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Elastic fibers play the principal roles in providing elasti-

city and integrity to various types of human organs, such

as the arteries, lung, and skin. However, the molecular

mechanism of elastic fiber assembly that leads to deposi-

tion and crosslinking of elastin along microfibrils remains

largely unknown. We have previously shown that devel-

oping arteries and neural crest EGF-like protein (DANCE)

(also designated fibulin-5) is essential for elastogenesis by

studying DANCE-deficient mice. Here, we report the iden-

tification of latent transforming growth factor-b-binding

protein 2 (LTBP-2), an elastic fiber-associating protein

whose function in elastogenesis is not clear, as a DANCE-

binding protein. Elastogenesis assays using human skin

fibroblasts reveal that fibrillar deposition of DANCE and

elastin is largely dependent on fibrillin-1 microfibrils.

However, downregulation of LTBP-2 induces fibrillin-1-

independent fibrillar deposition of DANCE and elastin.

Moreover, recombinant LTBP-2 promotes deposition of

DANCE onto fibrillin-1 microfibrils. These results suggest

a novel regulatory mechanism of elastic fiber assembly in

which LTBP-2 regulates targeting of DANCE on suitable

microfibrils to form elastic fibers.
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Introduction

Elastic matrices impart resilience and structural integrity to

various types of human organs, such as the large arteries,

lungs, and skin (Rosenbloom et al, 1993). They play espe-

cially vital roles in the functions of the arteries and lungs,

which undergo repeated cycles of extension and recoil to

maintain the blood pressure or breathing process. Injury and

degeneration of elastic matrices are profoundly associated

with age-related symptoms and diseases, such as arterio-

sclerosis, lung emphysema, and wrinkled skin (Pasquali-

Ronchetti and Baccarani-Contri, 1997; Bailey, 2001).

Elucidating the mechanisms of elastogenesis might lead to

new treatments for these age-related symptoms. However,

little is known about the molecular mechanism of elastic fiber

assembly. We and others reported that mice deficient in a

newly identified protein, developing arteries and neural crest

EGF-like (DANCE) (also designated fibulin-5 or EVEC), ex-

hibit a severely disorganized elastic fiber system throughout

the body (Nakamura et al, 2002; Yanagisawa et al, 2002).

DANCE is a secreted 66-kDa molecule, which colocalizes with

elastic fibers and is abundantly expressed in developing

arteries (Nakamura et al, 1999). We have recently demon-

strated that DANCE has an elastogenic organizer activity, by

showing that recombinant DANCE can induce elastogenesis

in cell culture (Hirai et al, 2007). DANCE deposits on micro-

fibrils, then promotes coacervation and crosslinking of tropo-

elastin molecules along microfibrils. Thus, DANCE is not

only necessary for elastogenesis, but also able to promote

elastic fiber organization. Therefore, DANCE may provide

important clues to the molecular basis of elastogenesis.

Elastic fibers are known to consist of two morphologically

distinct components: microfibrils and polymerized elastin

(Rosenbloom et al, 1993). Microfibrils are 10–12 nm filaments

in the extracellular matrices, and mainly consist of large

extended glycoproteins, fibrillin-1 and -2 (Sakai et al, 1986;

Zhang et al, 1994), together with several kinds of proteins

that are associated with them, such as latent transforming

growth factor b-binding proteins (LTBPs) (Gibson et al, 1995;

Taipale et al, 1995) and microfibril-associated glycoproteins

(MAGPs) (Gibson et al, 1986, 1996). Microfibrils are consid-

ered to provide a scaffold for the orientated deposition of

tropoelastin monomers and to play a central role in elasto-

genesis, although they can also form macroaggregates devoid

of elastin (Ramirez et al, 2004). The expression of fibrillin-1

and -2 is differentially controlled, but overlaps in the develop-

ment of elastic tissues (Mariencheck et al, 1995). Although

fibrillin-1-mutated mice develop normal elastic matrices

(Pereira et al, 1997) and fibrillin-2-mutated mice show syn-

dactyly but normal elastogenesis (Arteaga-Solis et al, 2001;

Chaudhry et al, 2001), mice deficient in both fibrillin-1 and -2

were recently reported to exhibit impaired elastogenesis

(Carta et al, 2006). However, why only a part of microfibrils

deposit elastin to form elastic fibers and how fibrillin-1 and -2

microfibrils are differentially utilized in elastogenesis remains

unclear. These considerations prompted us to investigate

whether there might be any microfibril molecules that reg-

ulate elastic fiber assembly. For example, LTBP proteins share

a high degree of homology with fibrillins. There are four

isoforms in the LTBP family (LTBP-1, -2, -3, and -4) (Kanzaki

et al, 1990; Moren et al, 1994; Yin et al, 1995; Giltay et al,

1997; Saharinen et al, 1998; Hyytiainen et al, 2004). This
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family is named based on its ability to bind the latent form of

transforming growth factor-b (TGF-b) and to modulate TGF-b
bioactivity, but the family members also serve as structural

components of extracellular matrices. Notably, LTBP-2 has

the distinctive characteristic that it cannot interact with TGF-b,

whereas LTBP-1, -3, and -4 can interact with TGF-b
(Saharinen and Keski-Oja, 2000). In addition, LTBP-2 is

reported to be specifically localized to the elastin-associated

microfibrils (Gibson et al, 1995). These findings suggest that

LTBP-2 may play an important role in elastogenesis unrelated

to the regulatory function of TGF-b activity.

