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Background: EMILIN-3 is the least characterized member of the EMILIN/Multimerin family.
Results: EMILIN-3 forms homotrimers and higher order oligomers, binds heparin, has a dynamic expression during develop-
ment and a restricted distribution in adult tissues, and serves as a pro-TGF-� antagonist.
Conclusion: The structure and expression of EMILIN-3 are different from other EMILINs/Multimerins.
Significance: EMILIN-3, a TGF-� antagonist, is likely to be an important regulator during development of several tissues.

EMILIN-3 is a glycoprotein of the extracellular matrix
belonging to a family that contains a characteristic N-terminal
cysteine-rich EMI domain. Currently, EMILIN-3 is the least
characterized member of the elastin microfibril interface-lo-
cated protein (EMILIN)/Multimerin family. Using RNA, immu-
nohistochemical, and protein chemistry approaches, we carried
out a detailed characterization of the expression and biochemi-
cal properties of EMILIN-3 in mouse. During embryonic and
postnatal development, EMILIN-3 showed a peculiar and
dynamic pattern of gene expression and protein distribution.
EMILIN-3mRNAwas first detected at E8.5–E9.5 in the tail bud
and in the primitive gut, and at later stages it became abundant
in the developing gonads and osteogenicmesenchyme. Interest-
ingly and in contrast to other EMILIN/Multimerin genes,
EMILIN-3 was not found in the cardiovascular system. Despite
the absence of the globular C1q domain, immunoprecipitation
and Western blot analyses demonstrated that EMILIN-3 forms
disulfide-bondedhomotrimers andhigher order oligomers.Cir-
cular dichroism spectroscopy indicated that the most C-termi-
nal part of EMILIN-3 has a substantial �-helical content and
forms coiled coil structures involved in EMILIN-3 homo-oli-
gomerization.Transfection experimentswith recombinant con-
structs showed that the EMI domain contributes to the higher
order self-assembly but was dispensable for homotrimer forma-
tion. EMILIN-3 was found to bind heparin with high affinity, a
property mediated by the EMI domain, thus revealing a new
function for this domain that may contribute to the interaction
of EMILIN-3 with other extracellular matrix and/or cell surface

molecules. Finally, in vitro experiments showed that EMILIN-3
is able to function as an extracellular regulator of the activity of
TGF-� ligands.

EMILINs2 belong to a family of secreted glycoproteins shar-
ing some structural features and a unique N-terminal cysteine-
rich region, the EMI domain. The term EMILIN was first
coined to describe an elastin microfibril interface-located pro-
tein (1) (now called EMILIN-1). In mammals, the “EMILIN/
Multimerin” family includes five genes coding for EMILIN-1,
EMILIN-2, EMILIN-3, Multimerin-1, and Multimerin-2 (2).3
Besides the common presence of the EMI domain, these pro-
teins contain a long region predicted to form coiled coil struc-
tures and a globularC1q (gC1q) domain at their C-terminal end
(3–6). EMILIN-3 is the only protein of the family that lacks the
gC1q domain in its C-terminal region (see also Fig. 1A) (2, 7, 8).
TheEMIdomain spans�80 amino acids and is characterized

by the presence of highly conserved cysteine residues located at
regular positions (9). This domain is rather unique as (i) it is
always located in a single copy at the N-terminal portion of the
mature protein and (ii) it encodes for seven cysteine residues,
whereas the majority of cysteine-rich domains contain either
six or eight cysteine residues. It has been demonstrated that the
EMI domain of EMILIN-1 binds pro-TGF-�1, thereby prevent-
ing its proteolytic processing into the mature and active cyto-
kine (10). The gC1q domain was shown to be essential for the
cell adhesion properties of EMILIN-1, and it was proposed that
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this domain is involved in the supramolecular organization and
assembly of EMILIN-1 into multimers (11, 12). EMILIN-1 and
Multimerin-1 were shown to multimerize, forming disulfide-
linked trimers and larger complexes reaching a size of several
million daltons (11, 13). EMILINs/Multimerins contain various
regions endowed with oligomerization capability, such as the
gC1q and EMI domains, collagen repeats, and long regions
potentially forming coiled coil structures. Although the
effective formation of coiled coil structures in these proteins
was never demonstrated until now, it was suggested that
coiled coil stretches and the gC1q domain may be implicated
in the oligomerization of EMILINs/Multimerins into higher
order structures.
Previous studies have provided information on the expres-

sion pattern of some EMILIN/Multimerin genes during mouse
development (2, 7, 14). As a general feature, different members
of the EMILIN/Multimerin family show both overlapping and
complementary expression patterns. Among them, EMILIN-1
displays the most abundant and broad expression (14). A com-
mon hallmark of mammalian EMILIN-1, EMILIN-2, Multim-
erin-1, and Multimerin-2 is their abundance throughout the
cardiovascular system during both embryonic development
and postnatal life (2, 7, 14). A study carried out in Danio rerio
yielded information on the expression of EMILIN/Multimerin
genes during fish development, confirming that the zebrafish
orthologs coding for EMILIN-1, EMILIN-2, and Multimerin-2
are abundantly expressed in the cardiovascular system (15).
Interestingly, zebrafish EMILIN-3 orthologs are not expressed
in heart and vessels, and they display a peculiar expression in
the developing notochord and in craniofacial cartilage primor-
dia (15).
The in vivo biological functions of EMILINs/Multimerins are

largely unknown, and thus far only the phenotype of EMILIN-1
knock-outmice has been characterized in detail.Mice deficient
for EMILIN-1 show subtle structural alterations of the elastic
fibers and of the cells in the wall of large blood vessels (16).
Further studies revealed that EMILIN-1 knock-out mice are
affected by arterial hypertension due to increased TGF-� sig-
naling in the vascular wall, which is consistent with the finding
that EMILIN-1 is a regulator of TGF-� processing and activa-
tion (10). Moreover, EMILIN-1 knock-out mice display defects
in skin and in the lymphatic system (17, 18). In vitro and in vivo
studies pointed at a role for EMILIN-2 as an extracellular reg-
ulator of apoptosis through binding of the tumor necrosis fac-
tor-related apoptosis-inducing ligand (TRAIL) receptors (19).
Thus far only a few data are available on EMILIN-3 expres-

sion and distribution, and the biochemical properties of this
protein have not been investigated.3 In a previous study aimed
at identifying human genes associated with skeletal develop-
ment, a gene designated “EMILIN-5” and coding for a deduced
protein corresponding to EMILIN-3 was found to be expressed
in some mesenchymal cells during in vitro induction of osteo-
genesis and in the perichondrium of developing limbs (8).
Another study suggested that the gene for EMILIN-3 is
expressed at sites of mesenchymal condensations during carti-
lage and bone formation (7). Herewe present a detailed study of
the expression of EMILIN-3 during mouse embryonic and
postnatal development together with a characterization of the

biochemical properties of the endogenous protein and its
recombinant products.

