the other hand, the lack of fibulin-1 or -2 in mice does not affect the
primary elastic-fibre formation [25,26]. Thus fibulin-4 appears to be the most critical
member of this family of proteins in modulating elastic-fibre formation. However, the
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mechanisms underlying its involvement in elastogenesis remain unknown. The role of
fibulin-4 in regulating elastic-fibre formation in human cells has not been determined.

Recently, extensive in vitro biochemical characterization has been carried out to compare
fibulin-4 with fibulin-1, -2, -3 and -5 in their interactions with tropoelastin and fibrillin-1
[20,27]. Like fibulin-2 and -5, fibulin-4 binds to the N-terminus of fibrillin-1. The affinity of
fibulin-4 for tropoelastin is higher than that of fibulin-1 and -3, but lower than that of
fibulin-2 and -5. Consistent with this affinity pattern, the ability of fibulin-4 to facilitate
binding of tropoelastin to fibrillin-1 is weaker than that of fibulin-2 and -5. These results
suggest that, in common with other fibulins, fibulin-4 may be involved in regulating
tropoelastin assembly into elastic fibres. However, the fact that only fibulin-4-null mice do
not produce elastic fibres [14] indicates the additional novel functions of fibulin-4 to account
for its unique and indispensable role(s) in elastic-fibre formation.

In the present study we sought to determine such putative roles for fibulin-4 in elastogenesis
using an in vitro model of human cells. We established a functional assay system in which
fibulin-4 was knocked down in HFFs (human foreskin fibroblasts) using siRNA (small
interfering RNA) technology. We found that a decrease in fibulin-4 in these cells led to the
down-regulation of tropoelastin expression, with impaired elastic-fibre formation. To our
knowledge, this is the first demonstration of a novel mechanism by which fibulin-4 can also
regulate elastic-fibre formation, namely by controlling tropoelastin expression.

EXPERIMENTAL
Cell culture

Fibroblasts isolated from dissected human perinatal foreskin tissues were maintained in
DMEM (Dulbecco’s modified Eagle’s medium) (Invitrogen) containing 10 % (v/v) FBS
(fetal bovine serum) (Atlas Biological) at 37 °C under a 5 % CO2 atmosphere. The
fibroblasts were collected by the Cleveland MetroHealth Hospital Perinatal Clinical
Research Center (supported by National Institutes of Health Research Center award
RR-00080). The use of this unidentified, discarded tissue was deemed by both the
MetroHealth and the Cleveland Clinic Institutional Review Board to be exempt from patient
consent requirements. HEK-293T (human embryonic kidney 293T) cells (A.T.C.C.) were
also maintained in DMEM containing 10 % FBS with antibiotic/antimycotic (Invitrogen).
rASMCs (rat aortic smooth-muscle cells) were isolated and kindly provided by Dr Donald
Jacobsen and Dr Olga Stenina (Cleveland Clinic, Cleveland, OH, U.S.A.). They were grown
and maintained in DMEM/F12 medium containing 10 % FBS with antibiotic/antimycotic.
The HPCE (human pigmented ciliary epithelial) cell line was generously provided by Dr
Miguel Coca-Prados (Department of Ophthalmology and Visual Science, Yale University
School of Medicine, New Haven, CT, U.S.A.). The cells were grown in DMEM containing
10 %FBS with the antibiotic/antimycotic.

Production of lentivirus carrying fibulin-4-specific shRNAs (short-hairpin RNAs)
Two fibulin-4-specific shRNAs were cloned into pLKO.1 vector (Open Biosystems). pL335
targets sequence 1007–1027 (GenBank® accession no. BC010456). pL337 targets sequence
765–787 (GenBank® accession no. BC010456). To produce the recombinant lentiviruses,
the shRNA plasmid was co-transfected into HEK-293T cells with the packaging plasmid
psPAX2 (Tronolab) [28] and the plasmid VSV-G (vesicular-stomatitis-virus envelope
glycoprotein) kindly provided by Dr Andrei Gudkov (Cleveland Clinic, Cleveland, OH,
U.S.A.) [29] using Lipofect-amine™ 2000 (Invitrogen) according to the manufacturer’s
instructions. At 48 h after transfection, the infectious lentiviruses were harvested and filtered
through 0.22-μm-pore-size filters (Millipore).
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Lentivirus titering
HFFs were seeded in six-well plates at 1.125 × 105 cells/well. The cells were infected with
the virus stock at dilutions from 1 × 10−1 to 1 × 10−6. At 24 h after infection, the medium
was replaced with fresh medium containing 1 μg/ml puromycin (Sigma–Aldrich). Colonies
formed after 12 days were stained with Crystal Violet and their numbers were counted.

Knocking down fibulin-4 in HFFs and in rASMCs
HFFs at passages 7–10 were seeded overnight at a density of 9.2 × 105 per 100-mm-
diameter culture plate, infected with 1.0 × 107 plaque-forming units of shRNA lentiviruses,
and incubated for 24 h at 37 °C under 5 % CO2. The lentiviral medium was replaced with
fresh medium containing 1 μg/ml puromycin. After 48 h the culture was trypsinized and
expanded for experiments. The fibulin-4 was also knocked down, following the same
protocol, in highly elastogenic rASMCs (passages 7–10) that were seeded at a density of
5.83 × 105 per 60-mm-diameter culture plate.

Real-time RT–PCR (reverse transcription–PCR)
Total RNA from the cultured fibroblasts or mouse aorta was isolated using RNeasy kit
(Qiagen) according to the manufacturer’s instruction. RT reactions were performed using
Taqman Reverse Transcription Reagents (Applied Biosystems). qPCR (quantitative PCR)
were performed using SYBR Green PCR Master Mix (Applied Biosystems) and carried out
in 7000 Sequence Detection System (Applied Biosystems). Quantification of GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA levels in the same cDNA samples was
used as an internal control. Primers used are listed in Table 1.