To elucidate the molecular mechanisms of elastic fiber

assembly and the roles of DANCE in elastogenesis, we

attempted here to identify DANCE-binding proteins. Several

groups have previously identified some DANCE-binding pro-

teins, such as elastin (Yanagisawa et al, 2002; Freeman et al,

2005), lysyl oxidase-like 1 (Liu et al, 2004), EMILIN (Zanetti

et al, 2004), apolipoprotein(a) (Kapetanopoulos et al, 2002),

and extracellular superoxide dismutase (Nguyen et al, 2004).

However, it is still not possible to fully understand the role

that DANCE plays in elastic fiber development. In the present

study, we demonstrate the interaction of DANCE and LTBP-2.

We show that the middle calcium-binding epidermal growth

factor-like domain (cbEGF-like domain) of DANCE specifi-

cally interacts with the amino- (N-) terminal domain of LTBP-

2. Knockdown experiments using small interfering RNA

(siRNA) reveal that deposition of DANCE and elastin is

dependent on fibrillin-1, not on either fibrillin-2 or LTBP-2.

Intriguingly, downregulation of LTBP-2 rescues fibrillar

deposition of DANCE and elastin onto fibrillin-2 or other

potential microfibrils, even in the absence of fibrillin-1.

Moreover, recombinant LTBP-2 protein promotes fibrillar

deposition of DANCE onto fibrillin-1 microfibrils. These

results imply that LTBP-2 may function not only as a struc-

tural protein, but also as a regulatory protein that determines

which microfibrils DANCE should deposit on for subsequent

assembly of elastic fiber components.

Results

Latent TGF-b-binding protein-2 as a DANCE-binding

protein

To clarify the molecular role of DANCE in elastogenesis, we

attempted to identify DANCE-binding proteins. For this pur-

pose, we performed immunoprecipitation/SDS–PAGE. Bovine

aortic smooth muscle cells were metabolically labeled with
35S-cysteine/methionine overnight, and the conditioned med-

ium was harvested. An aliquot of the conditioned medium

was combined with a purified FLAG-tagged DANCE recombi-

nant protein or a mock control, followed by immunoprecipi-

tation with a monoclonal anti-FLAG antibody. Other aliquots

were subjected to immunoprecipitation with available anti-

bodies against elastic fiber components, including elastin,

fibrillin-1, fibrillin-2, and latent TGF-b-binding protein-2

(LTBP-2), to see whether there are these proteins in the

conditioned medium. The immunoprecipitated complexes

were separated by SDS–PAGE, and three major bands were

detected as candidates for DANCE-binding proteins compared

with the mock control (Figure 1, compare lanes 1 and 2,

asterisks). The molecular weights of two of these bands are

higher than 182 kDa, and that of the other is approximately

60 kDa (lane 2). We assumed that the larger molecules might

be LTBP-2, because the molecular weight seems to be very

similar to that of the protein immunoprecipitated with a

monoclonal anti-LTBP-2 antibody (Figure 1, compare lanes

2 and 8). Fibrillin-1 and -2 were not detected, suggesting that

these antibodies might not react with bovine fibrillin-1 and -2.

In an analogous experiment using neonatal skin fibroblasts

from wild-type mice, we found similar bands precipitated

with the recombinant DANCE (data not shown). However,

the 60-kDa band was not detected in the DANCE�/� neonatal

fibroblast culture medium (data not shown); therefore, we

infer that the 60-kDa molecule may be the DANCE itself,

which is abundantly expressed in aorta (lane 2). To see

whether these larger molecules are LTBP-2, we carried out

double immunostaining of human skin fibroblasts with

monoclonal antibodies against DANCE and LTBP-2. The

result reveals that these two molecules colocalize, which

suggests that they interact each other (Supplementary

Figure S1).

LTBP-2 specifically interacts with the sixth

calcium-binding EGF-like domain of DANCE

To examine whether DANCE actually interacts with LTBP-2,

we performed in vitro binding assays. Myc-tagged LTBP-2

proteins overexpressed by 293T cells were incubated with

FLAG-tagged DANCE or a series of FLAG-tagged DANCE

deletion mutant proteins (Figure 2A) also overexpressed by

293T cells. Each mixture was subjected to immunoprecipita-

tion with anti-FLAG antibody, and then Myc-tagged proteins

associated with the FLAG-tagged proteins were detected by

Western blotting. As shown in Figure 2B, DANCE interacts

with LTBP-2 (compare lane 1 with 11). Among the deletion

mutant proteins, DM5-DANCE does not interact with LTBP-2

at all (Figure 2B, upper panel, lane 8). This result indicates

that DANCE directly interacts with LTBP-2 through the sixth

cbEGF-like domain. The carboxy- (C-) terminal domain of
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Figure 1 Latent TGF-b-binding protein-2 (LTBP-2) as a candidate
DANCE-binding protein. Bovine smooth muscle cells were metabo-
lically labeled with 35S-cysteine/methionine, and conditioned media
were subjected to immunoprecipitation. Several DANCE-binding
proteins are detected (lane 2, asterisks). The sizes of the bands
larger than 182 kDa are similar to those of proteins precipitated with
anti-LTBP-2 antibody (compare lanes 2 and 8). Another 60-kDa
band is inferred to be DANCE, which is abundantly expressed in
aortic smooth muscle cells (lane 2).
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DANCE may also be involved in the interaction, as the

binding of DC1- and DC2-DANCE with LTBP-2 was weaker

than that of full-length DANCE with LTBP-2.