EXPERIMENTAL PROCEDURES

RT-PCR—Total RNA was extracted from different organs of
newborn and adult mice, mouse embryos, and cultured cells
using TRIzol Reagent (Invitrogen) as recommended by the
manufacturer. First strand cDNAsynthesiswas performedwith
0.8 �g of total RNA using random hexanucleotides and Super-
Script reverse transcriptase (Invitrogen). Amplification was
carried out in 50-�l reactionmixtures containing 0.1–0.3�g of
cDNA, 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl2,
0.1%TritonX-100, 0.2mMdNTPs, 25 pmol of each primer, and
2 units of Taq I polymerase (Promega). The optimal annealing
conditions and number of cycles were determined to allow
amplification of samples within the exponential phase of the
PCR. After 25–35 amplification cycles, the reaction products
were separated in 1% agarose gels. The following primers were
used: murine EMILIN-3: 5�-ACA GCC CAG TGC CTC CCG
TTACA-3� (forward) and 5�-CAGGGTGCCATATGCTTG
CGA CA-3� (reverse); reaction product, 487 bp; murine
EMILIN-3L and -3S: 5�-CCC GTT ACA GCC TCT ACA CCA
CC-3� (forward) and 5�-CAG CCC ACG CAC CTC ATC TAA
CA-3� (reverse); reaction products, 696 (EMILIN-3L) or 555 bp
(EMILIN-3S); murine eIF1A: 5�-AAG AAG TCT GAA GGC
CTATG-3� (forward) and 5�-CAGAGAACTTGGAATGTA
GC-3� (reverse); reaction product, 170 bp; human EMILIN-3:
5�-CCA GGA CAC AGC CCA GAA ACT T-3� (forward) and
5�-GGT GAT GTT CCC CGAGTT GG TG-3� (reverse); reac-
tion product, 330 bp; and human GAPDH: 5�-ACC CAC TCC
TCC ACC TTT GAC G-3� (forward) and 5�-CTC TCT TCC
TCT TGT GCT CTT GC-3� (reverse); reaction product, 186
bp.
Northern Blotting—Total RNA (15 �g) was extracted from

newborn murine tissues with TRIzol Reagent, separated in 1%
formaldehyde gels, transferred to nylon membranes (Hybond
N, Amersham Biosciences), and hybridized at 42 °C with a 32P-
labeled 1.1-kb cDNA probe spanning the 3�-region of murine
EMILIN-3 cDNA.
In Situ Hybridization—In situ hybridization on wholemouse

embryos and sections was performed as described previously
(14) using a digoxigenin-labeled antisense 2.3-kb riboprobe
synthesized from murine EMILIN-3 full-length cDNA. Non-
specific hybridization was evaluated with the respective sense
riboprobe.
Preparation of Recombinant Murine EMILIN-3 C-terminal

Region—AcDNAconstruct coding for theC-terminal region of
murine EMILIN-3 (EMILIN-CTR; amino acids 171–758) was
generated by RT-PCR and cloned with 5�-terminal NheI and
3�-terminal BamHI restriction sites using oligonucleotide
primers 5�-CAA TGC TAG CTG GAA GAA AAG GCC AAG
GG-3� (forward) and 5�-CAATGGATCCGTCAGCTCGCC
CTG GCC G-3� (reverse). The amplified PCR product was
inserted into a modified pCEP-Pu vector containing an N-ter-
minal BM-40 signal peptide (20) and a C-terminal One-STrEP-
tag (IBA GmbH) downstream of the restriction sites. The
recombinant plasmids were introduced into HEK293-EBNA
cells (Invitrogen) using FuGENE6 transfection reagents (Roche
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Applied Science). Cells were selected with puromycin (1
mg/ml), and the recombinant proteinwas purified from serum-
containing culture medium. After filtration and centrifugation
for 1 h at 10,000 � g, the cell culture supernatants were applied
to a Streptactin column (1.5ml; IBAGmbH) and elutedwith 2.5
mM desthiobiotin, 10 mM Tris-HCl, pH 8.0.
Preparation of Antibodies against Murine EMILIN-3—Puri-

fied recombinant EMILIN-3CTR was used for rabbit and
guinea pig immunization. The obtained antisera were purified
by affinity chromatography on a column with antigen coupled
to CNBr-activated Sepharose (GE Healthcare). Specific anti-
bodieswere elutedwith 0.1M glycine, pH2.5, and the eluatewas
neutralized with 1 M Tris-HCl, pH 8.8.
Immunohistochemistry—Frozen sections (7 �m) were pre-

pared from 2-month-old mice, washed in PBS, and saturated
with 10% goat serum (Sigma). Sections were incubated
overnightwith EMILIN-3 antibodies diluted 1:1000 in PBS sup-
plemented with 5% goat serum. Reactions were developed by
incubation with DyLight 488-conjugated donkey anti-guinea
pig IgG or Cy3-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories; 1:800 dilution).
cDNA Constructs—Constructs used in cell culture experi-

ments were cloned into the pCS2 expression vector. Murine
FLAG-EMILIN-1 and FLAG-EMILIN-1�EMI cDNAs were
described previously (10). Full-length EMILIN-3L and
EMILIN-3S cDNAs were obtained from mouse embryo RNA
by PCR amplificationwith the following primers: 5�-AAAGAA
TTC CGA GGG ACA GAG TGA CGA C-3� (forward) and
5�-TTT TCT AGA GTT GGT GGG ATC TGC ACT TT-3�
(reverse). The amplified products were inserted as EcoRI-XbaI
fragments in pCS2 vector. For the generation of a FLAG-
EMILIN-3 construct, a fragment corresponding to amino acids
32–758 of EMILIN-3 was amplified from full-length EMILIN-3L
cDNA by PCR using a forward primer (5�-AAA CTC GAG
CAGCCCAGTGCCTCCCGTTACAG-3�) with anXhoI site
at the 5�-end of the cDNA and the same reverse primers as
above. The amplified product was cloned into a pCS2 expres-
sion construct containing sequences coding for the mouse
chordin signal peptide followed by a FLAG epitope tag (Chor-
din-FLAG-pCS2) (21). The EMILIN-3�EMI construct, con-
taining a deletion of amino acid residues 54–189, was gener-
ated as follows. A fragment coding for amino acids 1–54 was
amplified from full-length EMILIN-3L and FLAG-EMILIN-3
constructs by PCR using SP6 primer (5�-TAC GAT TTA GGT
GAC ACT ATA G-3�) and a reverse primer carrying an NdeI
restriction site (5�-TTTCATATGCTGGCCCCGGGCGCA
GC-3�), and the amplified products were cloned as EcoRI-NdeI
fragments in the EMILIN-3L or FLAG-EMILIN-3L plasmid,
respectively, generating the deleted constructs. The FLAG-
EMILIN-1�gC1q construct, containing sequences coding for
amino acid residues 32–860 of murine EMILIN-1, was
obtained from FLAG-EMILIN-1 by PCR amplification with
SP6 primer and a specific reverse primer (5�-TTT TCC CTG
CTC CCC TTG AGG AC-3�), and the amplified product was
cloned into the Chordin-FLAG-pCS2 vector as an XhoI-XbaI
fragment. The HA-EMILIN-3 and HA-EMILIN-3�EMI were
obtained by subcloning the respective XhoI-XbaI fragments
into aChordin-HA-pCS2 vector containing theHAepitope tag.