Data collection and analysis
All experiments using real-time RT–PCR were repeated at least three times with duplicate
samples at each time and duplicate qPCRs for each sample. Relative RNA abundance was
calculated using the Ct (threshold cycle value). All samples were corrected for total input
RNA by normalizing to GAPDH mRNA. A ΔCt value was calculated by subtracting the Ct
value of each gene from the Ct value of the internal control GAPDH. Relative RNA
abundance to GAPDH mRNA (%GAPDH) was calculated by raising 2 to the power of ΔCt
value. Relative RNA abundance to zero time, pLK or wild-type mouse aorta was calculated
by dividing the %GAPDH of each sample by the %GAPDH from samples obtained at zero
time or from pLK-infected cells or wild-type mouse aorta. Unless indicated otherwise,
means ± S.D. were calculated from all data obtained. Student’s t test was used to calculate
the P value. A P value of < 0.05 was considered significant.

mRNA stability
HFFs were seeded overnight in a six-well plate at 4.5 × 105 cells/well. Fresh medium
containing 65 μM DRB (5,6-dichlorobenzimidazole riboside) (Sigma–Aldrich) was added to
the culture (t=0). At the times indicated, the cells were washed twice with PBS, trypsinized
to detach them, and used for real-time RT–PCR.

Pre-mRNA analysis
The abundance of tropoelastin pre-mRNA measured with real-time RT–PCR was used as an
indicator of its transcriptional activity [30]. DNase-treated total RNA was isolated using
RNeasy kits (Qiagen) according to the manufacturer’s instructions. RT reactions were
performed using random hexamers. qPCRs were performed as described for real-time RT–
PCR. The primers used (see Table 1) were designed to amplify sequences at an intron/exon
junction.
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Antibody production
To produce monoclonal antibodies against human fibulin-4, we first produced a recombinant
N-terminal GST (glutathione transferase)–human fibulin-4 fusion protein. Using the
template of a full-length human fibulin-4 cDNA (MHS1010-73567; Open Biosystems) and
the primers h4fb169F-BamHI (5′-GGCCG-GATCCCAGGATTCTGAAGAGCCCGA-3′)
and h4fb1416R-SalI (5′-GGCCGTCGACCGAAGGTGTAGGCCCCTACAAAG--3′), we
used PCR to amplify the fibulin-4 cDNA without its natural leader sequence. The cDNA
was in-frame and cloned into the BamHI/SalI sites of the vector pGEX4T-1 (Pharmacia
Biotech) to make the recombinant construct. After sequence validation, the construct was
transformed into Escherichia coli BL21 cells. After 4 h of 0.1 mM isopropyl β-D-1-
thiogalactopyranoside induction, the GST–fibulin-4 protein was purified using the bulk and
readipack GST purification modules (Amersham Pharmacia Biotech). The purified protein
was injected into mice following a standard hybridoma fusion protocol for producing
antibodies against human fibulin-4. The monoclonal antibody against fibulin-4 was made in
the Hybridoma Core Facility, Lerner Research Institute, under the guidelines of an approved
protocol from the institutional and national animal care committees. The specificity of the
antibody against human fibulin-4 (5G11) was confirmed by Western-blot analysis. The
5G11 antibody recognized a single band on the Western-blot analysis of human fibroblast
cellular extracts. The band intensity decreased significantly in the cellular extracts of
fibroblast cultures in which fibulin-4 had been knocked down.

Preparation of conditioned medium from CHO (Chinese-hamster ovary) cells
overexpressing human fibulin-4

A full-length human fibulin-4 cDNA expression construct was obtained by subcloning a
PCR-amplified fibulin-4 cDNA without its natural leader sequence into the vector NT-
pSecTag2 to produce a secretory protein with an N-terminal His6–c-myc epitope tag. The
NT-pSecTag2 vector was modified from pSecTag2/HygroB (Invitrogen). To produce the
modified vector, pSecTag2/HygroB was used as a template for PCR to include a His6 and c-
myc epitope tag after the Igκ-chain leader sequence. PCR was performed using Taq DNA
polymerase (Roche Diagnostics). The primers used were: NheI-F, 5′-
GATCGCTAGCCACCATGGAGACAGACACA-3′; HindIII-Myc-His-R, 5′-
GATCAAGCTTCAGATCCTCTTCTG-
AGATGAGTTTTTGTTCATTGCTGGCGACGTCATGATGAT-
GATGATGATGCGCGTCACCAGTGGAACCT-3′. Once amplified, the PCR fragment was
digested with NheI and HindIII and subcloned into the corresponding sites in the pSecTag2/
HygroB vector.

To produce an N-terminal His6–c-myc-tagged human fibulin-4 cDNA, human full-length
fibulin-4 cDNA (Open Biosystems) was used as the template for PCR amplification with the
following primers: h4f169F(KpnI), 5′-CTTCTC-
CTGGTACCCAGGATTCTGAAGAGCCC GAC-3′; h4fb1419r-(XhoI-Stop), 5′-
GTTTAAACCTCGAGTCAGAAGGTGTAGG-CCCCTA-3′.

PCR was performed using the Expand High Fidelity PCR system (Roche Diagnostics). The
amplified PCR fragment was digested with KpnI and XhoI before subcloning into the
corresponding sites in the NT-pSecTag2 vector. The resultant vector for human fibulin-4
with N-terminal His6–c-myc tag was further subcloned into pCDNA 3.1 (+) (Invitrogen) by
digestion with, and ligation into, the BamHI and XhoI sites. This final fibulin-4 expression
clone, pQC0701 (Figure 1), was transfected into CHO cells using Lipofectamine™ 2000
according to the manufacturer’s instructions. At 48 h after transfection, the medium was
collected. The amount of fibulin-4 produced in the medium was estimated by an ELISA
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developed with our anti-fibulin-4 monoclonal antibody 5G11 and using our purified GST-
fusion protein as a standard.