To see whether DANCE deletion mutants maintain their

structural integrity, we performed a solid phase binding assay

on recombinant tropoelastin. The result shows that

DM5-DANCE binds tropoelastin as strongly as full-length

DANCE (Supplementary Figure S2). We also carried out a

deglycosylation assay using N-glycosidase F. Incubating

DM5-DANCE with glycosidase did not change its molecular

size, whereas the same glycosidase treatment caused size

reduction of DM4-DANCE to a similar size of DM5-DANCE

(Supplementary Figure S3). Taking into account that the sixth

cbEGF-like domain contains putative N-glycosilation

site (Nakamura et al, 1999) and that both mutants miss

one cbEGF-like domain, this result indicates that not only

DM4-DANCE, but also other DANCE mutants are properly

processed after translation as well as the full-length DANCE.
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Figure 2 Schematic representation of the DANCE deletion mutants, and mapping of the binding domain of DANCE with LTBP-2. (A) Domain
structure of the full-length DANCE and the DANCE deletion mutants used for the in vitro binding assay. These mutants were expressed as
C-terminally FLAG-tagged proteins. We prepared expression vectors encoding FLAG-tagged DANCE (FL-DANCE-FLAG) or DANCE deletion
mutants, including N-terminal domain deletion mutants (DN1- and DN2-DANCE-FLAG), central calcium-binding EGF (cbEGF)-like repeat
domain deletion mutants (DM1-, DM2-, DM3-, DM4-, and DM5-DANCE-FLAG), and C-terminal domain deletion mutants (DC1- and DC2-
DANCE-FLAG). The asterisk indicates the sixth cbEGF-like domain of DANCE, where LTBP-2 binds. (B) The sixth cbEGF-like domain of DANCE
interacts with LTBP-2. 293T cells were transiently transfected with the vectors shown in A or mock vector. Expression vectors for Myc-tagged
full-length LTBP-2 (LTBP-2-Myc) were also independently transfected into 293Tcells. Transfected cells were cultured in serum-free medium for
48 h, and then the cell lysates and the conditioned media were harvested and mixed. After incubation of LTBP-2-Myc with a set of FLAG-tagged
DANCE deletion mutants, each mixture was subjected to immunoprecipitation with anti-FLAG antibody. These immunoprecipitates were then
separated by SDS–PAGE, and analyzed by Western blotting with a monoclonal anti-Myc antibody.
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DANCE interacts with the N-terminal domain of LTBP-2

To identify the DANCE-binding domain in the LTBP-2

molecule, we constructed expression vectors encoding five

types of LTBP-2 truncation mutants with FLAG-tag (LTBP-2-

A-FLAG through LTBP-2-E-FLAG, Figure 3A). FLAG-tagged

LTBP-2 truncation mutants and Myc-tagged full-length

DANCE recombinant proteins were transiently expressed in

293T cells, and were subjected to in vitro binding assays. As

shown in Figure 3B (left panel), only LTBP-2-A fragment

can interact with DANCE (lane 2). This result demonstrates

that DANCE specifically interacts with the N-terminal domain

of LTBP-2.

To more precisely identify the domain of LTBP-2 involved

in this interaction, we constructed two expression vectors

encoding FLAG-tagged LTBP-2-F and -G fragments by dividing

the LTBP-2-A fragment (Figure 3A). As shown in Figure 3B

(right panel), in vitro binding assays reveal that DANCE

specifically interacts with LTBP-2-G fragment (lane 10), but

not with LTBP-2-F fragment (lane 9). We further constructed

expression vectors encoding FLAG-tagged LTBP-2-H and -I

fragments by dividing the LTBP-2-G fragment (Figure 3A).

Because the LTBP-2-H fragment is easily degraded, we cons-

tructed immunoglobulin fusion proteins to prevent degrada-

tion (LTBP-2-G-Ig, LTBP-2-H-Ig, and LTBP-2-I-Ig). DANCE

interacted with the immunoglobulin-fused LTBP-2-G-Ig, as

well as the intact LTBP-2-G fragment, indicating that the

fused immunoglobulin does not affect the interaction with

DANCE (Figure 3B, compare lanes 10 and 11). As shown in

Figure 3B, in vitro binding assays revealed that DANCE

specifically interacts with the LTBP-2-I-Ig, but not with the

LTBP-2-H-Ig (Figure 3B, lanes 12 and 13). These results

demonstrate that DANCE specifically interacts with the second

four-cysteine repeat of LTBP-2.

Next, we examined the Ca2þ dependency of the interac-

tion between DANCE and LTBP-2. Myc-tagged LTBP-2 and

FLAG-tagged DANCE recombinant proteins were expressed in

293T cells, and subjected to in vitro binding assays in the

presence or absence of EDTA (ethylenediaminetetraacetic

acid). As shown in Figure 3C, the interaction between

DANCE and LTBP-2 was markedly diminished in the presence

of 1 mM EDTA, and almost abolished in the presence of 2 mM

EDTA (Figure 3C, upper panel, lanes 1–3). These results

indicate that the DANCE–LTBP-2 interaction is likely to be

Ca2þ dependent, which is consistent with our finding that

LTBP-2 interacts with the Ca2þ -binding EGF (cbEGF)-like

domain of DANCE, whereas the N-terminal domain of

LTBP-2 does not contain any cbEGF domain.

