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Abstract

Fibulin-1 is a member of a growing family of proteins that includes eight members and is involved 

in cellular functions such as adhesion, migration and differentiation. Fibulin-1 has also been 

implicated in embryonic development of the heart and neural crest-derived structures. It is an 

integral part of the extracellular matrix (ECM) and has been shown to bind to a multitude of ECM 

proteins. However, fibulin-1 was first identified as a protein purified from placental extracts that 

binds to the cytoplasmic domain of integrin β1. Human fibulin-1 is alternatively spliced into four 

different isoforms namely A-D. These isoforms share a common N-terminus sequence that 

contains a secretion sequence but differ in their carboxy-terminal fibulin-1 module. In this report 

we identify a new splice variant of fibulin-1 that differs from all other fibulin-1 variants in the N-

terminus sequence and has a similar carboxy-terminus sequence as fibulin-1D. This variant that 

we named fibulin-1D prime (fibulin-1D’) lacks a secretion sequence and the anaphlatoxin region 

of fibulin-1 variants. The protein has an apparent molecular weight of 70.5 kDa. Herein we show 

that fibulin-1D’ binds to the intracellular domain of integrin β1 as well as to integrin α5β1. The 

protein was localized intracellularly in CHO cells transfected with a pEF4 plasmid containing full-

length coding sequence of fibulin-1D’. We also localized the protein in human placenta. We 

propose that the fibulin-1D’ variant might play a role in early embryo development as well as in 

modulating integrin β1 functions including adhesion and motility.
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INTRODUCTION

Fibulin-1 is a member of a growing family of proteins that includes eight members 1, 2. Most 

fibulins have functions that relate to the assembly of tropoelastin into elastic fibers and 

lamellae, since defective elastic fibers are observed in mice deficient in fibulin-2, 3, 4 or 

5 3–7. Fibulin-1, the prototypic member of the fibulin family, is characterized by its rod-like 

shape, presence of multiple calcium-binding epidermal growth factor (EGF)-like repeats and 

a unique carboxy domain 8, 9. Fibulin-1 is also associated with elastin fibers, but its role in 

elastin assembly has not been established 10. Fibulin-1 binds to a multitude of molecules 

including itself and many extracellular matrix (ECM) molecules in tissues such as 

fibronectin (FN), nidogen, laminin and versican, which led to the hypothesis that fibulin-1 

acts as an ECM structure stabilizer 1. Fibulin-1 was specifically found to be a FN-binding 

protein and a component of ECM of blood vessels 11. Fibulin-1 has also been reported to 

regulate adhesion and migration of cells 12 as well as hemostasis and thrombosis 13, 14.

The human fibulin-1 mRNA transcript is comprised of 20 exons 15. The transcript is spliced 

into 4 different variants that share the first 14 exons and differ only in the carboxy terminus 

fibulin-1 module 15. The fibulin-1A transcript is comprised of exons 1–15. Fibulin-1B RNA 

splicing occurs from exon 14 to exon 17, whereas fibulin-1C RNA splicing occurs from 

exon 14 to exon 16. Fibulin-1D, the longest fibulin-1 variant comprised of 703 amino acids, 

is translated from exons 1–14 and 18–20 15. The mouse fibulin-1 transcript is comprised of 

18 exons that have similar exon-intron organization as human fibulin-1 transcript and is 

spliced into fibulin-1C and -1D variants 15.

Despite the large amount of evidence indicating extracellular functions for fibulin-1, it was 

first identified as a protein that binds to a synthetic peptide representing the cytoplasmic 

domain of the FN receptor integrin β1 subunit 16. Also, the immunohistochemical 

localization of fibulin-1 was found to overlap with that of the FN receptor β1 subunit in 

gingival fibroblasts 16. This discrepancy between the ability of fibulin-1 to bind to the 

intracellular domain of integrin β1 and its extracellular localization has not been resolved. 

Herein, we report the finding of a novel fibulin-1D variant, which we name fibulin-1D 

prime (fibulin-1D’) comprised of 638 amino acids and apparent molecular weight of 70.5 

kDa. Fibulin-1D’ lacks a secretion sequence, has a truncated N-terminus domain and binds 

to the intracellular domain of integrin β1. This discovery could explain and resolve the 

discrepancy of fibulin-1 intracellular localization and association with integrin β1 

cytoplasmic domain as well as playing a possible role in integrin-mediated cell adhesion and 

motility.

RESULTS

Identification of the new fibulin-1D’ protein

In an effort to identify fibulin-1 binding partners on the surface of the cell, A431 cells were 

extracted and the extract was passed over a human placental fibulin-1-conjugated sepharose 

column. After elution, the fractions were electrophoresed on 4–12% Tris Glycine SDS-

PAGE gel; then stained with Coomassie blue (Figure 1). Major gel bands identified in the 

Coomassie blue stained gel were approximately 200, 75 and 42 kDa molecular weight 
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(Figure 1, arrow heads). The three Coomassie blue-stained bands were sequenced at MUSC 

Mass Spectroscopy Facility. The 200-kDa band was identified as myosin heavy chain 9 