The EMI3-FLAG construct, containing amino acids 1–190 of
EMILIN-3L, was obtained by PCR amplification of the full-
length EMILIN-3 using the SP6 primer and a reverse primer
(5�-CTA CTT ATC GTC GTC ATC CTT GTA ATC ATA
TGC TTG CGA CAG GCG CT-3�) carrying the FLAG coding
sequence before the stop codon. Mouse constitutively active
pro-TGF-�2 (C226S/C228S/C229S) and pro-TGF-�3 (C228S/
C230S) were generated by site-directedmutagenesis by overlap
extension of cysteine residues essential for latency and located
in conserved positions of latency-associated peptide. Two sets
of primers, containing the mutation site together with up-
stream or downstream sequences, respectively, were used in
two separate reactions to amplify overlapping DNA fragments.
Cysteines 226, 228, and 229 of mouse pro-TGF-�2 were
mutated to serines using full-lengthmouse pro-TGF-�2 cloned
in pCMV-SPORT6 plasmid (RZPD) as a template. A fragment
spanning from the Eco47III site to the BamHI site of pro-
TGF-�2 cDNA was mutated using the following two sets of
oligonucleotide primers: 5�-CCA AAG ACT TAA CAT CTC
CCACC-3� (forward) and 5�-CGAAGGTACTGCTGGGGC
TGT-3� (reverse with mutations in bold letters) and 5�-ACA
GCCCCAGCAGTACCTTCG-3� (forwardwithmutations in
bold letters) and 5�-ATGCCCCAGCACAGAAGTTAGC-3�
(reverse). The mutated DNA was cloned in pGEM-T Easy vec-
tor (Promega), sequenced, and subcloned into full-length pro-
TGF-�2 by BamHI and Eco47III digestion. The mutated
TGF-�2 cDNA was finally subcloned into pCS2 to produce
pro-TGF-�2 (C226S/C228S/C229S). Cysteines 228 and 230 of
TGF-�3 were mutated using full-length mouse pro-TGF-�3
cloned in pCMV-SPORT6 plasmid as a template. To produce a
mutated fragment of pro-TGF-�3 comprising the region
between the two BglII sites of the cDNA sequence, three frag-
ments were generated by PCR using the following sets of prim-
ers: 5�-CGT TGG ACT TCG GCC ACA TC-3� (forward) and
5�-CCT ATG TAG CGC TGC TTG GC-3� (reverse), 5�-CAG
CTCCAAGCGCACAGAAC-3� (forward) and 5�-GTGTGA
CTT GGA CTG TGGATG-3� (reverse with mutations in bold
face letters), 5�-CAT CCA CAG TCC AAG TCA CAC-3� (for-
ward with mutations in bold letters) and 5�-CCA CCT CTG
CCT GCA CCA C-3� (reverse), and 5�-GAG GCC TGG AGC
CCA GAA G-3� (forward) and 5�-CCA GGG GAC TTT GGC
TTG GT-3� (reverse). Fragments were inserted into pGEM-T
easy vector (Promega), sequenced, and subcloned in BglII-re-
stricted full-length pro-TGF-�3. The mutated pro-TGF-�3
cDNAwas finally subcloned into pCS2 to produce pro-TGF-�3
(C228S/C230S). Full-length cDNA for human pro-TGF�1 was
a gift from Jorma Keski-Oja (University of Helsinki, Helsinki,
Finland). The porcine constitutively active pro-TGF-�1
(C223S/C225S) expression plasmid was obtained from Jeffrey
M. Davidson (Vanderbilt University, Nashville, TN). All plas-
mids were sequenced prior to use.
Cell Transfection, Protein Extracts, and Luciferase Assay—

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium containing 4.5 g/liter glucose, 25 mM HEPES, 2 mM

L-glutamine, and 10% fetal bovine serum (Invitrogen) and
maintained at 37 °C in a humidified 5% CO2 atmosphere. Sub-
confluent HEK293T cultures were transfected overnight with
the indicated plasmids using the calcium phosphate procedure
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(22). Cells were washed with phosphate-buffered saline and fed
with serum-free medium, and cell lysate and conditioned
mediumwere collected after 48 h. The conditionedmedia were
supplemented with a protease inhibitors mixture (Roche
Applied Science). The cell extracts were prepared by lysis in an
ice-cold buffer containing 25mMTris, pH7.5, 150mMNaCl, 2.5
mM EDTA, 10% glycerol, 1% Nonidet P-40, and protease inhib-
itors. For the preparation of ECM extracts, cells were lysed in
culture dishes at 4 °C with RIPA buffer (50 mM NaCl, 25 mM

Tris-HCI, pH 7.5, 0.5% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS) supplemented with protease inhibitors. The
dishes were then rinsed three times with cold RIPA buffer, and
the extracellular material attached to the dish was extracted by
scraping at 90 °C in 2� Laemmli sample buffer. Where indi-
cated, cells were treatedwith 50�g/ml soluble heparin (Sigma).
Glycosylation was assessed by treatment of samples using an
Enzymatic Protein Deglycosylation kit (Sigma) following man-
ufacturer’s instructions. For luciferase assays, 6� 104 cells were
plated in each well of 24-well plates. The CAGA12-lux reporter
(a gift fromPeter tenDjike) and the pCMV-LacZ plasmidswere
used together with the indicated constructs. Cell layers were
harvested with luciferase lysis buffer (25 mM Tris-HCl, pH 7.8,
2.5 mM EDTA, 10% glycerol, 1% Nonidet P-40, 2 mM DTT).
Luciferase and�-galactosidase activitiesweremeasured in each
sample, and values of luciferase activity were normalized to
�-galactosidase activity to account for differences in transfec-
tion efficiencies. Every sample was transfected in triplicate, and
every experiment was repeated at least two times.
Immunoprecipitation—For the immunoprecipitation of en-

dogenous EMILIN-3, adult mouse tissues or whole embryos
were snap frozen in liquid nitrogen, pulverized by pestle and
mortar, and lysed for 30 min at 4 °C in a solution containing 50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, and protease inhibitors. Tissue extracts were then cen-
trifuged for 90 min at 4 °C, and the supernatants were recov-
ered. Samples were first precleared by incubation for 5 h at 4 °C
with 50�l of proteinA-Sepharose (AmershamBiosciences), 2%
bovine serum albumin, and 10 �l of preimmune serum. The
samples were centrifuged for 2 min at 500 � g, and the super-
natants were incubated overnight at 4 °C with 10 �l of rabbit
EMILIN-3 antiserum and 50 �l of protein A-Sepharose. After
centrifugation at 500 � g, the precipitates were washed three
times with PBS containing 1.5 mM MgCl2 and 0.05% CHAPS
(Roche Applied Science), eluted in 2� Laemmli sample buffer,
boiled for 3 min, and analyzed by gel electrophoresis. For co-
immunoprecipitation of transfected FLAG-EMILIN-3 and
HA-EMILIN-3, transfected HEK293T cells were harvested in
cold RIPA buffer, and cell lysates were immunoprecipitated by
overnight incubation at 4 °C with an anti-FLAG resin (Sigma).
After three washes in cold RIPA buffer, precipitated material
was eluted in 2� Laemmli sample buffer, boiled for 3 min, sep-
arated by gel electrophoresis, and analyzed by Western blot
with an anti-HA antibody (Sigma; 1:1000 dilution).
Gel Electrophoresis and Western Blot—Unreduced samples

were subjected to SDS-PAGE on 3–8% (w/v) gradient poly-
acrylamide gels or composite 2.4% acrylamide, 0.5% agarose
gels.Where indicated, samples were reduced by addition of 200
mMDTT and subjected to SDS-PAGEon 4–12% (w/v) gradient

polyacrylamide gels. For Western blot, proteins were electro-
phoretically transferred to nitrocellulose membranes. The
membrane was saturated with 5% nonfat milk in Tris-buffered
saline with 0.1% Tween 20 and incubated in the same buffer
with rabbit and guinea pig affinity-purified anti-EMILIN-3
(1:1000–1:3000 dilution), rabbit polyclonal anti-FLAG (Sigma;
1:3000 dilution), or mousemonoclonal anti-HA (Sigma; 1:1000
dilution) antibody.Membranes were incubatedwith the appro-
priate horseradish peroxidase-conjugated secondary antibody
(Amersham Biosciences), and reacting bands were revealed by
chemiluminescence with SuperSignal West Pico or Super-
Signal West Dura (Pierce). For gel electrophoresis after partial
reduction, protein samples were reduced with DTT at final
concentrations of 0–10 mM at 37 °C for 45 min. Subsequent
alkylation of the samples was done by adding iodoacetamide to
a final concentration of 25 mM and incubation for 30 min at
room temperature in the dark. The samples were then sub-
jected to SDS-PAGEon a 4–10% (w/v) gradient polyacrylamide
gel, and proteins were visualized by staining with Coomassie
Brilliant Blue G-250.
Circular Dichroism Spectroscopy—Circular dichroism spec-