Western-blot analysis
Conditioned medium (30 μl) from the pQC0701 transfected CHO cells or from the HFF
culture was treated with 5 % (v/v) 2-mercaptoethanol or 100 mM DTT (dithiothreitol) and
separated using SDS/7.5 %-(w/v)-PAGE. To prepare cell lysates from HFFs, the cells were
cultured for 3 days after reaching confluency, rinsed with PBS, scraped off, pelleted and
lysed with a buffer containing 50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 % (v/v) Nonidet
P40, 0.5 % (w/v) deoxycholate and 0.1 % (w/v) SDS in the presence of 2 mM PMSF and 1
× proteinase inhibitor cocktail (catalogue number, 11697498001; Roche Applied Science).
After centrifugation for 10 min at 4 °C at 16 000 g, 50 μg of protein from the supernatant
was mixed with the SDS loading buffer containing 100 mM DTT and separated on the
acrylamide gel. Proteins on the gel were electrophoretically transferred on to an Immobilon-
P membrane (Millipore) and probed with monoclonal antibody specific for human fibulin-4
(5G11). After incubation with the primary antibody, goat anti-mouse horseradish-
peroxidase-conjugated IgG (Upstate Biotechnology) was added. Immune complexes were
detected by Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life
Sciences).

WBS (Williams–Beuren syndrome) fibroblast culture and treatment
With patient’s family consent and Institutional Ethics Committee approval from the Hospital
for Sick Children in Toronto, fibroblasts were isolated from the skin biopsy as previously
described [31,32] from a 2-year-old male patient with confirmed WBS chromosome
deletion. WBS is characterized by a heterozygous deletion in chromosome 7 that harbours
more than 20 genes, including elastin. [33,34]. These WBS fibroblasts displaying
haploinsufficiency of the elastin gene were seeded in six-well plates (1 × 105 cells/well) and
initially maintained in DMEM containing 10 %FBS until they reached confluency. The
cultures were then incubated for 24 h in a medium consisting of equal volumes of DMEM
containing 4 % FBS and CHO-cell conditioned medium that was harvested either from
cultures of control CHO cells or CHO cells overexpressing human fibulin-4. The
concentration of fibulin-4 in the medium tested was estimated to be 10 ng/ml by ELISA. At
the end of the incubation period, the total RNA was extracted from all cultures and used for
semi-quantitative RT–PCR to detect changes in elastin gene expression. The parallel
cultures plated on coverslips were kept for additional 4 days and then fixed with ice-cold
methanol and immunostained with a specific anti-elastin antibody as previously described
[29].

Semi-quantitative RT–PCR
RT–PCRs (25 μl volume) were performed using OneStep RT–PCR kits (Qiagen) according
to the manufacturer’s instructions and as described by Bunda et al. [35]. The RT step was
performed for elastin and GAPDH reactions at 50 °C for 30 min, followed by 15 min at 95
°C. The elastin PCR (sense primer: 5′-GGTGCGGTGGTTCCTCAGCCTGG-3′; antisense
primer: 5′-GGGCCTTGAGATACCCCAGTG-3′; designed to produce a 255 bp product)
was performed under the following conditions: 25 cycles of 94 °C for 20 s, 63 °C for 20 s
and 72 °C for 1 min, followed by a final extension for 10 min.

The GAPDH PCR (sense primer: 5′-TCCACCACCCTG-TTGCTGTAG-3′; antisense
primer: 5′-GACCACAGTCCAAT-GCCATCACT-3′; designed to produce a 450 bp
product) was performed under the following conditions: 21 cycles of 94 °C for 20 s, 58 °C
for 30 s and 72 °C for 1 min, followed by a final extension at 72 °C for 10 min. Samples (5
μl) of the elastin and GAPDH PCR products from each reaction were separated on 1.2 %(w/
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v) agarose gels and stained with ethidium bromide. The amount of tropoelastin mRNA was
normalized against the amount of GAPDH mRNA.

Immunostaining
Immunostaining of proteins of interest was performed as described by Bunda et al [35].
Cultured cells, grown on glass coverslips, were rinsed twice with PBS, fixed in cold
methanol at − 20 °C for 30 min, blocked with 3 % (v/v) goat serum (Sigma–Aldrich) for 1 h
at room temperature (22 °C), incubated for 2 h at room temperature with polyclonal
antibodies against human elastin or fibrillin-1 (Elastin Product Company) or monoclonal
antibody against human fibulin-4 (5G11), followed by a 1 h incubation at room temperature
with either Alexa Fluor® 568–anti-rabbit IgG or with Alexa Fluor® 488–anti-mouse IgG
(Invitrogen). The cultures were mounted in Vectashield mounting medium with DAPI (4′,6-
diamidino-2-phenylindole) (Vector) and subjected to either confocal or fluorescence
microscopy.

For florescence microscopy, the samples were examined with Olympus IX81 motorized
inverted microscope that was mounted with Hamamatsu ORCA-ER digital camera and fitted
out with an Olympus BH2-RFL-T3 100 W high-pressure mercury lamp burner. For confocal
microscopy, the samples were examined with a Leica-Microsystems TCS-SP2 AOBS
confocal microscope using an HCX PL APO 63 × -magnification/1.4-numerical-aperture
oil-immersion lens. DAPI-stained nuclei were excited with the 351 nm line of an argon laser
and emitted light was collected from 400 to 480 nm. Alexa Fluor® 488-labelled fibulin-4
was imaged using the 488 nm line of a krypton laser with emitted light collected from 500 to
550 nm. Alexa Fluor® 568-labelled elastin fibres or fibrillin-1 microfibrils were imaged
using the 568 nm line of a krypton laser with emitted light collected from 575 to 630 nm.
The amount of elastin in each image was measured using ImageProPlus 6.2 software (Media
Cybernetics) to calculate the intensity of staining.