DANCE interacts with LTBP-2 in vivo

To investigate whether DANCE colocalizes with LTBP-2 at the

tissue level, we performed in situ hybridization using neonatal

mice. As shown in Figure 4A and B, both the DANCE

transcript and the LTBP-2 transcript are strongly detected in

the cardiac outflow tract, cardiac valves, aorta, and lung. The

expression patterns of these two transcripts are strikingly

similar, except for the minor difference that DANCE is more

strongly expressed in arteries than in lung distal airspace

walls, whereas the expression of LTBP-2 is similar in these

tissues. These expression patterns suggest that DANCE is

localized in close proximity to LTBP-2 in vivo.

To examine the interaction of DANCE and LTBP-2 in vivo,

we performed co-immunoprecipitation analysis using lung

extracts from wild-type and DANCE�/� mice.

Immunoreactive DANCE protein was precipitated from lung

extracts with anti-DANCE antibody followed by Western

blotting using an anti-LTBP-2 antibody. As shown in

Figure 5, the interaction of DANCE and LTBP-2 was detected

(upper panel, compare lanes 1, 2 and lanes 3, 4). This result

indicates that endogenous DANCE interacts with endogenous

LTBP-2 in vivo.

BIAcore analysis of the interaction between DANCE

and LTBP-2

To investigate the affinity of the binding of DANCE to LTBP-2,

we performed kinetic analyses using surface plasmon reso-

nance with a Biacore X instrument. The proteins used for the

assay were purified from 293Tcell lines stably overexpressing

C-terminal histidine-tagged full-length DANCE and LTBP-2.

Analysis by SDS–PAGE followed by Coomassie blue staining

revealed that the purities of these proteins were more than

80% (Figure 6A). The purified DANCE recombinant protein

was immobilized on a CM5 sensor chip, and LTBP-2 was used

as the analyte. Kinetic analyses were performed at a range of

concentrations of 15–360 mg/ml (75–1800 nM) of LTBP-2 on

the DANCE-immobilized chip, and the dissociation constant

(KD) of the binding of LTBP-2 to DANCE was determined to be

265 nM, which indicates that this interaction is direct and

specific (Figure 6B).

Deposition of DANCE is dependent on fibrillin-1,

not on either fibrillin-2 or LTBP-2

To investigate the physiological significance of the interaction

of DANCE and LTBP-2, we used RNA interference (RNAi) to

knock down target genes. For this purpose, we developed an

in vitro culture system of human skin fibroblasts to assess the

Figure 3 Schematic representation of the LTBP-2 truncation mutants, and mapping of the binding domain of LTBP-2 with DANCE. (A) Domain
structure of the full-length LTBP-2 and the LTBP-2 truncation mutants used for the in vitro binding assay. These mutants were expressed as
N-terminally FLAG-tagged proteins flanked by the preprotrypsin signal sequence, except for the full-length LTBP-2. The LTBP-2-H fragment
is prone to degradation, so we constructed C-terminal fusion proteins with the constant region of human IgG to prevent the degradation (LTBP-
2-G-Ig, LTBP-2-H-Ig, and LTBP-2-I-Ig). The characteristics of each domain are described below the figure. The asterisk indicates the second
four-cystein domain of LTBP-2, where DANCE binds. (B) Left panel, DANCE interacts with the N-terminal domain of LTBP-2 (LTBP-2-A). Right
panel, DANCE interacts with the second four-cysteine domain of LTBP-2 (LTBP-2-I). The expression vector of each LTBP-2 truncation mutant
was transfected into 293Tcells. Mixtures of the media and cell lysates of FLAG-tagged LTBP-2 truncation mutants were incubated with DANCE-
Myc, and then these reactants were subjected to immunoprecipitation with anti-FLAG antibody. The immunoprecipitates were separated by
SDS–PAGE, and analyzed by Western blotting with anti-Myc antibody. (C) Calcium dependency of the LTBP-2–DANCE interaction. The
expression vector for Myc-tagged full-length LTBP-2 was transfected into 293Tcells. Mixtures of the conditioned media and cell lysates of Myc-
LTBP-2 were incubated with the conditioned media of DANCE-FLAG in the presence of EDTA (0, 1, 2, 5, or 10 mM). These cocktails were
subjected to immunoprecipitation with anti-FLAG antibody. The immunoprecipitates were separated by SDS–PAGE, and analyzed by Western
blotting with anti-Myc antibody.
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effects of gene knockdown on elastic fiber assembly. We

reverse transfected each siRNA duplex into human skin

fibroblasts, cultured the transfected cells in 10% serum-

containing medium for more than 10 days, and subjected

them to immunostaining with anti-elastin and anti-DANCE

antibody. As controls, we used siRNA with a scrambled

sequence of protein phosphatase PP2C gamma, a gene irre-

levant to the extracellular matrix. Because LTBP-2 is a con-

stituent of elastic microfibrils, we also examined the role of

fibrillin-1 and -2, major constituents of elastic microfibrils, in

addition to LTBP-2. We confirmed that treatment with siRNA

results in more than a 90% decrease in the respective

transcripts even in double or triple knockdown cells as

detected by quantitative polymerase chain reaction (qPCR)

(Figure 7A). No off-target knockdown was observed at least

in mRNAs of fibrillin-1 and -2, LTBP-2, DANCE and elastin

(data not shown). Fibrillin-1 and -2 knockdown specifically

abolished each meshwork of fibrillin-1 and -2 microfibrils

(Figure 7B–O). As shown in Figure 8B, fibrillin-1-knockdown

cells develops only a faint meshwork of elastic fibers,

whereas fibrillin-2-knockdown cells and LTBP-2-knockdown

cells each develop abundant meshworks of elastic fibers like

those in the control cells (Figure 8A, C and D). Moreover,

DANCE is barely deposited on fibrillin-1-knockdown cells

(Figure 8J), whereas DANCE is abundantly deposited and

colocalizes with elastin on fibrillin-2- or LTBP-2-knockdown

cells (Figure 8I, K and L). These results indicate that DANCE

and elastin are deposited mainly on fibrillin-1 microfibrils in

human skin fibroblast culture.