tra were recorded in a Jasco J-715 spectropolarimeter using a
thermostated 1-mm-path length quartz cell (Hellma). Proteins
were dissolved in 10 mM Tris, 150 mM NaCl, pH 7.4 at a con-
centration of 0.3 mg/ml. Samples were reduced by adding DTT
to a final concentration of 10mM and incubating the sample for
45 min at 37 °C. The far-ultraviolet spectra (195–250 nm) were
measured at 20 °C. After subtraction of the buffer contribution,
data were converted to mean molar residue ellipticity. Second-
ary structures were calculated with the online server
DICHROWEB (23) using the K2D algorithm (24). Melting
curves were recorded at a fixed wavelength of 220 nmwhile the
sample was heated up to 90 °C at a rate of 12 °C/h. The revers-
ibility of the unfolding was tested by gradual cooling to 20 °C.

RESULTS

Structure and Domain Organization of Mouse EMILIN-3—
The murine Emilin3 gene (Mouse Genome Informatics Data-
baseMGI:2389142) spans about 6.4 kb and contains four exons
separated by three relatively small introns. Mouse Emilin3
cDNA (GenBankTM accession number NM_182840) contains
an open reading frame of 2277 bp and encodes for a protein of
758 amino acids including a signal peptide of 21 residues (Fig. 1,
A and B). The mature secreted protein has a calculated molec-
ular mass of 82.5 kDa. At its N-terminal end, EMILIN-3 con-
tains an EMI domain of 79 amino acid residues with an identity
of 52.6 and 53.9% when compared with the EMI domain of
EMILIN-1 and EMILIN-2, respectively, whereas the overall
identity with these two proteins is about 20%. Database com-
parisons did not identify any other known domain within EMI-
LIN-3. mRNA analysis (see also below) revealed that murine
EMILIN-3 has two splicing isoforms, hereafter referred to as
EMILIN-3L and -3S with the shorter one lacking the first 141
bp of the fourth exon (Fig. 1B).
Sequence analysis with the COILS program (25) predicted

several regions with a high probability of forming coiled coil
structures at the C-terminal end of the protein (Fig. 1C). Coiled
coil regions contain only �-helices as secondary structure ele-
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ments, and the �-helix conformation can be stabilized by oxi-
dized cysteine residues (26, 27). To verify coiled coil formation,
a recombinant fragment of EMILIN-3 corresponding to the
C-terminal region of the protein (EMILIN-3CTR; amino acid
residues 171–758) was generated and analyzed by circular
dichroism spectroscopy to determine the �-helix content (Fig.
1D). The far-ultraviolet spectrum of the oxidized EMILIN-
3CTR showed slight minima at 208 and 222 nm, indicating that
parts of the protein have an �-helical conformation. The sec-
ondary structure analysis algorithm K2D gave a good fit with a
normalized root mean square deviation of 0.072 and yielded an
�-helical content of about 31% (Table 1). This value is in agree-
ment with the fact that only the C-terminal third of EMILIN-
3CTR is predicted to form coiled coil structures (Fig. 1C). The
N-terminal part of EMILIN-3CTR is likely to form random
coils and other secondary structures as circular dichroism
spectroscopy indicated that EMILIN-3CTR contains about
50% random coil. After reduction of EMILIN-3CTR with 10
mM DTT, the �-helical content decreased slightly to about
26%, suggesting that disulfide bonds stabilize the coiled coil
region. This could also be shown after addition of the dena-
turing agent guanidine hydrochloride (GdnHCl). All ordered
structures of oxidized EMILIN-3CTR were lost when the
protein was treated with 4 M GdnHCl. In the presence of 2 M

GdnHCl, 30% �-helix was detected, whereas reduced
EMILIN-3CTR lost all secondary structure after the addition
of 2 M GdnHCl (Fig. 1D). Both GdnHCl and DTT disturbed
the spectra at wavelengths below 210 nm, but assessment of
�-helical content was still possible.

Tomonitor the thermal transition from coiled coil�-helix to
random coil, oxidized EMILIN-3CTR and reduced EMILIN-
3CTR were analyzed by circular dichroism at 220 nm while
samples were heated to 90 °C (supplemental Fig. S1A). As only
parts of EMILIN-3CTR appear to form coiled coil structures, it
was not surprising that the thermal denaturation curves were
complex, not allowing the calculation of distinctmelting points.
However, for both the oxidized EMILIN-3CTR and reduced
EMILIN-3CTR, heat denaturation was partially reversible after
cooling the sample to 20 °C. After complete denaturation in the
presence of 4 M GdnHCl or 2 M GdnHCl and 10 mM DTT, no
refolding was observed (supplemental Fig. S1B).

Expression of EMILIN-3 during Mouse Embryonic and Post-
natal Development—We first investigated EMILIN-3 expres-
sion by RT-PCR analysis. EMILIN-3 mRNA was detected in
preimplantation mouse blastocysts and in a few human and
murine cell lines (Fig. 2A and supplemental Fig. S2). During
mouse postimplantation development, EMILIN-3 transcripts
were present at all studied stages with stronger expression dur-
ing midgestation (Fig. 2B). RT-PCR analysis of various tissues
derived from neonatal and adult mice showed that, similar
to other EMILIN/Multimerin genes, EMILIN-3 expression
decreases after birth. In adult mice, EMILIN-3 transcripts were
found only in a few of the examined tissues, namely testis, eye,
and brain (Fig. 2C).When using oligonucleotide primers for the
two EMILIN-3 isoforms, both fragments corresponding to
EMILIN-3L and -3Swere detected inmouse embryos and post-
natal tissues, confirming that these are bona fidemRNA splic-
ing isoforms (Fig. 2, B and C). Northern blot analysis of new-
born mouse tissues showed that EMILIN-3 mRNAmigrates at
about 3.8 kb and confirmed expression in postnatal testis,
uterus, and intestine (Fig. 2D).
We further analyzed EMILIN-3 mRNA expression by in situ

hybridization of whole-mount E8.5 and E9.5 embryos and
serial sections derived from E10.5–E14.5 embryos. At E8.5,
EMILIN-3 mRNA was detected at low levels in the tail bud,
whereas at E9.5, expression became more abundant in the tail
bud region with also a faint labeling in the primitive hindgut
(supplemental Fig. S3). At E10.5, strong expression was
detected in the esophageal bud, the mesenchyme of branchial
arches, the tail bud, and a small region of the developing mid-
brain (data not shown). Expression in the midbrain, now con-
fined to the ventricular zone of the third ventricle, was still
present at both E11.5 and E12.5 and disappeared at E13.5 (Fig.
3,A–C, and data not shown). During organogenesis, EMILIN-3
was strongly expressed throughout the gastrointestinal tract.
At earlier stages (E10.5–E12.5), EMILIN-3mRNAwas diffusely
present in the wall of the gastrointestinal system from the
esophagus to the hindgut (Fig. 3,A andD). Starting from E13.5,
EMILIN-3 transcripts became restricted to a thin layer corre-
sponding to the myenteric plexus, showing a craniocaudal gra-
dient with strongest signal in the esophagus (Fig. 3, E–H). At
E13.5, expression became abundant in the subepidermal mes-