(MYH9) and the 42 kDa band was identified as actin. The most abundant band at about 75 

kDa was identified as fibulin-1 variants A, B, C, D and an unknown protein that had similar 

sequence to fibulin-1D. The sequences of the polypeptides reported from the Mass 

Spectroscopy Facility, which did not match any of the fibulin-1 variant’s A-D sequences, are 

listed in Figure 2A. Search of the protein database identified a protein that contains these 

sequences as a fibulin-1D-like protein but with different amino acid sequence at the N-

terminus 17. This variant, which we name fibulin-1D prime (fibulin-1D’), was identified 

from in silico translation of the sequenced genome of human teratocarcinoma cell line NT2 

treated with retinoic acid 17 (accession number AK075566.1). In addition, purified human 

placental fibulin-1 (pFBLN1) sequenced at the MUSC Mass Spectroscopy Facility 

contained all 4 isoforms of fibulin-1 (A-D) as well as fibulin-1D’. Alignment of the N-

terminus amino acid sequence of fibulin-1D’ and fibulin-1D revealed the absence of the 

secretion sequence (underlined, italics) and a deletion of 65 amino acids (Figure 2B). 

However, amino acid sequences starting at methionine 66 in fibulin-1D’ (methionine 131 in 

fibulin-1D) to the end of the transcript were identical in both variants (Figure 2B, arrow). 

Schematic representation of all the fibulin-1 variants depicted in Figure 2C shows that the 

signal sequence and anaphlatoxin regions (round shaped) are missing in fibulin-1D’ and 

replaced by an integrin β1 binding domain (elliptical shaped).

Analysis of the N-terminus sequence of fibulin-1D revealed that, in order to obtain this 

transcript two events must occur. The first is an alternative start site in exon 2 and the 

second is alternative splice junctions in exons 3 and 4. Translation of nucleotides at the N-

terminus of fibulin-1D identified the alternative start site in the second exon and new splice 

sites in exons 3 and 4 (Figure 3A). These two events resulted in deletion of the 65 amino 

acids from the N-terminus of fibulin-1D’ compared to fibulin-1D. The splice site in exon 4 

returns the translation back into frame for the remaining 13 exons. In Figure 3B the N-

terminus nucleotide sequence of fibulin-1 is presented showing the start sites for all fibulin-1 

variants (A-D) (upper case bold letters) and that of fibulin-1D’ (lower case bold letters, 

underlined). The atg splice site in exon 4 where fibulin-1D’ and -1D amino acid sequence 

starts to be identical is depicted in Figure 3B (bold italic letters).

A search in the protein database for similar proteins identified two primate species that have 

similar protein sequence to fibulin-1D’ (Figure 4). Figure 4A compares the amino acid 

sequence alignment of the N-terminus of human fibulin-1D’ (middle row, underlined) with 

Macaca mulatta (Rhesus monkey, upper row, accession number XP_001109928.1) and 

Pongo abelii (Sumatran orangutan, accession number XP_002831310.1, lower row). Arrow 

in Figure 4A indicates the ATG site in exon 4 after which the sequence of the fibulin-1D’ is 

almost identical in all three species. Figure 4B depicts the phylogenic tree of humans and the 

closely related primates that are reported to express fibuin-1D’ (boxed). No other species 

were reported to express this protein in the NCBI database. Attempts to translate fibulin-1D 

message in other species such as the mouse resulted in either premature stop codons or a 

protein sequence that does not match the fibulin-1D’ N-terminus sequence.
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Fibulin-1D’ in human placental fibulin-1 binds to integrin α5β1-conjugated sepharose 
beads

Placental fibulin-1 is comprised of a mixture of fibulin-1 variants that form homodimers or 

heterodimers in solution 18. We incubated pFBLN1 and rFBLN1D with integrin α5β1-

conjugated sepharose beads to investigate if the fibulin-1D’ variant is present in both 

preparations and binds to integrin α5β1. As shown in Figure 5A, a polypeptide binding to 

integrin α5β1-coated beads was identified by immunoblotting using a polyclonal antibody 

that recognizes fibulin-1D and -1D’ variants (Rb 811). However, the monoclonal antibody 

6D8 that recognizes an epitope in the N-terminus anaphlatoxin region of fibulin-1 variants 

A-D, did not recognize fibulin-1D’-bound to integrin α5β1 since it lacks this sequence 

(Figure 5B). The apparent differences in molecular weight between fibulin-1D’ (Rb 811 

bound fraction) versus fibulin-D (Rb 811 unbound fraction), is probably due to the change in 

the conformation of the fibulin-1D’. Fibulin-1 is a dumbbell shaped protein that runs at 

about 75–77 kDa under non-reduced conditions. Under reduced conditions the protein runs 

at a slower rate with apparent molecular weight of 100 kDa. Changes in the N-terminus 

sequence probably eliminated the globular region at one end of fibulin-1D’ variant, which 

could have resulted in an aberrant mobility.

Fibulin-1D’ is localized to the inside of the cell

We then sought to characterize the localization of fibulin-1D’. As shown in Figure 6A, 

overexpression of fibulin-1D’ in CHO cells followed by immuno-staining with fibulin-1D’ 

specific antibody, revealed that the protein is localized inside the cell since permeabilization 

with Triton-X100 during fixation was needed to detect the protein (Figure 6A). Little or no 

protein was detected when cells were not permeabilized (Figure 6B). Immunoblot analysis 

of cell extracts of the transfected CHO cells using Rb 1323 anti fibulin-1 antibody detected 

multiple bands including a band at 70 kDa molecular weight (Figure 6D, left lane). When 

fibulin-1D’ antibody (Rb1603) was used to detect fibulin-1D’ in pFBLN1 (positive control), 

a single immunoreactive band at 70 kDa molecular weight was detected (Figure 6D, right 

lane).