LTBP-2 inhibits fibrillin-1-independent deposition

of DANCE and elastin

Next, we investigated the role of LTBP-2 in the deposition of

DANCE in the absence of fibrillin-1. For this purpose, we

doubly knocked down LTBP-2 in addition to fibrillin-1. As

shown in Figure 8E and M, the nearly abolished deposition of

DANCE and elastin resulting from fibrillin-1 knockdown is

unexpectedly rescued by additional LTBP-2 knockdown. The

rescue effect of LTBP-2 knockdown is similar when each of

three different siRNAs to LTBP-2 is independently transfected

with fibrillin-1 siRNA (data not shown). To rule out off-target

effects of LTBP-2 RNAi, we added recombinant LTBP-2 pro-

tein to these fibrillin-1–LTBP-2 double knockdown cells. As

shown in Figure 8F and N, addition of recombinant LTBP-2
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Figure 4 Expression patterns of DANCE (A) and LTBP-2 (B) transcripts in neonatal mice as shown by in situ hybridization with dark field
(A, B) and bright field (C, D) views. Ao, aorta; PA, pulmonary artery; OT, cardiac outflow tract; MV, mitral valve; TV, tricupsid valve, LV,
left ventricle; RV, right ventricle; LA, left atrium; RA, right atrium; Rt.Lu, right lung; Lt.Lu, left lung. Scale bar; 500mm.
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greatly reduces the deposition of DANCE and elastin to a

similar level as observed in fibrillin-1 single knockdown cells.

These results indicate that the rescue phenotype in double-

knockdown cells is specifically due to depletion of LTBP-2,

which implies that LTBP-2 inhibits fibrillin-1-independent

deposition of DANCE and elastin.

Next, we asked whether DANCE is deposited on fibrillin-2

microfibrils instead of fibrillin-1 microfibrils, in the fibrillin-1–

LTBP-2 double knockdown culture. To investigate this

possibility, we examined the effect of fibrillin-1–fibrillin-2–

LTBP-2 triple knockdown. The deposition of DANCE and

elastin on fibrillin-1–fibrillin-2–LTBP-2 triple-knockdown

cells is substantially less than that on fibrillin-1–LTBP-2

double-knockdown cells (Figure 8E, H, M and P). These

results suggest that downregulation of LTBP-2 causes deposi-

tion of DANCE and elastin mainly on fibrillin-2 microfibrils.

Moreover, it is possible that there might be potential micro-

fibrils devoid of fibrillin-1 and -2 on which DANCE and

elastin can be deposited in the absence of LTBP-2, because

we detected weak, but more considerable fibrillar deposition

of DANCE and elastin on fibrillin-1–fibrillin-2–LTBP-2 triple-

knockdown cells than on fibrillin-1–fibrillin-2 double-knock-

down cells (Figure 8G, H, O and P). We could not, however,

rule out a possibility that even an undetectable amount of

fibrillin-1 or -2 might support deposition of DANCE and

elastin in the absense of LTBP-2. These data suggest that

LTBP-2 inhibits fibrillin-1-independent deposition of DANCE

and elastin onto fibrillin-2 or other potential microfibrils.

Recombinant LTBP-2 protein promotes deposition

of DANCE onto fibrillin-1 microfibrils

Because LTBP-2 inhibits fibrillin-1-independent deposition of

DANCE, we hypothesized that LTBP-2 may promote deposi-

tion of DANCE on fibrillin-1 microfibrils. To test this hypoth-

esis, we added recombinant LTBP-2 into the medium of

fibrillin-1, -2, or control-knockdown cells, cultured them in

5% serum-containing medium and subjected them to immuno-

staining with anti-DANCE and anti-fibrillin-1 antibody. As

shown in Figure 9, recombinant LTBP-2 markedly increases

the deposition of DANCE in fibrillin-2-knockdown cells

(Figure 9C and D). On the other hand, we cannot detect

deposition of DANCE at all on fibrillin-1-knockdown cells

(Figure 9A and B). These results suggest that LTBP-2 not only

inhibits deposition of DANCE onto fibrillin-2 or other poten-

tial microfibrils, but actively promotes deposition of DANCE

onto fibrillin-1 microfibrils.

To rule out the possibility that LTBP-2 might regulate

deposition of tropoelastin through direct interaction

with tropoelastin, we performed solid phase binding assay.

As shown in Figure 10A, LTBP-2 does not interact with

tropoelastin at all, whereas DANCE strongly interacts

with tropoelastin.

These data suggest a model on the role of DANCE–LTBP-2

interaction in elastic fiber assembly (Figure 10B and C):

binding of LTBP-2 to DANCE promotes DANCE deposition

on fibrillin-1 and inhibits DANCE deposition on fibrillin-2 or

other potential microfibrils.