FIGURE 1. Amino acid sequence of murine EMILIN-3 and evidence for coiled coil �-helical region. A, schematic diagram of the structure of mouse
EMILIN/Multimerin proteins. Col, short collagenous region; EGF, EGF-like domain; EMI, EMI domain; gC1q, globular C1q domain; LZ, leucine zipper motif; PR,
proline-rich region. Cysteine residues are marked by vertical bars. The dashed line in Multimerin-1 indicates a cleaved propeptide region. B, murine EMILIN-3
amino acid sequence as derived from the full-length cDNA. An arrow marks the putative signal peptide cleavage site. The EMI domain is underlined, and the
seven conserved cysteine residues are marked by asterisks. Arrowheads indicate four sites predicted to be N-glycosylated. The dotted underline indicates the
sequence that can be removed by alternative splicing. C, prediction of coiled coil formation as deduced by analysis with the COILS program. Three regions with
high probability of forming coiled coil structures are predicted in the C-terminal part of murine EMILIN-3 sequence. D, circular dichroism spectra revealing the
presence of about 31% �-helix in the EMILIN-3CTR recombinant fragment (amino acid residues 171–758). The �-helical structure was lost upon treatment with
4 M GdnHCl (GuHCl) or 2 M GdnHCl together with 10 mM DTT. �, mean molar residual ellipticity; deg, degrees.

TABLE 1
Secondary structure content of EMILIN-3CTR
Values were calculated using the DICHROWEB program (23).

NRMSDa �-Helix �-Sheet Random coil

EMILIN-3CTR 0.072 0.31 0.14 0.56
EMILIN-3CTR � 10 mM DTT 0.107 0.26 0.14 0.60
EMILIN-3CTR � 2 M GdnHCl 0.106 0.31 0.12 0.58

a Normalized root mean square deviation.
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enchyme (Fig. 3I). Genital ridges were strongly labeled
throughout their development, whereas metanephric tissues
and kidney were negative (Fig. 3, J–L). Expression of EMILIN-3
was also found in the intervertebral discs, the region surround-
ing the main branches of alveoli, the mesenchymal tissue
around vibrissae, the diaphragm, and the cephalicmesenchyme
(Fig. 3, M–Q). A strong expression was also detected in the
perichondrium around sites of bone and cartilage formation in
trunk, skull, and limbs (Fig. 3, R and S). In contrast to other
EMILIN/Multimerin genes, EMILIN-3 expression was not
detected in the cardiovascular system at any developmental
stage (Fig. 3, A andM, and supplemental Fig. S3).
EMILIN-3 Has Restricted Distribution in Adult Mouse

Tissues—As specific antibodies for EMILIN-3 were not avail-
able, guinea pigs and rabbits were immunized with recombi-
nant EMILIN-3CTR.After affinity purification, both guinea pig

and rabbit antibodies detected EMILIN-3, and their specificity
was confirmed byWestern blot and immunofluorescence (sup-
plemental Figs. S4–S6).
To investigate EMILIN-3 protein distribution, we carried out

immunofluorescence on frozen sections from adult mouse tis-
sues. EMILIN-3 antisera raised in guinea pig and rabbit gave
very similar results, and immunofluorescence data obtained
with the guinea pig antibody are shown here. EMILIN-3 dis-
played a restricted protein distribution in adult tissues (Fig. 4).
In agreement with the mRNA expression, a conspicuous label-
ing was detected in testis where EMILIN-3 was abundantly
deposited in the collagenous structure of the tunica albuginea
and the basement membrane surrounding each seminiferous
tubule (Fig. 4, A–C). Conversely, EMILIN-3 distribution in
ovary was confined to the tunica albuginea, and no labeling was
found in cortical andmedullary regions or around follicles (Fig.

FIGURE 2. Detection of EMILIN-3 mRNA transcripts during mouse development and in postnatal and adult mouse tissues. A–C, RT-PCR analysis of total
RNA derived from whole mouse embryos at the indicated developmental stages (A and B) or from postnatal and adult mouse tissues (C). Semiquantitative
RT-PCR was carried out using oligonucleotide primers able to detect either all EMILIN-3 transcripts or the two splicing variants differing by 141 base pairs.
Amplification of eIF1A was used as an RNA loading control. D, Northern blotting identification of EMILIN-3 mRNA in newborn mouse tissues. The migration of
molecular weight markers is indicated in kb on the left. A, adult; Diff. ES, differentiated mouse embryonic stem cells; ES, undifferentiated mouse embryonic stem
cells; N, neonatal; Sk., skeletal.
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4D). A diffuse staining was detected in the wall of the uterus
(Fig. 4E). Strong labeling for EMILIN-3 was found in the exter-
nal ear where the protein localizes in the perichondrium of the
elastic cartilage (Fig. 4F). EMILIN-3 was also detected in skele-
tal muscles, but the distribution was variable among different

muscles. For example, in quadriceps, the endomysium of many
(but not all) myofibers was labeled, and in tibialis anterior,
staining was restricted to the epimysium, whereas the dia-
phragm was negative (Fig. 4, G and H, and data not shown).
EMILIN-3 showed a peculiar distribution throughout the gas-

FIGURE 3. In situ hybridization analysis of EMILIN-3 mRNA expression during mouse embryonic development. Mouse embryos at different develop-
mental stages (E11.5–E14.5) were processed and analyzed by in situ hybridization on paraffin sections with an EMILIN-3 antisense probe. A, parasagittal section
of whole E11.5 embryo. B and C, sagittal and transverse sections, respectively, at E11.5 showing EMILIN-3 expression in the ventricular zone of ventral midbrain.
D–H, expression in the gastrointestinal tract was detected at all stages starting from E11.5; esophagus (D and E) and midgut (F–H) are shown. I–L, expression in
the subepidermal mesenchyme of trunk (I), genital ridges (J and K), and mesonephric tissue (L). M, parasagittal section of whole E14.5 embryo. N–S, details of
E14.5 sections showing EMILIN-3 expression in the developing eye (N), vibrissae (O), diaphragm and main bronchi (P), intervertebral discs (Q), perichondrium
of the hind limbs (R), and inner ear (S). III, third ventricle; IV, fourth ventricle; ba, branchial arches; cm, cephalic mesenchyme; di, diaphragm; gr, genital ridge; hl,
hind limb; id, intervertebral discs; ki, kidney; li, liver; ll, lower lip; lu, lung; md, mesonephric duct; me, mesencephalon; mg, midgut; mt, mesonephric tissue; mv,
mesencephalic vesicle; oe; esophagus; rb, rib primordia; sc, spinal cord; te, testis; tv, telencephalic vesicle; vb, vertebral bodies; ve, ventricle. Scale bar, 50 (I, P, and
Q) or 100 �m (other panels).
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trointestinal tract from esophagus to colon where immunoflu-
orescence was found in a thin region between the longitudinal
and transverse smooth muscle layers corresponding to the
myenteric plexus (Fig. 4, I–L). In contrast to other EMILINs/
Multimerins, EMILIN-3 was totally absent in the cardiovascu-
lar system, and parenchymatous organs, such as heart, blood
vessels, kidneys, spleen, and liver, were completely negative for
EMILIN-3 immunostaining (supplemental Fig. S7 and data not
shown).
EMILIN-3 Forms Disulfide-bonded Homotrimers and High