We also performed an immunoblot on the conditioned culture medium (CCM) of 

fibulin-1D’-transfected CHO cells. The immunoblot was probed with an anti-HIS antibody, 

anti fibulin-1 antibody (3A11), or anti fibulin-1D’ antibody (Rb1603). We did not detect 

fibulin-1D’ protein using the anti HIS antibody (the fibulin 1D’ in the pEF4 plasmid has a 

6X HIS tag, positope reagent (Life Technologies) was used as control). The anti fibulin-1 

monoclonal antibody 3A11 did not detect any fibulin-1 protein in the CCM indicating that 

CHO cells do not secrete any of the fibulin-1 variants in the medium. The fibulin-1D’ 

Rb1603 antibody detected two non-specific bands that were present in all lanes including the 

empty vector-transfected cells (data not shown).

Fibulin-1D’ in pFBLN1 binds to the 37 amino acid cytoplasmic domain of integrin β1

To verify whether the intracellularly localized fibulin-1D’ binds to the cytoplasmic domain 

of integrin β1, human pFBLN1 was incubated with the cytoplasmic domain of integrin β1-

conjugated sepharose beads. Immunoblotting of the bound proteins identified two bands at a 

size of about 70 and 140 kDa using the fibulin-1D’-specific antibody (Rb1603) (Figure 7A). 
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When recombinant fibulin-1C was used as a control, a significant reactivity with the 

fibulin-1D’ antibody was apparent in the integrin-bound fraction (Figure 7A). Re-probing 

the blot with anti fibulin-1C-specific antibody 5D12, revealed that fibulin-1C is detected 

only in the unbound fractions of both pFBLN1 and rFBLN1C (Figure 7B), indicating that 

the intense reactivity seen in the bound fraction of rFBLN1C was fibulin-1D’ immune-

reactive polypeptide. It is possible that transfection of HT 1080 cells with fibulin-1C 

plasmid induced the expression of fibulin-1D transcript and favored the splicing of 

fibuln-1D’ in these cells.

Fibulin-1D’ is localized in the human placental tissue

To localize fibulin-1D’ in the human placenta, we performed immunohistochemistry of 

fibulin-1D’ protein in paraffin embedded placental tissue (Figure 8). Fibulin-1D’ appeared 

to be localized in the villi, punctate and intracellular (small arrows). No fibulin-1D’ was 

detected in the matrix.

Fibulin-1D’ mRNA is expressed at different stages of placental development

To detect fibulin-1D’ transcript in human placenta, we used real-time PCR with specifically 

designed primers for fibulin-1D’. The reverse primer was designed to bind to the alternative 

splice region of fibulin-1D’ in exons 3 and 4, and cannot bind to any of the other fibulin-1 

variants. The sequences of exon 3 and 4 splice regions in all other fibulin-1 variants (A-D) 

are separated by 107 bp. We detected fibulin-1D’ in both first trimester and full-term 

placental tissues (Figure 9); however, the first trimester levels showed two fold higher 

expression of fibulin-1D’ than full term placenta (Figure 9A and B). Fibulin-1D mRNA 

expression was about 50% less than fibulin-1C and -1D’ in the first trimester placental tissue 

(Figure 9A). In full term placenta, fibulin-1D’ mRNA levels were about five fold higher 

than both fibulin-1C and -1D (Figure 9B). Interestingly, full term placenta showed 

decreased levels (about 10%) of fibulin-1C and -1D compared to first trimester levels 

(Figure 9A, B).

DISCUSSION

In this report we present the characterization of a novel fibulin-1D variant that binds to the 

intracellular domain amino acid sequence of integrin β1. It is possible that fibulin-1D’ 

protein characterized in this manuscript is the same variant isolated and localized 

intracellularly in the original study by Argraves et al., 1989 16. The protein sequencing data 

supports the presence of an alternative start site in exon 2 and alternative splicing sites in 

exons 3 and 4. Fibulin-1D’ was expressed in the human placenta as well as in the human 

epidermoid carcinoma cell line A431 and in fibulin-1C and -1D transfected HT 1080 cells. 

Ota et al. reported an unknown protein that is similar to fibulin-1D in the human 

teratocarcinoma cell line NT2 that were treated for two weeks with retinoic acid 17. The 

sequence of the unknown protein (termed here fibulin-1D’) was deduced from the whole 

genome sequencing project of the NT2 human cell line and the in silico translation of 

putative genes. The sequence of the reported unknown protein matched the fibulin-1D’ 

protein reported in this manuscript which we discovered using a proteomics approach. Since 

fibulin-1 was first identified as a protein binding to the cytoplasmic domain peptide of 
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integrin β1 16, all subsequent reports have shown that fibulin-1 is an ECM glycoprotein. We 

report here that fibulin-1D’ protein is an intracellular variant of fibulin-1 and is not as 

abundant as other fibulin-1 variants as evident by immunoblot analysis. Although message 

levels of fibulin-1D’ in placental tissue are higher than the levels of both fibulin-1C and 

-1D, it is possible that the translation of the fibulin-1D’ mRNA is not efficient, or the 

mRNA message of fibulin-1D’ is not stable, favoring the more stable transcript of 

fibulin-1D.