For immunostaining performed on the WBS cultures, the coverslips were blocked with 1 %
goat serum, incubated for 1 h with polyclonal antibody against elastin, which also detects
insoluble extracellular elastin (Elastin Product Company), followed by an 1 h incubation
with goat anti-rabbit serum–FITC conjugated secondary antibody as described by Hinek et
al. [36]. Nuclei were counterstained with propidium iodide. The pre-immune rabbit IgG and
the secondary antibody alone were used as controls for immunostaining specificity. The
cultures were mounted in Elvanol and examined with a Nikon Eclipse E1000 microscope
with a Retiga EX cooled charge-coupled-device camera (Qimaging) and a video analysis
system (Image-Pro Plus software; Media Cybernetics).

For immunostaining of mouse aortic tissues, embryonic day 13.5 (E13.5) embryos were
isolated, fixed overnight at room temperature in Excel Plus (American Master Tech
Scientific), dehydrated and embedded in paraffin. Sections of thickness 10 μm were de-
paraffinized, rehydrated, blocked for 1 h with the freshly prepared 10 % goat serum and 1 %
BSA in PBS, and incubated overnight at 4 °C with the polyclonal antibody against mouse
tropoelastin PR385 (Elastin Products Company), followed by 1 h incubation at room
temperature with Alexa Fluor® 488–anti-mouse IgG (Invitrogen). The samples were
mounted in Vectashield mounting medium (Vector Laboratories) and analysed by
fluorescence microscopy.

Mice
Mice were housed in the Biological Resources Unit of the Cleveland Clinic. Fibulin-4
knockout mice (fibulin-4−/−) were obtained from Deltagen. Fibulin-4-knockdown mice
(fibulin-4R/R) were generated as previously described [37]. PCR was used for genotyping.
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Timed pregnant mice were killed by CO2 asphyxiation and used for E13.5 embryo isolation.
Postnatal 10-day-old mice were killed by cervical dislocation and used to isolate aortas.

RESULTS
Knocking down fibulin-4 in HFFs impairs elastic-fibre formation

HFFs are one of the major elastogenic cells that are frequently used in studies of elastic-fibre
formation. Since elastic-fibre formation in cell-culture systems varies significantly with the
age of the donors and the tissue origin of the cells [38], we have established HFF cultures
from foreskins of newborns which were highly elastogenic. Using immunostaining analyses
for elastic fibres, we were able to detect fine fibres the next day after subculture if the cells
contacted each other (Supplementary Figure S1, D1 at
http://www.BiochemJ.org/bj/423/bj4230079add.htm). Considerably more elastic fibres
could be detected by day 3 after subculture (Supplementary Figure S1, D3). By day 7,
extensive elastic fibres could be visualized (Supplemenatry Figure S2A at
http://www.BiochemJ.org/bj/423/bj4230079add.htm). The abundance of elastic fibres
produced in the newborn foreskin fibroblasts was comparable with that produced in the
hypertrophic scar fibroblasts (Supplementary Figure S2B) and much greater than that in
adult skin fibroblasts (Supplementary Figure S2C). On day 3, even with cells at passage 10
or greater, we were able to detect elastic fibres in the cultures. These characteristics
suggested that we had identified an excellent system for in vitro elastogenesis studies.

To determine the role of fibulin-4 in elastogenesis, we chose to knock down fibulin-4 in the
HFF cultures using siRNA technology. We infected the fibroblasts with lentivirus
expressing fibulin-4-specific shRNAs and analysed the effect on the fibulin-4 mRNA level
using real-time RT–PCR. Compared with the amount of fibulin-4 mRNA produced in the
control vector pLK virus-infected cells, HFFs infected with the fibulin-4-shRNA-producing
viruses (pL335 and pL337) had a significantly decreased amounts of fibulin-4 mRNA
(Figure 2A). Infecting the cells with pL335 or pL337 viruses resulted in an 80 and 90 %
decrease respectively in fibulin-4 mRNA. However, no statistically significant difference (P
> 0.05) in the mRNA level of several elastic-fibre-associated proteins, including fibrillin-1,
LOX, and LOXL1 was evident among the cells infected with pLK, pL335 and pL337
(Figure 2B). Similarly, the GAPDH mRNA level in the cells, which was used as an internal
control, remained the same in all cultures exposed to different viruses. These results suggest
that fibulin-4 shRNAs specifically knocked down the expression of fibulin-4 mRNA in
HFFs.

To confirm that fibulin-4 shRNAs also knocked down fibulin-4 protein in HFFs, we
performed Western-blot analysis of the cultured HFF cells using antibodies specific for
fibulin-4. As shown in Figure 3(A), fibulin-4 was present in the cultured medium as well as
in the cell lysate. To determine whether fibulin-4 was present in the ECM, we performed
immunostaining assay of the HFF culture. Figures 3(B) and 3(E) show that fibulin-4-specific
antibody decorated fibrous structures in the culture. Double staining with antibodies against
either elastin (Figure 3C) or fibrillin-1 (Figure 3F) showed that fibulin-4 co-localized in
ECM with the elastic fibres (Figure 3D) and the fibrillin microfibrils (Figure 3G). In the
presence of pL337 virus, fibulin-4 staining was significantly decreased (Figure 3I). This
decrease was confirmed by Western blots of the cultured HFF cells (Figure 3J). Taken
together, these results demonstrate that knocking down fibulin-4 decreased not only
fibulin-4 mRNA, but also protein deposition in the ECM.