Molecular Weight Multimers and Carries N-Glycans—Immu-
noprecipitation and Western blotting of adult mouse tissue
extracts with the two EMILIN-3 antisera showed a major
band migrating at about 105 kDa, which is consistent with
the expected molecular mass of the protein (Fig. 5A). Inter-
estingly, even under strong reducing conditions, a fraction of
the protein migrated as discrete bands with lower mobility;
their calculated molecular masses (210 and 315 kDa) are in
agreement with the potential formation of dimers and trim-

ers. Some protein was also detected at the gel origin, suggest-
ing a strong tendency of EMILIN-3 to form high molecular
weight aggregates. Western blot analysis under reducing
conditions of immunoprecipitated EMILIN-3 extracts from
whole E14.5 embryos resulted in a doublet of bands at about
95 and 105 kDa (Fig. 5B), which may correspond to the two
splicing isoforms detected by RT-PCR experiments. When
analyzed by SDS-PAGE under non-reducing conditions,
immunoprecipitated EMILIN-3 material migrated in two
distinct regions of the gel with a lower band at about 105
kDa, corresponding to the size of the monomeric protein,
and a broad band migrating between the 268 and 460 kDa
size markers, suggesting that in vivo EMILIN-3 largely exists
as cysteine-bound oligomers (Fig. 5B).
To further explore the biochemical properties of EMILIN-3,

we carried out transient transfection experiments of HEK293T
cells with full-length expression constructs coding for
EMILIN-3L and EMILIN-3S. Cell lysates and conditioned
media were collected and analyzed byWestern blotting. Under

FIGURE 4. EMILIN-3 has restricted protein distribution in adult tissues. Adult mouse tissues were processed and analyzed by immunofluorescence with the
affinity-purified guinea pig EMILIN-3 antibody. A–C, sections from adult testis with abundant EMILIN-3 deposition in the tunica albuginea (arrow) and at the
level of basement membranes of seminiferous tubules (arrowheads). D, in ovary, staining is detectable only in the tunica albuginea (arrowhead). E, section of
uterus wall showing a diffuse labeling for EMILIN-3. F, transverse section of the external ear showing strong EMILIN-3 deposition in the perichondrium
surrounding elastic cartilage (arrowheads). G, section of quadriceps muscle where labeling is found in the perimysium (arrow) and endomysium (arrowheads)
of several myofibers. H, section of tibialis anterior muscle showing staining of the epimysium (arrow). I–L, transverse sections of esophagus (I and J) and colon
(K and L) revealing strong labeling at the level of the myenteric plexus (arrowheads). Scale bar, 50 (C, H, J, and L) or 100 �m (other panels).
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reducing conditions, EMILIN-3L and EMILIN-3S migrated at
about 105 and 95 kDa, respectively. Conversely, under non-
reducing conditions, the two transfected proteins migrated at
about 300 and 270 kDa (Fig. 6A), which is consistent with the
formation of trimers as observed in vivo for the endogenous
EMILIN-3. To investigate the nature of these higher molecular
weight products and assess whether EMILIN-3 may form
homo-oligomers, we generated FLAG- and HA-tagged con-
structs of full-length EMILIN-3 or EMILIN-3 lacking the EMI
domain (EMILIN-3�EMI where amino acids 54–189 were
missing). After cotransfection of these constructs in HEK293T

cells, we immunoprecipitated cell lysates with an anti-FLAG
antibody and found that HA-tagged proteins were coprecipi-
tated, strongly suggesting that EMILIN-3 complexes are com-
posed of disulfide-linked homo-oligomers. EMILIN-3�EMI
coprecipitated with full-length EMILIN-3, indicating that the
EMI domain is not required for EMILIN-3 homo-oligomeriza-
tion (Fig. 6B). To further confirm these results, we studied the
oligomerization of the EMILIN-3CTR recombinant protein by
SDS-PAGE after treatment with increasing concentrations of
the reducing agentDTT. In the absence ofDTT, themajor band
migrated at 270–300 kDa in agreement with the calculated
mass of trimeric EMILIN-3CTR. With increasing reduction,
the trimer band becameweaker, and a doublet at about 160 kDa
and a band at 80 kDa appeared, indicating that reduction of the
trimer in the presence of SDS led to the formation of dimeric
and monomeric forms of EMILIN-3CTR. Apparently two
dimer forms occur that are presumably connected by different
disulfide bonds after partial reduction (Fig. 6C).
It has been proposed that the C-terminal gC1q domain of

EMILIN-1 plays a role in multimer formation (11). Because
EMILIN-3 is able to form disulfide-bonded homotrimers even
in the absence of a gC1q domain, we investigated whether the
cysteine-rich EMI domain plays any role in the formation of the
higher order multimers of EMILIN-3 and EMILIN-1. Toward
this aim, FLAG-tagged EMILIN-1 constructs lacking either the
EMI domain (EMILIN-1�EMI) or the gC1q domain (EMILIN-
1�g1q) were produced and transfected into HEK293T cells in
parallel with FLAG-tagged EMILIN-3 and EMILIN-3�EMI
constructs. Extracts from transfected cells were analyzed by
electrophoresis and Western blot under reducing and non-re-
ducing conditions. Under non-reducing conditions, all the
recombinant proteins were able to form homotrimers, suggest-
ing that neither the gC1q domain nor the EMI domain is nec-
essary for this process (Fig. 7A). Further assembly into higher
order multimers was studied by electrophoresis in composite
acrylamide-agarose gels under non-reducing conditions.
EMILIN-1, EMILIN-1�gC1q, and EMILIN-3 were found
almost exclusively as large aggregates reaching a size of about
1000–2000 kDa. Conversely, EMILIN-1�EMI and EMILIN-
3�EMI aggregated with a lower efficiency. In particular, almost
no high molecular weight aggregates of EMILIN-1�EMI could
be detected (Fig. 7B). Altogether, these data indicate that the
gCq1 domain is not strictly required for trimer and multimer
formation and suggest a role for the EMI domain in the forma-
tion of higher order multimers.
Because the amino acid sequence of EMILIN-3 gives a pre-

dicted molecular mass of 82.5 kDa and contains four putative
N-glycosylation sites, we investigated whether the migration of
full-length EMILIN-3 at 105 kDa as detected by SDS-PAGE
under reducing conditions was the result of post-translational
modifications. Cell lysates and concentrated conditioned
media of EMILIN-3-transfected cells were treated with differ-
ent deglycosylating enzymes and subjected to SDS-PAGE and
immunoblotting. This analysis showed that EMILIN-3 under-
goes extensive N-glycosylation because treatment with
endoglycosidase F shifted EMILIN-3 migration to its predicted
molecular weight (Fig. 7C).