We have provided evidence that the fibulin-1D’ protein expression can be induced by 

transfection of HT1080 cells with either fibulin-1D or fibulin-1C full coding sequences, as 

shown by experiments outlined in Figures 5 and 7. It is possible that fibulin-1C transfection 

induces the expression of fibulin-1D transcript, which can then be spliced into either 

fibulin-1D or -1D’. Likewise, the presence of high levels of fibulin-1D transcript after 

transfection with plasmid containing fibulin-1D coding sequence might induce splicing into 

the fibulin-1D’ as well as fibulin-1D transcripts. It is not known why or when the cell 

decides to make fibulin-1D or 1-D’ are since they are made from the same transcript. The 

phenomena of one transcript effect on the induction of another transcript has been 

previously reported for transient receptor potential cation channel, subfamily A, member 1 

protein (TRPA1) in dorsal root ganglion neurons 19 and FERM domain-containing protein 7 

(FRMD7) in human developing brain tissue 20.

Actin was co-eluted from the fibulin-1-conjugated sepharose column along with fibulin-1D’. 

Actin is a protein that is known to be associated with focal adhesions and involved in force 

transduction of migrating cells 21. Argraves et al. (1989) previously found that the integrin 

β1-bound fibulin-1 co-localized with focal adhesions of gingival fibroblasts 16. We speculate 

that fibulin-1D’ could be part of a complex of integrin β1, actin, and myosin that interact 

intracellularly to modulate spreading and cell motility.

Another protein that co-purified from the fibulin-1-bound sepharose column was MYH9 

(Figure 1), a non-muscle myosin involved in cell motility, maintenance of cell shape, and 

cytokinesis. Toren et al. reported that people affected with autosomal-dominant giant 

platelet syndromes, a multitude of diseases affecting humans, were related to several 

mutations in the MYH9 gene 22. When several individuals from eight different families 

afflicted with this syndrome were examined for MYH9 mutations, seven out of eight families 

had MYH9 mutations, while one family did not have any MYH9 mutation identified. Instead 

of an MYH9 gene mutation on chromosome 22, a different mutation in chromosome 22 was 

identified in the Israeli Fechtner family, specifically in exon 19 of fibulin-1, which affects 

the expression of fibulin-1D and -1D’ variants. This mutation caused these individuals to 

lack the expression of fibulin-1D protein and surprisingly, the authors found an expression 

of anti-sense fibulin-1D transcript that abolished the expression of fibulin-1D variant. The 

authors concluded that fibulin-1D might be acting as a modifier in this group of syndromes. 

It is possible that some of the phenotypes seen in the Fechtner family autosomal-dominant 

giant platelet syndrome might be related to lack of both fibulin-1D and -1D’. Moreover, 

mutations in the MYH9 gene affecting other families with this syndrome, might be 

interfering with MYH9/fibulin-1D’or MYH9/fibulin-1D interaction and manifesting some 

aspects of the phenotype.
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We have previously shown that ECM fibulin-1/FN complexes had no effect on FN binding 

to integrin α5β1 12. We have shown however that extracellular fibulin-1 bound to FN 

reduces the phosphorylation of intracellular myosin-II heavy chain (MHC) and ERK 

phosphorylation 12, which are involved in cell spreading 23 and integrin-mediated cell 

survival 24, respectively. It has been postulated that MHC phosphorylation initiates cell 

spreading by releasing F-actin from actinomyosin complexes, allowing it to reassemble 

within lamellipodial protrusions 23. We have previously shown that cells attached to 

matrices of fibulin-1 bound to FN have a rounded morphology, lack lamellipodia, and 

display a lower rate of spreading than cells grown on FN substrata 12. We also reported that 

fibulin-1 inhibits FN-mediated activation of ERK 12. It is not known however whether there 

is a relationship between the phosphorylation of ERK and MHC. MHC phosphorylation has 

been shown to involve an influx of extracellular calcium and activation of a calmodulin-

dependent kinase (CaM kinase) 23. Franklin et al. have shown that increases in intracellular 

calcium induce activation of ERK1/2 via activation of CaM kinase 25, and inhibition of CaM 

kinase has been shown to prevent ERK1/2 activation 26. Therefore, we postulate that the 

intracellular fibulin-1D’ might reduce intracellular calcium levels, thus reducing the 

activation of both ERK and MHC. Fibulin-1D’ might accomplish this by modulating 

integrin α5β1-FN signaling, which has been shown to regulate a tyrosine phosphorylation 

cascade regulating the function of the L-type calcium channel 27. Further investigations will 

be needed to elucidate the effects of fibulin-1D’ on cell signalling of integrin α5β1 bound to 

FN.

In summary, the finding of the novel fibulin-1D variant, which we termed fibulin-1D’, could 

explain and resolve the discrepancy of fibulin-1 intracellular localization and association 

with integrin β1 cytoplasmic domain as well as playing a possible role in integrin mediated 

cell adhesion and motility. Further studies are needed to elucidate the effect of fibulin-1D’ 

on α5β1 functions in the cell.