To determine the effects of knocking down fibulin-4 on elastic-fibre formation in HFFs, we
performed immunostaining. Using an antibody raised to human elastin, an extensive
network of elastic fibres was detected in the 3-day-old culture of fibroblasts infected with
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the control pLK virus (Figure 4A). However, only sparse elastic fibres were detected in
cultures infected with shRNAs, pL335 (Figure 4B) or pL337 (Figure 4C). Quantification of
immunodetectable elastin showed at least a 3-fold decrease in its contents in the cultures
infected with fibulin-4 shRNA viruses (Figure 4G). To confirm the effects were specific for
elastic fibres, we performed the following immunostaining experiments. First, we stained
the cultures with antibodies against fibrillin-1, one of the major components of microfibrils.
No statistically significant difference in the microfibril networks were present in cultures
infected with all three viruses (Figures 4D–4F and 4H). Secondly, we stained immortalized
HPCE cells with antibodies against elastin, fibrillin-1 and fibulin-4. HPCE cells expressed
fibrillin-1 and fibulin-4, but not tropoelastin [39]. Fibulin-4 and fibrillin-1 antibodies stained
their respective target proteins, whereas anti-elastin antibody failed to stain any fibres in the
cultures (Figures 4I–4L). Thus the antibodies used in the present study were specific and did
not cross-react with each other. Furthermore, the deposition of another matrix protein
(fibronectin) that is not associated with elastic fibres was not affected by fibulin-4
knockdown (results not shown). These results suggest that down-regulation of fibulin-4
specifically impairs elastic-fibre formation.

Decrease in tropoelastin mRNA in fibulin-4-deficient HFFs and rASMCs
Tropoelastin is the soluble precursor of elastin polymers. To determine whether knocking
down fibulin-4 affects tropoelastin expression, we performed a real-time RT–PCR analysis
of tropoelastin mRNA in HFF cultures exposed to pL335 or the control pLK virus. Figure 5
shows that exposing these cells to pL335 resulted in a significant decrease in tropoelastin
mRNA levels. Likewise, infection of parallel cultures with another fibulin-4 shRNA virus
pL337 targeting a different site on fibulin-4 mRNA also resulted in a significant decrease in
the tropoelastin mRNA level (Figure 5). Moreover, three base mutations to inactivate pL337
shRNA against fibulin-4 were associated with a significant decrease in its anti-elastogenic
effect. Since the target sequence for pL337 is exactly the same between the human and the
rat fibulin-4, we also tested the effects of pL337 on rat tropoelastin expression. We observed
a significant decrease in the tropoelastin mRNA level in cultured rASMCs upon fibulin-4
knockdown with the pL337 shRNA (Figure 6). Taken together, these results suggest that
knocking down fibulin-4 leads to down-regulation of tropoelastin mRNA in cultured HFFs
and ASMCs.

Down-regulation of tropoelastin expression in the aorta of fibulin-4-knockdown and
fibulin-4-knockout mice

We have previously reported that down-regulation of fibulin-4 in mice, knockout
(fibulin-4−/−) or knockdown (fibulin-4R/R), significantly attenuates elastic-fibre formation
[14,37]. Depending on the dosage of fibulin-4 expressed in the mice, various defects in the
aortic elastic laminae were manifest, ranging from disorganization in fibulin-4+/R mice and
fragmentation in fibulin-4R/R mice to the complete absence in fibulin-4−/− mice. In addition
to the defective elastic laminae, histological analysis of 10-day-old fibulin-4R/R mice
revealed an increase in ASMC proliferation. Since knocking down tropoelastin in mice also
induced the proliferation of ASMCs, we decided to determine if tropoelastin mRNA level
deceases in the aorta of fibulin-4R/R mice. Real-time RT–PCR analysis of the aortic RNAs
showed that the amount of tropoelastin mRNA in the fibulin-4R/R mouse aorta did decrease
to approx. 50 % of the amount present in the wild-type aorta (Figure 7A).

Unlike fibulin-4R/R mice, fibulin-4−/− mice die by P2 (postnatal day 2). Using lung RNAs
from the P1 mice, our Northern-blot analysis did not show a decrease in the tropoelastin
mRNA level in the fibulin-4−/− mice [14]. To clarify the effects of fibulin-4 knockout on
tropoelastin expression, we performed immunostaining on the aorta from fibulin-4+/+,
fibulin-4+/− and fibulin-4−/− mice with antibodies against tropoelastin, which identify the
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precursor tropoelastin and not the insoluble elastic laminae. In a previous study we showed
that E13.5 was the earliest developmental stage at which elastic laminae were detectable in
mice [14]. At this stage, elastic laminae started to form only under the endothelial cell layer
and not between the smooth-muscle cell layers. From E14.5 and thereafter, as the concentric
elastic laminae start to form between the smooth-muscle cell layers, the level of
immunostaining would not reveal the extent of tropoelastin expression because of the lack of
the antibody’s reactivity with insoluble elastin. Therefore we chose E13.5 to perform the
immunostaining. As shown in Figure 7(B), immunostaining of the E13.5 mouse aorta with
antibodies against mouse tropoelastin decorated most ASMC layers in the fibulin-4+/+ mice.
The staining was significantly less robust in the fibulin-4−/− aorta. Compared with that of
fibulin-4+/+ aorta, the staining of fibulin4+/− and fibulin-4−/− aorta decreased approx. 50 and
80 % respectively. Taken together, these in vivo results support our in vitro findings that
fibulin-4 plays a role in regulating tropoelastin expression.