Discussion

The DANCE molecule has been shown to play an integral role

in elastic fiber development. Identification of the roles of

DANCE-binding proteins may lead to new understanding of

the molecular mechanisms of elastic fiber assembly. In the

present study, we newly demonstrate the interaction of

DANCE and LTBP-2. LTBP-2 is known to associate with

elastic tissue microfibrils and has been considered to perform

a structural role within elastic fibers (Gibson et al, 1995). The

distributions of DANCE and LTBP-2 transcripts are shown by

in situ hybridization to strikingly coincide. The interaction of
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endogenous DANCE and LTBP-2 is demonstrated in mice

organs by co-immunoprecipitation. Kinetic analysis reveals

that the affinity of this interaction is potent and specific. We

mapped the specific binding domain of these molecules and

show that the sixth cbEGF-like domain of DANCE interacts

with the N-terminal domain of LTBP-2. This N-terminal LTBP-2

domain has been suggested to be important for the inter-

action of LTBP-2 and extracellular matrices (Hyytiäinen et al,
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1998). To investigate the functional roles of LTBP-2, we set up

an in vitro culture system with which we can evaluate the

effects of gene knockdown in elastic fiber development. Using

this system, we demonstrate that deposition of DANCE and

elastin is dependent on fibrillin-1 in human skin fibroblast

cell culture. We also demonstrate that downregulation of

LTBP-2 can direct fibrillin-1-independent deposition of

DANCE and elastin, whereas recombinant LTBP-2 can pro-

mote deposition of DANCE on fibrillin-1 microfibrils. These

results suggest that LTBP-2 might work as a molecular switch

that regulates the differential usage of microfibrils in elastic

fiber assembly.

Fibrillin-1 is the major structural component of elastic

microfibrils. We have found that deposition of DANCE is
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Figure 8 DANCE and elastin deposition is dependent on fibrillin-1 microfibril, but LTBP-2 knockdown induces fibrillin-1-independent
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14 days and fixed. Cells were stained with anti-elastin (A–H) and anti-DANCE (I–P) antibodies. In (F) and (N), recombinant LTBP-2 (rLTBP2)
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dependent on fibrillin-1 in cell culture, which is consistent

with a recent report showing that DANCE directly interacts

with fibrillin-1 (Freeman et al, 2005). However, fibrillin-1-

deficient mice are reported to develop normal elastic ma-

trices, whereas DANCE-deficient mice show disorganized and

fragmented elastic matrices (Pereira et al, 1997; Nakamura

et al, 2002; Yanagisawa et al, 2002; Ramirez et al, 2004).

Recent findings that fibrillin-1–fibrillin-2 double-deficient

mice fail to complete fetal development with impaired elasto-

genesis suggest that fibrillin-2 can compensate for fibrillin-1

deficiency in elastic fiber development (Carta et al, 2006).

In human skin fibroblast culture, however, we show that

knockdown of fibrillin-1 is not compensated, even though

there is abundant fibrillin-2 meshwork. It is often observed

that more compensatory mechanisms work in the develop-

ment than in cell culture. Further investigation is required to

identify the compensatory mechanism between the fibrillins

in embryogenesis, and to determine whether LTBP-2 is a part

of the compensatory mechanism.

Although fibrillin-1 and -2 molecules are structurally simi-

lar glycoproteins, they are differentially expressed in terms of

both developmental stages and tissue distribution. Fibrillin-2

is generally expressed in earlier gestational period than

fibrillin-1, and the expression of fibrillin-2 coincides with

the beginning of elastogenesis, leading to the idea that

fibrillin-2 might play a role at early stage of elastogenesis,

whereas fibrillin-1 might play a role at later stage (Zhang

et al, 1995). Thus, fibrillins are differentially employed in the

development of elastic matrices during embryogenesis. Here,

we show that LTBP-2 may play an important role in regulat-

ing the differential usage of microfibrils from fibrillin-2 to

fibrillin-1. Consistent with these findings, LTBP-2 transcripts

start to express in elastic organs at a similar timing, when

fibrillin-1 transcripts gradually increases on around 13.5 days

postcoitum (Nunes et al, 1997; Shipley et al, 2000). On the

other hand, microfibrils have been reported to be often

composites of fibrillin-1 and -2 in skin fibroblasts culture

(Charbonneau et al, 2003). LTBP-2 does not seem to either

inhibit or promote deposition of DANCE onto these micro-

fibrils (Figure 9E and F).

LTBP-2 has been shown to be specifically localized in

elastin-containing microfibrils (Gibson et al, 1995).

Moreover, the expression of LTBP-2 transcripts largely paral-

lels that of tropoelastin transcripts (Shipley et al, 2000). On

the other hand, fibrillin-1 is also observed in tissues devoid of

elastin, and seems to play more redundant roles than elastic

fiber matrices. In fact, immunostaining of elastin colocalizes

with that of only a part of the fibrillin-1 microfibrils mesh-

work (Supplementary Figure S4). In contrast, the distributions

of DANCE and elastin are quite similar (Figure 8A, I and Q).

Therefore, among the meshwork of fibrillin-1 microfibrils,

only microfibrils with DANCE deposition seem to develop

mature elastic fibers. One intriguing possibility is that LTBP-2

can also be involved in the selection of fibrillin-1 microfibrils

on which DANCE should be deposited. However, we cannot

rule out the involvement of other molecules than LTBP-2,

such as proteoglycans or other LTBP family members, in the

process of DANCE deposition. LTBPs-1 and -2 have recently

been shown to bind fibrillin-1 through their C-terminal region

but not to fibrillin-2, which may account for the mechanism

of LTBP-2 in the selection of fibrillins (Hirani et al, 2007). To

clarify the precise role of LTBP-2 in elastic fiber assembly

in vivo, further studies using conditional knockout mice will

be needed, because LTBP-2-deficient mice are embryonic

lethal at the implantation stage, due to a cause unrelated to

elastic fibers (Shipley et al, 2000).