MATERIALS AND METHODS

Antibodies

Polyclonal anti-fibulin-1 Rb811 recognizes fibulin-1D/D’ variants, Rb1323 recognizes all 

fibulin-1 variants, and Rb2914 recognizes FN 8, 16, 18. Monoclonal antibodies 3A11 and 

6D8, which recognize fibulin-1 A-D variants, with epitope mapping to the anaphlatoxin 

region; and 5D12, which recognizes fibulin-1C variant, were described earlier 8, 28. The 

polyclonal anti-fibulin-1D’ antibody (Rb1603) was commercially generated against the 

unique N-terminus protein sequence TGWPLIRRTARCHML (amino acid residues 12–26) 

by QED Bioscience (San Diego, CA) and recognizes the un-reduced form of fibulin-1D’ 

only.

Cell culture and affinity chromatography of A431 cell extract

A431 cells (Human epidermoid carcinoma cell line) were cultured in 150-mm culture dishes 

and grown to 80% confluence in Dulbecco’s Modified Eagles Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS). Cells were dissociated non-enzymetically 

with 2 mM EDTA, rinsed twice with non-serum-supplemented DMEM, and re-suspended in 
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extraction buffer (50 mM HEPES, pH 7.4 containing 0.5 M NaCl, 1% Triton X-100, 0.5% 

Tween-20 and 2 mM phenylmethyl sulfonyl floride (PMSF)). The extract was centrifuged at 

16,000 × g at 4°C and the supernatant was passed over a CL4B sepharose column (bed 

volume 5 ml) then over a placental fibulin-1-coupled sepharose column (bed volume 2.6 

ml). Columns were rinsed with 50 ml of extraction buffer and eluted with 8 M urea. Eight 

0.65 ml fractions were collected. A fixed volume (300 µl) of each fraction was mixed with 

500 µl of Tris buffered saline (TBS, pH 7.4) then a 10-µl aliquot of Strataclean resin 

(Strategene, Santa Clara, CA) was added to bind proteins in each eluted fraction. After 

centrifugation, supernatant was removed and resin was washed twice with TBS then 10 µl of 

2X reducing (β mercaptoethanol) sample buffer was added. Fractions were then boiled and 

resolved on 4–12% Tris glycine SDS-PAGE gel (Novex, Life Technologies, Carlsbad, CA). 

Gels were stained with Coomassie blue dye.

Sequencing and identification of fibulin-1D’ protein

Coomassie blue-stained bands at approximately 200 kDa, 75 kDa, and 40 kDa molecular 

weights were excised and analyzed at MUSC Mass Spectrometry Facility for protein 

identification. In addition, a purified sample of human placental fibulin-1 (pFBLN1) was 

sequenced.

Purification of integrin α5β1, coupling to sepharose and fibulin-1 binding

Integrin α5β1 was purified as described previously 29 and coupled to Dynabeads (Life 

Technologies, ≈ 2.0 µg/107 beads) according to the manufacturer protocol. pFBLN1 (2.7 

µg) or equivalent amount of recombinant fibulin-1D (rFBLN1D), purified from transfected 

HT1080 cells CCM 28, was incubated with integrin α5β1-coupled beads and allowed to bind 

for 18 hrs at 4°C.

Immunodetection of integrin α5β1-bound fibulin-1D’

At the end of the incubation period (in section 4.4), beads were collected by centrifugation 

and rinsed four times with TBS containing 25mM n-octyl-B-D-glucopyranoside (OG) and 1 

mM MgCl2. Bound proteins were released from the beads with 2X SDS reducing sample 

buffer. Unbound protein fractions (15 µl) were mixed with 4X reducing sample buffer and 

both fractions (bound and unbound) were resolved on 4–12 % SDS-PAGE NUPAGE gel 

(Novex, Life Technologies). Proteins were transferred to polyvinylidene fluoride (PVDF) 

membrane and blocked with 5% non-fat milk. Bound and unbound proteins were visualized 

using antibodies against fibulin-1D/D’ and then re-probed with anti-fibulin-1 antibody and 

chemiluminescent reagent (ECL or ECL+, GE Healthcare Life Sciences, Pittsburgh, PA). 

Ovalbumin-coupled Dynabeads were used as negative control. Detection of integrin α5β1-

bound fibulin-1D’ was performed using polyclonal antibody against fibulin-1 D/D’ (Rb811) 

at 2 µg/ml and monoclonal anti fibulin-1 antibody (6D8) at 0.2 µg/ml. Secondary antibodies 

(anti rabbit IgG or anti mouse IgG HRP-conjugated) were used at 0.2 µg/ml. Visualization 

was performed using ECL+ chemiluminescent reagent for Rb811 antibody and ECL 

chemiluminescent reagent for 6D8 antibody.
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Binding of fibulin-1D’ to the cytoplasmic domain of Integrin β1 peptide

The 37 amino acid cytoplasmic domain peptide of integrin β1 was coupled to CNBR-

activated sepharose beads (GE Biosciences, Pharmacia). Beads were incubated overnight at 

4 °C with 5 µg of pFBLN1 or recombinant fibulin-1C (rFBLN1C), purified from 

conditioned media of transfected HT1080 cells 28, in TBS binding buffer containing 25 mM 

OG and 1mM of CaCl2 and MgCl2. The supernatant (unbound fraction) was removed and 

beads were washed 4 times with binding buffer and 2X non-reducing sample buffer was 

added. Bound and unbound fractions were resolved on 4–12% NUPAGE gel, transferred to 

PVDF membrane and probed with anti fibulin-1D’ antibody (Rb1603). Visualization was 

performed using ECL prime chemiluminescent reagent (GE Healthcare Life Sciences). Re-

probing with the 5D12 antibody was done after washing the membrane with 50 mM glycine 

pH 2.3 for 10 minutes to remove bound antibodies then rinsing with copious amounts of 

TBS buffer containing 0.1% Tween 20 (TBST).