FIGURE 5. Immunoprecipitation of EMILIN-3 from adult mouse tissues
and whole embryo extracts. A, immunoprecipitation of protein extracts
from different adult tissues with affinity-purified rabbit EMILIN-3 antiserum
followed by SDS-PAGE on a 4 –12% gradient gel under reducing conditions
and Western blot with affinity-purified guinea pig EMILIN-3 antibodies. A
major band migrating at about 105 kDa and corresponding to the EMILIN-3
monomeric form is present in most tissues together with a ladder of
slower migrating bands above 200 kDa (arrowheads) probably represent-
ing partially unreduced EMILIN-3 dimers and multimers. The abundant
band migrating at about 55 kDa corresponds to IgG. B, immunoprecipita-
tion from whole E14.5 embryo extracts followed by SDS-PAGE on a 4 –12%
gradient gel under reducing conditions (� DTT; left panel) or on a 3– 8%
gradient gel under non-reducing conditions (� DTT; right panel) and
Western blot for EMILIN-3. Two distinct EMILIN-3 bands migrating at
about 95 and 105 kDa (arrowheads) are present in reduced E14.5 extracts.
Under non-reducing conditions, EMILIN-3 migrates as a broad band at
about 100 kDa and a larger diffuse product at about 300 kDa, a molecular
mass compatible with homotrimer formation. Migration of protein size
markers is indicated in kDa on the left of each panel. IP, immunoprecipita-
tion; M, monomers; T, trimers; WB, Western blot.
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EMILIN-3 Binds Heparin through Its EMI Domain and Is
Associated with ECM via Heparin or Heparan Sulfate
Proteoglycans—Despite the relatively high levels of transfected
EMILIN-3 observed in cell extracts, the protein was barely
detectable in conditionedmedia (see Fig. 6A). To further inves-
tigate this finding, HEK293T cells were transfected with
expression constructs coding for either EMILIN-1, EMILIN-2,
or EMILIN-3 protein fused to a FLAG epitope and a heterolo-
gous chordin signal peptide, and cell lysates and conditioned
media were analyzed by Western blot under reducing condi-
tions with an anti-FLAG antibody. Although EMILIN-1 and
EMILIN-2 proteins were detected in both samples, EMILIN-3
could not be detected in the conditioned medium (supplemen-
tal Fig. S8A). Therefore, the absence of EMILIN-3 in condi-
tioned media was not dependent on its own signal peptide.
Immunofluorescence analysis of cells following cotransfection
of EMILIN-3 with a cDNA coding for an endoplasmic reticu-
lum probe revealed that EMILIN-3 colocalized with endoplas-
mic reticulum, indicating that transfected EMILIN-3was in the

cell secretory pathway. Moreover, some immunolabeling was
also found outside the cells, confirming that EMILIN-3 is
indeed secreted by transfected cells and that the protein can be
found in the extracellular space (supplemental Fig. S8B).
The lack of EMILIN-3 in the conditioned media of trans-

fected cells despite its presence in the secretory pathway and on
culture coverslips suggested that the protein might become
readily bound to the ECM once secreted. Therefore, we exam-
ined the insoluble material that remained associated with the
culture dish of HEK293T cells transfected with EMILIN-3
constructs. Protein extracts were prepared by lysing cells in
the culture dish with RIPA buffer at 4 °C. After removal of
the cell lysate, culture dishes were washed three times with
RIPA buffer, and the extracellular material still bound to the
dish was extracted with Laemmli buffer at 90 °C. Western
blot analysis revealed that the insoluble ECM fraction con-
tained a noticeable amount of EMILIN-3 (Fig. 8A). Interest-
ingly, ECM-associated EMILIN-3 migrated slightly more
slowly than the protein associated with the cell layer, sug-

FIGURE 6. EMILIN-3 forms disulfide-bonded homotrimers. A, HEK293T cells were transfected with the indicated expression constructs. The cell layer and
conditioned medium were separated by 4 –12% gradient SDS-PAGE under reducing conditions (� DTT; left panel) or by 3– 8% gradient SDS-PAGE under
non-reducing conditions (� DTT; right panel) and analyzed by Western blot with rabbit EMILIN-3 antiserum. Both transfected EMILIN-3L and -3S proteins were
readily detected in the cell extracts but not in the conditioned media. The mobility of transfected EMILIN-3 proteins under non-reducing conditions suggests
trimer (T) formation. Transfection with the empty vector was used as a control. B, HEK293T cells were transfected with HA-tagged EMILIN-3 or HA-tagged
EMILIN-3�EMI in the presence (�) or in the absence (�) of FLAG-tagged EMILIN-3. Anti-FLAG immunoprecipitation was performed on cell lysates, and samples
were separated by 4 –12% gradient SDS-PAGE under reducing conditions and analyzed by Western blot with anti-HA antibody. C, SDS-PAGE of partially
reduced EMILIN-3CTR on a 4 –10% polyacrylamide gel. Although oxidized EMILIN-3CTR migrates only as a trimer (T) and higher aggregates, reduction releases
dimeric (D) and monomeric (M) protein fragments. Non-reduced cartilage oligomeric matrix protein (COMP) was used as a marker. Migration of protein size
markers is indicated in kDa on the left of each panel. C, cell layer; CM, conditioned medium; EV, empty vector; IP, immunoprecipitation; WB, Western blot.
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gesting that further post-translational modifications occur
during EMILIN-3 secretion.
A number of growth factors and other secreted proteins are

thought to associate with the ECM because of their affinity for
heparin and heparan sulfate proteoglycans (28, 29). Therefore,
we investigated the possibility that EMILIN-3 might be
endowed with heparin binding properties. Toward this aim,
soluble heparinwas added to the culturemediumof transfected
HEK293T cells. Whereas little or no EMILIN-3 was present in
the conditioned media of cells grown under standard condi-
tions, the protein could be readily detected in themedium frac-
tion when transfected cells were grown in the presence of 50
�g/ml soluble heparin (Fig. 8A). To evaluate whether this effect
was specific for heparin, we treated transfected HEK293T cells
with the same concentrations of soluble chondroitin 4-sulfate
and hyaluronic acid and analyzed the amount of EMILIN-3
released in the conditioned media. Although EMILIN-3 was
abundant in heparin-treated medium, almost no protein was
detected in media treated with the other glycosaminoglycans
(Fig. 8B). Several potential interpretations can be put forward

for these results including the possibility that soluble heparin in
themediummay compete with the binding of EMILIN-3 to the
ECM or that EMILIN-3 could bind directly to the heparin moi-
ety. To investigate whether EMILIN-3 binds heparin, lysates of
cells transfected with EMILIN-3L and -3S constructs were
incubated with heparin-conjugated agarose beads, and the
material bound to the beads was eluted with buffers at different
salt concentrations and analyzed by Western blot. EMILIN-3L
displayed efficient binding to the heparin-conjugated beads,
and most of the protein eluted at high salt (0.6–1.0 M NaCl)
concentrations. This association was specifically dependent on
the heparinmoiety because EMILIN-3L did not bind to uncon-
jugated agarose beads (Fig. 8C). Similar results were also
obtained for EMILIN-3S. To determine which fragment of
EMILIN-3 is required for heparin binding, cells were trans-
fected with the EMILIN-3�EMI construct. Interestingly, the
EMILIN-3�EMI recombinant protein did not bind to heparin-
conjugated beads, suggesting that the presence of the EMI
domain is necessary for the association with heparin (Fig. 8C).
In agreement with this, the EMILIN-3�EMI protein could be

FIGURE 7. EMILIN-3 undergoes oligomerization and is N-glycosylated. A, lysates of HEK293T cells transfected with the indicated plasmids were separated
by 4 –12% gradient SDS-PAGE under reducing conditions (� DTT; left panel) or by 3– 8% gradient SDS-PAGE under non-reducing conditions (� DDT; right panel)
followed by Western blot with anti-FLAG antibody. All the tested recombinant proteins migrated at the expected sizes and formed disulfide-linked homotrim-
ers under non-reducing conditions. B, lysates of HEK293T cells transfected with the indicated plasmids were separated by electrophoresis on composite 2.4%
acrylamide, 0.5% agarose gels under non-reducing conditions and analyzed by Western blot with anti-FLAG or anti-EMILIN-3 antibodies. C, HEK293T cells were
transfected with the FLAG-tagged EMILIN-3 construct. Cell lysate and acetone-precipitated conditioned medium were treated with the indicated enzymes and
analyzed by 3– 8% gradient SDS-PAGE under reducing conditions followed by Western blot with anti-FLAG antibody. Migration of protein size markers is
indicated in kDa on the left (A and C) or on the right (B). EV, empty vector; NT, no treatment; T, trimers.