In summary, we have identified LTBP-2 as a DANCE-

binding protein that can regulate DANCE deposition on

microfibrils. We demonstrate that the DANCE and elastin

deposition on microfibrils is dependent on fibrillin-1 in the
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presence of LTBP-2, and that downregulation of LTBP-2

causes fibrillin-1-independent deposition of DANCE and elas-

tin on fibrillin-2 or other potential microfibrils. Moreover,

recombinant LTBP-2 promotes deposition of DANCE on

fibrillin-1 microfibrils. We propose that LTBP-2 might function

as a molecular switch that determines which microfibrils

DANCE should be deposited on, thereby regulating subse-

quent assembly of elastic fiber components. Further studies

will be required to elucidate the role of LTBP-2 in elastic fiber

assembly in vivo and the mechanism of the regulation of

DANCE targeting.

Materials and methods

Cell culture
293T cells, bovine aortic smooth muscle cells (ASMCs), and human
skin fibroblasts (HSFs) were maintained in DMEM (Sigma)

supplemented with 2 mM glutamine, 10% penicillin/streptomycin,
and 10% FBS at 371C in 5% CO2. HSFs, which were taken from
the facial skin of 3-month-old baby, were kindly provided by
Dr M Naito (Kyoto University). These HSFs were passed for 8 to 10
times before following experiments.

Metabolic labeling and immunoprecipitation
The culture medium of bovine ASMCs was changed to Cys/Met-free
DMEM (Invitrogen) supplemented with 0.5 mCi. of 35S-Cys/Met
(Amersham) and 10% FBS, and the cultures were incubated
overnight. An aliquot (5 ml) of the conditioned media was mixed
with 20mg of purified FLAG-tagged DANCE protein, and subjected
to immunoprecipitation with anti-FLAG M2 affinity gel (Sigma).
Other aliquots, 1.6 ml each, were subjected to immunoprecipitation
with the following antibodies conjugated with protein-G/A Sephar-
ose (Amersham): anti-human elastin monoclonal (Chemicon), anti-
bovine tropoelastin monoclonal (Elastin Products Company (EPC),
MM436), anti-human fibrillin-1 polyclonal (EPC, PR684), anti-
human fibrillin-1 monoclonal (Neo Marker), anti-human fibrillin-2
polyclonal (EPC, PR225), or anti-bovine LTBP-2 monoclonal (EPC,
MM425). Immune complexes were resolved by SDS–PAGE. The
SDS–polyacrylamide gel was dried, and exposed to X-ray film.

Plasmid construction
Human full-length DANCE cDNA was cloned as described
previously (Nakamura et al, 1999). pEF6/V5 (Invitrogen) was
modified by incorporation of a C-terminal FLAG-tag or Myc-tag
(pEF6/FLAG, pEF6/Myc). The DANCE DN1- (Dnucleotide(nt)
247-399) and DN2- (Dnt 247-504) DANCE cDNAs were amplified
by PCR, and subcloned into pEF6/FLAG. DM1- (Dexon 5),
DM2- (Dexon 6), DM3- (Dexon 7), DM4- (Dexon 8), DM5- (Dexon
9), DC1- (Dexons 10 and 11), and DC2-DANCE (Dexon 10) cDNA
fragments were amplified by inverse PCR, followed by self-ligation.
Human DANCE cDNA sequences are numbered according to
GenBankTM accession number AF112152.

An expression vector encoding human full-length LTBP-2 was
kindly provided by Dr J Keski-Oja (University of Helsinki). To
prepare the FLAG-tagged LTBP-2 mutants, pEF6/V5 was modified
by incorporation of an N-terminal FLAG-tag, following the
preprotrypsin signal sequence (accatgtctgcacttctgatcctagctcttgttg
gagctgcagttgct) (pEF6/ssFLAG). The following fragments of LTBP-2
cDNA were amplified by PCR, and subcloned into pEF6/ssFLAG:
LTBP-2-A (exons 1–5), -B (exons 6–15), -C (exons 16–22), -D (exons
23–28), -E (exons 29–36), -F (exons 1–3), -G (exons 4–6), -H (exon
4), and -I (exon 5). LTBP-2-G-Ig, -H-Ig, and -I-Ig were C-terminal
fusion proteins with the Fc portion of human IgG (nt 759–1457).
Human LTBP-2 and Ig Fc portion cDNA sequences were obtained
from GenBank accession number S82451 and Y14735, respectively.
The coding region of each molecule was subcloned into pEF6/Myc.
All constructs were confirmed by sequencing (ABI Prism 3100).

Transfection, in vitro binding assay, and Western blotting
293T cells were transfected using LipofectAMINE PLUS (Invitrogen).
After transfection, they were cultured in serum-free DMEM/F12
(Sigma). The mixtures of conditioned media and cell lysates were
subjected to immunoprecipitation with anti-FLAG M2 affinity gel
followed by Western blotting as described previously (Hirai et al,
2007).