Down-regulation of tropoelastin transcriptional activity in fibulin-4-deficient fibroblasts
Steady-state mRNA levels are controlled both by transcriptional activity and post-
transcriptional mRNA stability. To determine whether the decrease in tropoelastin mRNA in
the fibulin-4-knockdown cells was caused by a decrease in mRNA stability, we treated
HFFs with the RNA polymerase II-specific inhibitor DRB (65 μM) [40] after infection with
the shRNA lentivirus and compared the rates of tropoelastin mRNA degradation. Results of
the time-course assay shown in Figure 8 indicate that, in the presence of DRB, tropoelastin
mRNA decreased gradually in the cultures infected with either the control viruses (pLK) or
the fibulin-4 shRNA viruses (pL335 or pL337). The rate of tropoelastin mRNA degradation
was not significantly different among the cultures. These results suggest that the decrease in
tropoelastin mRNA level in the fibulin-4-shRNA-treated cells was not caused by an
acceleration of mRNA degradation.

To determine whether knocking down fibulin-4 would affect tropoelastin transcription, we
performed real-time RT–PCR analysis to determine tropoelastin pre-mRNA levels. The
abundance of tropoelastin pre-mRNA has been used as an indicator of tropoelastin
transcriptional activity [30]. Analysis of tropoelastin pre-mRNA in fibroblasts infected with
either pL335 or pL337 viruses showed a significant decrease in message levels as compared
with that of cells infected with control pLK viruses (Figure 9). Taken together, the above-
presented results indicate that knocking down fibulin-4 leads to a down-regulation of
tropoelastin transcription.

Fibulin-4 stimulates tropoelastin expression and elastic-fibre formation in WBS skin
fibroblasts

To determine whether exogenous fibulin-4 could affect elastogenesis, we tested elastin gene
expression and elastic-fibre formation in cultures of skin fibroblasts derived from WBS
patients characterized with haploinsufficiency of the elastin gene [32]. We found that WBS
fibroblasts maintained for 5 days, either in DMEM containing 2 %FBS or in the medium
consisting of equal volumes of DMEM and conditioned medium from cultures of control
CHO cells, did not form elastic fibres (Figures 10D, panel 1 and 10D, panel 2). By contrast,
the parallel cultures of WBS fibroblasts maintained in medium consisting of equal volumes
of DMEM and conditioned medium from cultures of CHO cells overexpressing fibulin-4
(final concn. of fibulin-4: 10 ng/ml) demonstrated a significant formation of
immunodetectable elastic fibres (Figure 10D, panel 3).

Semi-quantitative RT–PCR analysis demonstrated a significant increase in levels of
tropoelastin mRNA in 24-h-old cultures of WBS fibroblasts exposed to conditioned medium
containing fibulin-4 as compared with both control groups (Figures 10B and 10C). These
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results further support the stimulatory role of fibulin-4 in elastogenesis, which in WBS
fibroblasts affected the existing ELN (human elastin gene) allele.

DISCUSSION
Our studies were aimed to determine whether fibulin-4 also regulates elastogenesis in
human cells, and, if so, to elucidate the mechanism underlying such regulation. Accordingly,
we applied siRNA technology to knock down fibulin-4 in human foreskin fibroblasts. Using
this approach, we have demonstrated that fibulin-4 is required for elastic-fibre formation in
human cells. Down-regulation of fibulin-4 in the fibroblasts results in a decrease in
tropoelastin mRNA level. Consistent with these in vitro results, fibulin-4 deficiency in mice
also led to a decrease in tropoelastin expression. As the expression of tropoelastin in many
in vivo and in vitro systems, including human skin fibroblasts, is primarily controlled by the
abundance of tropoelastin mRNA [41–44], these results suggest that a decrease in fibulin-4
causes down-regulation of tropoelastin gene expression and impaired elastic-fibre formation.
In this respect, fibulin-4 differs from two other elastic-fibre-associated proteins, MAGP1
(microfibril-associated glycoprotein-1) and fibrillin-2, which when knocked down lead to a
significant impairment in elastic-fibre formation [45], but not to a primary decrease in
tropoelastin mRNA levels. Furthermore, as independent support for these observations, the
conditioned medium from CHO cells overexpressing fibulin-4 stimulated elastic-fibre
formation and an increase in tropoelastin expression by WBS skin fibroblasts, which are
inefficient in making elastic fibres. By contrast, it has been previously shown that addition
of fibulin-5 to cultured skin fibroblasts enhances elastic-fibre formation, but does so without
affecting tropoelastin mRNA levels [46].

How fibulin-4 executes this unique function in regulating tropoelastin expression is
presently unknown. Knocking down fibulin-4 in mice enhances TGF-β (transforming
growth factor-β) signalling [37], and TGF-β plays pleiotropic roles in regulating ECM
structure and composition [47–50]. Cellular overproliferation tends to accompany
tropoelastin deficiency [51,52]. Thus, as a future study, it would be interesting to investigate
whether fibulin-4 regulates tropoelastin expression directly or indirectly through regulatory
factors such as TGF-β. It should be noted that, in addition to being secreted to the ECM,
fibulin-4 may be present intracellularly as a shorter isoform [53]. Functional co-ordination
between the intracellular fibulin-4 and the extracellular fibulin-4 might be required to
regulate tropoelatstin mRNA. We were unable to stimulate tropoelastin production by
addition of extracellular fibulin-4 to fibulin-4-knockdown cells (results not shown) and
requisite balance between intracelullar and extracellular fibulin-4 may explain why such
experiments were not successful.