Cloning of fibulin-1D’ transcript into pEF4 plasmid

The fibulin-1D’ whole coding sequence was cloned into pEF4/V5-His version A 

(Invitrogen, Carlsbad Ca) plasmid using EcoR1 and Xba1 enzyme restriction sites. The N-

terminus 195 bp coding fragment was amplified using primers containing EcoR1 and Nco1 

enzyme restriction sites. The kozak sequence before the ATG start site was also added. The 

fibulin-1D’ carboxy-terminus 1443 bp fragment (bp 196-1637, starting at the splice junction 

in exon 4) was cloned with Nco1and Xba1 enzyme restriction sites. The plasmid was cut 

with EcoR1 and Xba1 restriction enzymes. The fibulin-1D’ 195 and 1443 fragments were 

cut with restriction enzymes EcoR1/Nco1 and Nco1/Xba1, respectively. Ligation of inserts 

and plasmid was performed and the ligated plasmid was transformed into JM109 bacterial 

cells. Transformed bacterial cultures were grown on agar containing 100 µg/ml of 

ampicillin. Positive clones were picked and grown in 4 ml of LB broth. The plasmid was 

purified from bacterial cultures using NucleoSpin Plasmid purification Kit (Macherey-

Nagel, Germany) according to manufacture instructions. Purified plasmids were sequenced 

and their sequence verified. Expressed fibulin-1D’ protein has a 6X His tag at the carboxy 

terminus.

Transfection of fibulin-1D’ plasmid and detection of fibulin-1D’ protein in CHO cells

CHO-K1 cells were cultured in HAM’S/F12 medium supplemented with 10% FBS. Cells 

were dissociated and 9.0×105 cells per treatment were transfected with 3 µg of fibulin-1D’ 

plasmid using Amaxa T kit (Lonza, Switzerland) and program U-023. GFPmax plasmid was 

used as the positive control and no added plasmid as the negative control treatment. Cells 

(9.0 ×104) were cultured on 8-cell chambered slide (Nunc, Denmark) for 

immunohistochemistry. Cells were fixed with 3% paraformaldehyde for 30 minutes and 

blocked with 5% goat serum for 1 hr at room temperature with or without added Triton-

X100, then incubated with anti fibulin-1D’ antibody (Rb1603) at 1:25 dilution of serum for 

18 hours at 4°C. After rinsing three times with TBST, the cells were incubated with Alexa 

488-conjugated anti rabbit secondary antibody (Life Technologies) at 50 µg/ml for 18 hrs at 

4°C, then rinsed three times with TBST and mounted in Vectashield mounting medium 
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(Vector Laboratories, Burlingame, CA). Nuclei were counter stained with TOTO3 for 5 

minutes during the last wash.

The remainder of the transfected cells was cultured in a 6-well plate for western blotting. 

Cells were extracted with Radioimmunoprecipitation Assay (RIPA) buffer containing 

enzyme inhibitors (Roche), and protein concentration was determined using BCA assay 

(Pierce, Rockford, IL). Ten micrograms of the extract were loaded in each lane; pFBLN1 

was used as a positive control (0.9 µg/well). After transfer of proteins to PVDF, membrane 

were blocked with 5 % non-fat milk and then incubated with anti-fibulin-1D’ antibody 

(Rb1603) at 1 µg/ml for 18 hours at 4°C. The membrane was then washed three times with 

TBST and incubated with horseradish peroxidase-conjugated secondary antibody at a 

1:5000 dilution. ECL+ chemiluminescent reagent was used for protein detection. 

Subsequently the membrane was re-probed as mentioned above with Rb1323 antibody at 0.2 

µg/ml to detect all variants of fibulin-1.

Immunohistochemical detection of fibulin-1D’ in human placental tissue

Paraffin embedded sections of human term placenta were rehydrated using xylene and 

ethanol series of treatments. Sections were treated with unmasking solution (Vector 

Laboratories) under pressure for 5 minutes to unmask the fibulin-1 binding sites. Sections 

were then blocked with 1% bovine serum albumin in phosphate buffered saline (PBS) for 3 

hours at room temperature. Sections were probed with Rb1603 polyclonal antibody against 

fibulin-1D’ (50 µg/ml, 18 hrs at 4°C) then incubated with the fluorescent secondary 

antibodies Alexa 568-conjugated anti-rabbit IgG at 20 µg/ml for 90 minutes at room 

temperature. Nuclei were counterstained with Draq5 at 5 µM for 5 minutes and then sections 

were rinsed twice with PBS and mounted in Vectashield mounting media.