In situ Hybridization
We fixed neonatal mouse tissues in 4% PFA and embedded them in
histoparaffin (Wako). The DANCE and LTBP-2 riboprobes were
prepared as described previously (Shipley et al, 2000). Synthesis of
in situ hybridization probes was carried out using the Riboprobe
in vitro Transcription Systems (Promega). Paraffin sections
were subjected to in situ hybridization as described previously
(Nakamura et al, 1999). Counterstaining was performed with
0.02% toluidine blue. Samples were observed with an Axioplan 2
microscope (Zeiss) using a � 5 objective. Pictures were taken with
an AxioCam HR digital camera (Zeiss) and AxioVision 3.1 software
(Zeiss).

Mouse tissue extraction
Lung tissue samples were homogenized in PBS using a Polytron
homogenizer (PT10-35, Kinematica AG). After centrifugation, the
supernatants were subjected to immunoprecipitation with an anti-
mouse DANCE polyclonal antibody (BSYN2473), followed by
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hypothesis on the role of LTBP-2 in elastic fiber assembly (B, C).
(A) Solid phase binding assay on recombinant tropoelastin or
bovine serum albumin (BSA) was performed using recombinant
FLAG-tagged LTBP-2 or DANCE as a soluble ligand. LTBP-2 does not
interact with tropoelastin at all, whereas DANCE definitely interacts
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(B, C) Schematic illustration of our hypothesis. LTBP-2 promotes
deposition of DANCE onto fibrillin-1 microfibrils, whereas inhibit-
ing deposition of DANCE on fibrillin-2 or other potential microfi-
brils. LTBP-2 thus actively regulates the differential usage of
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Western blotting. Either anti-mouse LTBP-2 polyclonal or anti-
mouse DANCE polyclonal antibody was used as a primary antibody.
HRP-conjugated anti-rabbit polyclonal antibody (Santa Cruz)
or rabbit IgG TrueBlotTM (eBioscience), respectively, was used as
a secondary antibody. Anti-DANCE antibody (BSYN2473) was
generated by BioSynthesis Inc. as described previously (Yanagisawa
et al, 2002). Anti-LTBP-2 antibodies were raised by Sigma Aldrich
Japan against KLH-conjugated polypeptides, CEVIPEEEFDPQNAR
and CASDLEEYDAEEGH, which correspond respectively to amino
acids 234–247 and 1384–1397 of mouse LTBP-2 protein.

Expression and purification of DANCE and LTBP-2 proteins
Human DANCE and LTBP-2 cDNAs were subcloned into pEF6/
FLAG-His to add C-terminal His6 and FLAG-tag. Recombinant
proteins were purified, qualified, and quantified as described
previously (McLaughlin et al, 2006).

BIAcore analysis
For kinetic binding studies, Biacore X was used. Purified recombi-
nant DANCE protein was immobilized onto CM5 sensor chips by
amine coupling in 10 mM sodium acetate (pH 4.0), giving 765.7
Response Units (RU). Subsequent binding experiments were
performed in HBS-P buffer (BIACORE). The sensor chip was
regenerated in 10 mM glycine-HCl, pH 2.0. Dissociation constants
(KD) were determined by fitting all curves at once with the 1:1
Langmuir binding model using BIAevaluation software.

Gene knockdown experiments and reverse transfection
Duplexed RNA oligonucleotides (StealthTM Select RNAi) were
designed using BLOCK-iTTM RNAi Designer, and synthesized by
Invitrogen. Three different sequences of RNAi duplexes were
synthesized for each target gene and mixed for use to minimize
off-target effects. Mixed RNAi duplexes (at final concentration
15 nM) were reverse transfected into HSFs using Lipofectamine
2000 (Invitrogen). Sequence information for the StealthTM Select
RNAi duplexes is provided in Supplementary Table I).

Reverse transcription–polymerase chain reaction
and quantitative PCR
Total RNAs were extracted and transcribed to cDNA followed by
qPCR as described previously (Hirai et al, 2007). Primers used for
qPCR are provided in Supplementary Table II.

Immunocytochemical staining
HSFs were cultured on microscope cover glasses (Fisherbrand). The
cells were fixed with 100% methanol at �201C. The primary
antibodies used were anti-human elastin polyclonal (PR533, EPC),
anti-human DANCE monoclonal (10A), anti-human fibrillin-1
polyclonal (PR217, EPC), and anti-human fibrillin-2 monoclonal
(mAb143) antibodies. The secondary antibodies used were Alexa
488, 546, or 647 anti-rabbit or mouse IgG (Invitrogen), followed by
nuclear staining with Hoechst 33258. Stained cells were mounted
with ProLong Gold antifade reagent (Invitrogen), and visualized
using an Olympus confocal microscope (FV1000). Pictures were
taken with FV10-ASW 1.4 software (Olympus). Anti-DANCE anti-
body (10A) was raised by Iwaki & Co Ltd, Japan by immunization of
DANCE null mice with purified recombinant human DANCE
protein. Anti-fibrillin-2 antibody (mAb143) was generously pro-
vided by Dr Lynn Y. Sakai (Shriners Hospital for Children, Oregon
Health and Science University).

Solid phase binding assay
Various concentrations of recombinant FLAG-tagged LTBP-2 or
DANCE were used as soluble ligands. Solid phase binding assays
using purified tropoelastin were performed as described previously
with the modification of 2 mM CaCl2 added in the reaction buffer
(McLaughlin et al, 2006). The primary antibody used was anti-
FLAG M2 antibody (Sigma). The secondary antibody used was
HRP-conjugated anti-mouse IgG antibody (Santa Cruz). Signals
were detected with Substrate Reagent Pack (R&D).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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