The fibulin-4 gene is located on chromosome 11q13 [53,54], a region associated with
several pathologies, including inherited retinopathies and disorders of bone homoeostasis
[55–58]. This is also a region of frequent amplification, translocations and other
rearrangements that are associated with tumorigenesis. Indeed, fibulin-4 was initially
identified as a mutant p53-binding protein [59]. Its potential oncogenic roles have been
implicated in promoting cell growth and in its aberrant expression in several human colon
tumours [53]. As a member of the fibulin family that is closely associated with elastic fibres,
the critical role of fibulin-4 in elastic-fibre formation was first demonstrated in fibulin-4-
knockout mice that fail to make elastic fibres [14]. Subsequent report on fibulin-4-
knockdown mice suggested the perturbation of TGF-β signalling associated with the
significant defects in elastic-fibre formation [37]. Recently, mutations in fibulin-4 have been
identified as a cause of cutis laxa phenotype, a connective-tissue disorder in which the skin
becomes inelastic [60,61]. Interestingly, impaired elastin deposition or decreased
tropoelastin expression have also been mechanistically linked with tumour progression
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(Costello syndrome [62,63]) and with heightened proliferation of vascular smooth-muscle
cells leading to arterial occlusions (WBS and supravalvular aortic stenosis [51,64]). These
studies together show the potential multifunctional roles that fibulin-4 may play. The finding
that is reported in the present paper further reveals a previously unappreciated role of
fibulin-4, namely the regulation of tropoelastin expression during elastic-fibre formation.

In summary, the results presented here provide the first experimental evidence that fibulin-4,
regarded as a structural protein of the extracellular matrix, should also be considered as a
regulatory factor required for normal elastin gene expression in human fibroblasts. This
newly discovered functional mechanism suggests potential pathophysiological links between
the modulation of fibulin-4 levels and diseases characterized with impaired elastic-fibre
formation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

cbEGF calcium-binding epidermal growth factor

CHO Chinese-hamster ovary

Ct threshold cycle value

DAPI 4′,6-diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium

DRB 5,6-dichlorobenzimidazole riboside

DTT dithiothreitol

E13.5 (etc.) embryonic day 13.5 (etc.)

EBP67 67 kDa elastin-binding protein

ECM extracellular matrix

FBS fetal bovine serum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GST glutathione transferase
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HEK-293T human embryonic kidney 293T

HFF human foreskin fibroblast

HPCE human pigmented ciliary epithelial

LOX lysyl oxidase

LOXL1 LOX-like-1

Neu1 neuraminidase-1

P2 (etc.) postnatal day 2 (etc.)

PPCA protective protein–cathepsin A

qPCR quantitative PCR

(r)ASMC (rat) aortic smooth-muscle cell

RT–PCR reverse transcription–PCR

shRNA short-hairpin RNA

siRNA small interfering RNA

TGF-β transforming growth factor-β

WBS Williams–Beuren syndrome
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Figure 1. Partial amino acid sequence of the N-terminal His6–c-myc-tagged human fibulin-4
expressed by plasmid pQC0701
The expressed protein contains an N-terminal Igκ-chain signal peptide (underlined
sequence). The predicted signal peptide cleavage site is indicated by a filled triangle. The N-
terminus of the cleaved polypeptide has a His6 tag and a c-myc epitope tag (italicized and
bold). The predicted mature form of human fibulin-4 polypeptide was placed C-terminal to
the myc epitope in parenthesis. Only eight amino acid residues from both the N-terminus
and the C-terminus of human fibulin-4 are shown here.
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Figure 2. Relative mRNA abundance in fibroblasts infected with control pLK viruses or fibulin-4
shRNA viruses pL335 and pL337
Infecting HFFs with pL335 or pL337 viruses leads to a significant decrease in fibulin-4
mRNA (A), with no statistically significant change in the mRNA level (B) of fibrillin-1
(hFBN1), lysyl oxidase (hLOX), and lysyl oxidase-like-1 (hLOXL1). Results are means ±
S.D. for six to eight samples. **P < 0.05 compared with the control pLK.
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Figure 3. Characterization of fibulin-4 produced in HFF cells
(A) Western-blot analysis of fibulin-4 in HFF cell lysate and cultured medium. (B–G)
Confocal images of passage-10 HFF cultures immunostained with antibodies against human
fibulin-4 (B, E), human elastin (C) and human fibrillin-1 (F). Co-localization of fibulin-4
with elastin and fibrillin-1 are shown in the merged images, (D) and (G) respectively. (H, I)
Fluorescent images of HFF cultures infected with pLK virus (H) or pL337 virus (I) and
immunostained with fibulin-4 antibody. (J) Western-blot analysis of fibulin-4 (FB4) in HFF
cells infected with the control pLK lentivirus or the fibulin-4 shRNA-producing lentivirus
pL337. Note that pL337 infection led to the abrogation of fibulin-4 staining in the ECM (I)
and a significant decrease in the amount of fibulin-4 in the HFF cells (J).
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Figure 4. Representative images of HFFs immunostained with antibodies against elastin (A, B
and C) or fibrillin-1 (D, E and F) and HPCE cells immunostained with antibodies against
fibulin-4 (I, K), elastin (J) or fibrillin-1 (L)
HFF cells were seeded on to glass coverslips in a 12-well plate with 1.8 × 105 cells/well and
were allowed to grow for 3 days before immunostaining. Fibroblasts infected with pLK
control viruses (A) produced extensive elastic fibres, whereas fibroblasts infected with
fibulin-4 shRNA viruses pL335 (B) and pL337(C) produced significantly fewer elastic
fibres. No statistically significant difference in the production of fibrillin-1 microfibrils was
present among fibroblast cultures infected with pLK (D), pL335 (E) and pL337 (F). (G)
Quantification of elastic fibres taken from at least four fields of multiple cultures represented
in (A), (B) and (C). (H) Quantification of microfibrils taken from four fields of multiple
cultures represented in (D), (E) and (F). **P < 0.05 compared with the respective control
pLK. (I–L) HPCE cells were seeded on to glass coverslips in a 12-well plate with 4 × 105