Detection of fibulin-1D’ transcripts in human placenta using real-time PCR

To detect the message of fibulin-1D’ variant in human placenta, we designed a set of 

primers that specifically identifies this mRNA transcript. The reverse primer sequence that 

spans the splice site between human FBLN1 exon 3 and exon 4, is unique for this variant and 

amplifies a 164 bp amplicon in fibulin-1D’ (see Table 1 for sequences). The reverse primer 

cannot bind to any of the other fibulin-1 variants because the sequences of exon 3 and 4 

splice regions in all other fibulin-1 variants are separated by 107 bp. Total RNA was 

purified from first trimester placenta villi and decidua tissues using RNAeasy plus mini kit 

(Qiagen, Germany) according to manufacturer protocol. Quality of RNA was verified using 

an Agilent 2100 system. Full term placental total RNA was purchased from Biochain (San 

Francisco, CA) and 1 µg of each total RNA was used to synthesize cDNA using iScript 

cDNA synthesis kit (BioRad, Hercules, CA). For detection of fibulin-1 C, D and D’ variants, 

the cDNA was diluted 1:1 in water. Housekeeping genes TATA Box binding protein and 

GAPDH cDNA were diluted at 1:1 and 1:100, respectively. The real-time polymerase chain 

reaction (qPCR) reactions were carried out using SsoAdvanced SyberGreen qPCR reagent 

(BioRad) in a total volume of 10 µl. The cycling parameters were 95°C for 2 minutes, 40 

cycles of 95°C for 10 seconds and 60°C for 30 seconds. Verification of the specificity of the 

primers was performed using a melt curve from 65°C to 95°C in 0.5°C increments and the 

size of the amplicon in the fibulin-1D’ reactions was verified using the Agilent 2100 system 
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and a DNA 1000 chip. Primers specific for fibulin-1 variants C and D were also used to 

detect fibulin-1C and -1D transcripts (Table 1). Expression data was analyzed using the PCR 

miner method 30.
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Abbreviations

qPCR Quantitative real-time polymerase chain reaction

pFBLN1 placental fibulin-1

rFBLN1D recombinant fibulin-1D

rFBLN1C recombinant fibulin-1C

MYH9 myosin heavy chain 9

MHC myosin-II heavy chain

EGF epidermal growth factor

FN fibronectin

ECM extracellular matrix
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Highlights

1. We identify a new splice variant of fibulin-1 named fibulin-1D prime 

(fibulin-1D’)

2. Fibulin-1D’ differs from fibulin-1 variants in the N-terminus amino acid 

sequence

3. Fibulin-1D’ binds to the intracellular domain of integrin β1

4. Fibulin-1D’ lacks a secretion sequence and the anaphlatoxin region of fibulin-1

5. We localized the intracellular fibulin-1D’ protein in human placenta
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Figure 1. 
Proteins from A431 cell extracts bind to fibulin-1. A431 cell extract was passed over 

fibulin-1 sepharose column. Eight-molar urea was used to elute the fractions. Fractions were 

run on 4–12% Tris Glycine SDS-PAGE gel then stained with Coomassie blue. The three 

major bands were sent for sequencing at the MUSC Mass Spectroscopy Facility and 

identified as MYH9 (200 Kda), fibulin-1 (75 Kda) and actin (42 Kda). FT, flow-through; 

STD, molecular weight standards; arrowheads depict major eluted proteins.
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Figure 2. 
Identification of fibulin-1D’ protein. The 75 kDa band from the Coomassie stained gel was 

excised and sequenced by the MUSC Mass Spectroscopy Facility. A) Peptides identified 

from the band that are not found in fibulin-1 variants A-D. The sequences were queried in 

the protein database and were identified as part of an unknown protein that is similar to 

fibulin-1D. B) Amino acid alignment of the N-terminus sequence of fibulin-1D splice 

variant and the new fibulin-1D’. The amino acids sequence of fibulin-1D’ variant N-

terminus region (shown in block letters), lacked the secretion sequence in fibulin-1D (amino 
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acids 1–29, underlined italics) and the anaphlatoxin sequence (amino acids 30–152 in 

fibulin-1D). The sequence of fibulin-1D’ matches that of fibulin-1D starting at amino acid 

66 in fibulin-1D’ (amino acid 131 in fibulin-1D, arrow). Note that the sequence of the last 

peptide reported from the sequencing facility contains the proline and methionine amino 

acids resulting from the splice junctions in exons 3 and 4 of fibulin-1D’ (proline 65 and 

methionine 66, bold underlined in A. C) The schematic representation of all members of 

the fibulin-1 family. The anaphlatoxin region of fibulin-1D (round shapes) was replaced 

with a 65 amino acid segment that binds to integrin β1 cytoplasmic domain (elliptical 

shape). The EGF-like and fibulin-1D modules, which comprise the remainder of both 

fibulin-1D and -1D’ proteins, are identical.

Twal et al. Page 17

Matrix Biol. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
The alternative start site and exon splicing of fibulin-1D’ variant mRNA transcript at the N-

terminus. Fibulin-1D transcript is comprised of 17 exons (1–14 and 18–20). A) Fibulin-1D’ 

alternative start site is located in exon 2 instead of the start site in fibulin-1D located in exon 

1. This alternative start site leads to an mRNA with no signal sequence and out of frame 

translation of the N-terminus. Deletion of part of exon 3 and exon 4 results in the return of 

translation back into frame as in fibulin-1D. B) The N-terminus nucleotide sequence of 

fibulin-1 transcript showing the different ATG start sites of fibulin-1D (bold upper case) 
and fibulin-1D’ (bold underlined lower case). The third atg (bold italics) delineates the 

start of the amino acid sequence in exon 4 that is identical in both fibulin-1D and -1D’ for 

the remaining 13 exons (5–14 and 18–20).
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Figure 4. 
Amino acid N-terminus sequence alignment of human fibulin-1D’ with two primate species. 

A) Literature search in protein database for similar proteins to human fibulin-1D’ N-

terminus domain (middle row underlined) identified two primates, the Macac monkey 

(upper row) and Sumatran orangutan (lower row). Sequence alignment of both primates 

fibulin-1D’ with the human variant is shown and the arrow delineates the end of the 

fibulin-1D’ segment after which the sequence of fibulin-1D’ matches that of fibulin-1D. No 

other organism was identified as having the fibulin-1D’ variant. B) The Phylogenic tree of 

the human closely related primates reported to express fibulin-1D’-like protein are depicted 

in the dash-line rectangle.
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Figure 5. 
Placental fibulin-1 and recombinant fibulin-1 D bind to integrin α5β1. Purified placental 

fibulin-1 or recombinantly expressed fibulin-1D was allowed to bind to magnetic beads 

covalently bound to integrin α5β1. Both bound and unbound fractions were resolved on a 4–

12% SDS-PAGE gel, and separated proteins were transferred to a PVDF membrane and 

immunoblotted with anti fibulin-1D antibody (Rb 811, left panel) or a pan fibulin-1 

monoclonal antibody (mAb 6D8, right panel) that have an epitope mapping to the 

anaphlatoxin region. Note that the mAb 6D8 does not recognize the integrin α5β1-bound 

fibulin-1D’ due to lack of the anaphlatoxin region. Fbln, fibulin; B, bound fraction; U, 

unbound fraction
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Figure 6. 
Localization of fibulin-1D’ in transfected CHO cells. A) Fibulin-1D’ protein from CHO 

cells transfected with pEF4 plasmid containing the full length fibulin-1D’ coding sequence 

is localized inside the cell using fibulin-1D’ specific antibody (Rb1603, green) after 

permeabilization of the cells. B) Little or no detection was observed in cells that were not 

permeabilized. C) Nuclei were counterstained with TOTO 3 (blue). D) Left lane, 

immunodetection of fibulin-1 variants in transfected CHO cells using Rb1323 antibody 

showing multiple immune-reactive bands including the 70-kDa fibulin-1D’ band. Right 
lane, immuno-detection of fibulin-1D’ variant in placental fibulin-1 using the specific 

antibody Rb1603 showing a single 70- kDa fibulin-1D’ band (positive control)
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Figure 7. 
Fibulin-1D’ binds to the cytoplasmic domain peptide of integrin β1. The 37 mer cytoplasmic 

domain peptide was covalently linked to sepharose beads and incubated with placental 

fibulin-1 (pFBLN1) or recombinant fibulin-1C (rFBLN1C) overnight at 4°C. A) 
Immunoblot analysis of the bound and unbound fractions of pFBLN1 shows that fibulin-1D’ 

binds to the integrin β1 cytoplasmic domain as detected by the fibulin-1D’ specific 

polyclonal antibody Rb1603. Note the 70-kDa monomer and 140-kDa dimer of fibulin1-D’ 

in fractionated and unfractionated pFBLN1 (arrows). rFBLN1C (negative control) contained 
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an appreciable amount of reactivity to fibulin-1D’ antibody in the bound fraction. B) Re-

probing with the fibulin-1C-specific monoclonal antibody 5D12 identified the monomer 

and/or dimer fibulin-1C in unbound fractions of pFBLN1 and rFBLN1C as well as 

unfractionated pFBLN1 (arrows). No detection of fibulin-1C was evident in integrin β1 

cytoplasmic domain-bound fractions.
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Figure 8. 
Immunohistochemical detection of fibulin-1D’ protein in human term placenta. Paraffin-

embedded sections from human term placenta were probed with Rb1603 antibody 

(fibulin-1D’, 50 µg/ml, 18 hrs) (red). Fluorescent secondary antibodies used were Alexa 

568-conjugated anti-rabbit IgG at 10 µg/ml. Nuclei were counterstained with Draq 5 at 5 µM 

(green). Fibulin-1 staining appears confined to villi of the placenta (A) and exhibits a 

punctate appearance predominantly inside the cells (B, small arrows). No matrix-associated 

fibulin-1D’ staining was observed. Inset in A is magnified in B. BV, blood vessel; ST, 

syncytiotrophoblast (large arrowhead); IVS, intra-villous space; V, Villous. Bar in A 

represents 100 µm and in B represents 200 µm.
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Figure 9. 
Fibulin-1D’ mRNA is detected in human placental tissue. Panel A, real time PCR analysis 

of mRNA expression of fibulin-1D’ (FBLN1D’), fibulin-1C (FBLN1C) and -1D (FBLN1D) 

transcripts in the first trimester placenta. Panel B, Full term placental mRNA levels of 

fibulin-1 transcripts C, D and D’. Data presented as mean ± range of duplicate samples, and 

a representative of two independent experiments.
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Table 1

Human primer sequences used for real-time PCR

Gene Type Sequence Reference Sequence
Number

Fibulin-1C Forward caactgctccatcaacgaga NM_001996.3

Reverse attctcagaggcagcttgga

Fibulin-1D Forward cgagtgccctgagaactacc NM_006486.2

Reverse gagatgacggtgtgggagat

Fibulin-1D’ Forward atggccactcatcagaagga AK075566.1

Reverse caaccatggggcgtgg

GAPDH Forward atgttcgtcatgggtgtgaa NM_001256799.1

Reverse ggtgctaagcagttggtggt

TATA Box BP Forward cggctgtttaacttcgcttc BT0 19657.1

Reverse ctgggtcactgcaaagatca
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