cells/well and were allowed to grow for 7 days before immunostaining. The cultures
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produced significant amounts of fibulin-4 (I, K) and fibrillin-1 (L). However, no elastic
fibres were detectable (J).
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Figure 5. Relative tropoelastin mRNA abundance in fibroblasts infected with control pLK
viruses or fibulin-4 shRNA viruses pL335 and pL337
Infecting HFFs with either pL335 or pL337 viruses led to a significant decrease in
tropoelastin mRNA. Results are means±S.D. for six to eight samples. **P < 0.05 compared
with the control pLK. The results are based on eight samples from three experiments. Some
variability in the magnitude of tropoelastin mRNA expression was observed and later traced
to the batches of FBS used.
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Figure 6. Relative tropoelastin mRNA abundance in rASMCs infected with control pLK viruses
or fibulin-4 shRNA virus pL337
Infecting rASMCs with pL337 virus leads to a significant decrease in tropoelastin mRNA,
as analysed by real-time RT–PCR. Results are means ± S.D. for eight samples. **P < 0.05
compared with the control pLK.
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Figure 7. Decreased tropoelastin expression in the aorta of fibulin-4-knockdown and fibulin-4-
knockout mice
(A) Real-time RT–PCR analysis of fibulin-4 (mFbln4) and tropoelastin (mEln) mRNA in
the aorta of 10-day-old fibulin-4-knock-down mice. Results are means ± S.E.M. for nine to
eleven samples. **P < 0.05 compared with the wild-type (wt) littermates. het, heterozygous;
homo, homozygous. (B) Immunostaining images of E13.5 aorta isolated from fibulin-4-
knockout mice. Top panel, stained with tropoelastin antibodies; Bottom panel, stained with
control rabbit serum. The experiment was repeated at least three times with consistent
results.
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Figure 8. Changes over time of relative tropoelastin mRNA abundance in fibroblasts infected
with control pLK virus or fibulin-4 shRNA viruses pL335 and pL337
The rate of tropoelastin mRNA degradation in pL335- or pL337-infected fibroblasts was not
significantly different from that in pLK-infected cells as determined by Student’s t test.
Results are means ± S.D. for five to eight samples.
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Figure 9. Relative amount of tropoelastin pre-mRNA in fibroblasts infected with control pLK
viruses or fibulin-4 shRNA viruses pL335 and pL337
Fibroblasts infected with pL335 or pL337 produced a significant decreased amount of
tropoelastin pre-mRNA compared with that in the pLK-infected cells, indicating that the
transcriptional activity of tropoelastin significantly decreased in the pL335- or pL337-
infected cells as compared with that in the pLK-infected cells. Results are means ± S.D. for
four or five samples. **P < 0.05 compared with the control pLK.
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Figure 10. Effects of fibulin-4 on the elastogenesis of WBS fibroblasts
(A) Western-blot analysis of fibulin-4 in CHO-cell conditioned medium. Fibulin-4 was
detected only in the conditioned medium (lane FB4) of fibulin-4-overexpressing cells and
not in the conditioned medium (lane C) of control cells. (B, C) Expression of tropoelastin
and GAPDH mRNAs in the WBS fibroblast cultures in DMEM with 2 % FBS (lane 1), in
conditioned medium from control CHO cells mixed with equal volume of DMEM with 2 %
FBS (lane 2) or in conditioned medium from CHO cells overexpressing fibulin-4 cells
mixed with equal volume of DMEM with 2 % FBS (lane 3). Fibroblasts exposed to
fibulin-4-overexpressing conditioned medium demonstrated a significantly higher level of
tropoelastin mRNA. The experiment was repeated three times. **P < 0.0001 compared with
lane 1 or lane 2. (D) WBS fibroblasts maintained for 5 days either in DMEM containing 2 %
FBS or in the medium consisting of equal volumes of DMEM and conditioned medium from
control CHO cell cultures did not form elastic fibres (D, panel 1) and (D, panel 2). In
contrast, the parallel cultures of WBS fibroblasts maintained in medium consisting of equal
volumes of DMEM and conditioned medium from cultures of CHO cells overexpressing
fibulin-4 (final concn. of fibulin-4: 10 ng/ml) demonstrated a significant formation of
immunodetectable elastic fibres (D, panel 3).
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Table 1

List of oligonucleotide primers used for real-time RT–PCR

Species Protein Sequence (5′ → 3′)

Human GAPDH-F TCAACAGCGACACCCACTCC

GAPDH-R TGAGGTCCACCACCCTGTTG

Fibulin-4-F ATGCGAGCAGCGCTGCTTCAA

Fibulin-4-R AGCCCCCATGGAAGTTGACAC

Tropoelastin-F GCTGACGCTGCTGCAGCCTA

Tropoelastin-R CAGCAAAAGCTCCACCTACA

Tropoelastin pre-mRNA-F CCAGCTACTTGGGAGGCTGA

Tropoelastin pre-mRNA-R CAGCAAAAGCTCCACCTACA

LOX-F GCAGATGTCAGAGATTATGATCA

LOX-R ATCGCCTGTGGTAGCCATAGT

LOXL1-F CAACTATGTGCAAGCATCCACT

LOXL1-R: GGTAATGCTGGTGGCAGCTGT

Rat and mouse Gapdh-F CGGTGCTGAGTATGTCGTGGA

Gapdh-R TGGCATGGACTGTGGTCATGA

Rat Fibulin-4-F CACGGAATGCACAGATGGCTA

Fibulin-4-R TGTCCACACAGCTCTCCTGTT

Tropoelastin-F TTAGGAGTCTCAACAGGTGCT

Tropoelastin-R CATTGGTATAGGGCAGTCCAT

Mouse Fibulin-4-F CACGGAATGCACAGATGGCTA

Fibulin-4-R CATCCACACAGCTCTCCTGTT

Tropoelastin-F CGGGTCTGACAGCGGTAGT

Tropoelastin-R CTCCAAGTCCTCCAGGACCT

-F, forward; -R, reverse.
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