Structure and Expression of EMILIN-3

MARCH 30, 2012 • VOLUME 287 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 11509



readily detected in the conditionedmedium of transfected cells
(supplemental Fig. S8C).
To directly verify that the EMI domain is the heparin binding

region of EMILIN-3, we prepared an expression construct
(hereafter referred to as EMI3) encompassing the EMI domain
and including amino acids 1–190 of EMILIN-3with a FLAG tag
at the C terminus.We then transfectedHEK293T cells with the
EMI3 construct and incubated the cell lysate with heparin-con-
jugated beads. In agreement with the above data, the recombi-
nant EMI3 fragment did not bind to unconjugated beads but
was efficiently precipitated by the heparin-conjugated beads,
thus demonstrating that the EMI domain is directly responsible
for the heparin binding properties of EMILIN-3 (Fig. 8D). To
assess whether the strong association of EMILIN-3 to the ECM
was mediated at least in part by the binding to endogenous

heparan sulfate groups, we treated transfected HEK293T cells
with the sulfotransferase inhibitor sodium chlorate and ana-
lyzed the insoluble ECM fraction. Interestingly, treatment with
sodium chlorate strongly decreased the amount of transfected
EMILIN-3 that could be extracted from the ECM, thus con-
firming that sulfated glycosaminoglycans markedly contribute
to the association of EMILIN-3 with ECM (Fig. 8E).
EMILIN-3 Acts in Vitro as Pro-TGF-� Antagonist—A previ-

ous study demonstrated that EMILIN-1 is an extracellular
antagonist of TGF-� signaling (10). To investigate whether
EMILIN-3 has a similar function, we used the CAGA12-lux
reporter plasmid as a direct readout for TGF-� activity. Ini-
tially, we transfected HEK293T cells with the reporter plasmid
either in the presence or absence of the EMILIN-3L construct
and treated the transfected cells with mature TGF-�1. In these

FIGURE 8. EMILIN-3 is associated with ECM and binds to heparin. A, after transfection with the indicated constructs, HEK293T cells were cultured in the
absence or presence of 50 �g/ml soluble heparin. Cells were lysed at 4 °C in RIPA buffer, and the ECM material remaining on the culture dishes was extracted
in Laemmli sample buffer at 90 °C. Cell lysate, conditioned medium, and ECM extract were analyzed by 4 –12% gradient SDS-PAGE under reducing conditions
followed by Western blot with rabbit EMILIN-3 antiserum. B, HEK293T transfected with EMILIN-3L were treated with the indicated glycosaminoglycans at 50
�g/ml, and cell lysates and conditioned media were subjected to SDS-PAGE on a 4 –12% gel under reducing conditions and immunoblotted for EMILIN-3. C and
D, cell lysates from HEK293T cells transfected with the indicated constructs were precipitated with heparin-conjugated agarose beads. After extensive washes,
bound proteins were eluted with buffers containing increasing concentrations of NaCl from 0.4 to 2.0 M and separated by 4 –12% gradient SDS-PAGE under
reducing conditions, and transfected proteins were detected by Western blot with rabbit EMILIN-3 antiserum (C) or anti-FLAG antibody (D). E, HEK293T cells
transfected with EMILIN-3L were left untreated (�) or treated with 30 �M sodium chlorate (�), and cell lysate and ECM extracts were prepared as above and
analyzed by Western blot with rabbit EMILIN-3 antiserum. Migration of protein size markers is indicated in kDa on the left of each panel. C, cell layer; CM,
conditioned medium; Ctrl, samples precipitated with unconjugated beads; ECM, insoluble ECM extract; EV, empty vector; NT, no treatment; TCL, total cell lysate.
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experimental conditions, EMILIN-3 had no effect on the lucif-
erase reporter signal (Fig. 9A). We then tested the system by
transfecting cells with a plasmid coding for the bioactive pro-
TGF-�1 (C223S/C225S), a variant recombinant form that
ensures that TGF-�1 is secreted as a biologically active mole-
cule (30). We also used the EMILIN-1 construct as a positive
control.Whenwe cotransfected this pro-TGF-�1 plasmid with
EMILIN-1 or with increasing concentrations of EMILIN-3, we
detected a strong and dose-dependent inhibition of the
reporter signal (Fig. 9A). Immunoprecipitation experiments on
cell lysates of transfected HEK293T cells showed that pro-
TGF-�1 was coprecipitated by both EMILIN-1 and EMILIN-3
(Fig. 9B). Further evidence for the interaction of EMILIN-3
with TGF-�1 was obtained upon subcellular colocalization by
immunofluorescence. HEK293T cells were plated onto glass
coverslips and cotransfected with the EMILIN-3L construct

and a plasmid coding for pro-TGF-�1with a FLAG tag inserted
in the sequence of the mature cytokine (10). Under permeabi-
lizing conditions, EMILIN-3 and pro-TGF-�1 colocalized in
the endoplasmic reticulum compartment. Under non-permea-
bilizing conditions, the twoproteins also partially colocalized in
the ECM (Fig. 9C).
Next, we assessed whether EMILIN-3 could inhibit pro-

TGF-�2 and -�3 activity as well. Toward this aim, we trans-
fected cells with plasmids coding for the constitutively active
forms of murine pro-TGF-�2 (C226S/C228S/C229S) and pro-
TGF-�3 (C228S/C230S).Using a setup similar to that described
above, we found that both EMILIN-3 and EMILIN-1 are very
effective in inhibiting the signal induced by these two ligands
(Fig. 10,A and B). It has been shown that EMILIN-1 can inhibit
the pro-TGF-�-mediated signaling in the extracellular space
through its EMI domain (10). To evaluate whether EMILIN-3

FIGURE 9. EMILIN-3 is pro-TGF-� antagonist in HEK293T cells. A, HEK293T cells were transfected in 24-well plates with the CAGA12-lux reporter plasmid (100
ng) alone or in combination with EMILIN-1 and EMILIN-3L expression constructs (300 ng). Transfected cells were left untreated (open bars) or treated overnight
with 2.5 ng of recombinant mature human TGF-�1 (rTGF-�1) (left panel). Alternatively, cells were cotransfected with EMILIN-1 (300 ng), EMILIN-3 (100, 200, or
300 ng), and pro-TGF-�1 (C223S/C225S) variant plasmid (40 ng) (right panel). Luciferase activity was measured 24 h after the transfection. Data are shown as
mean � S.D. of at least three independent replicates. *, p � 0.05 compared with control (empty vector). B, HEK293T cells were transfected in 6-well plates with
a pro-TGF-�1 expression plasmid (200 ng) together with FLAG-EMILIN-1, FLAG-EMILIN-3, or the empty vector (all 1 �g). The cell lysates were then subjected to
immunoprecipitation with anti-FLAG antibody and Western blot with anti-latency-associated peptide (LAP) antibody. C, HEK293T were transfected with
EMILIN-3L and a FLAG-tagged pro-TGF-�1 plasmid. Cells were then processed for immunofluorescence with or without permeabilization using rabbit EMILIN-3
antiserum and anti-FLAG antibody. For intracellular labeling, cells were permeabilized in methanol for 3 min at 20 °C. Scale bar, 25 (upper panels) or 50 �m (lower
panels). EV, empty vector; IP, immunoprecipitation; WB, Western blot.
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can also act non-cell autonomously via its EMI domain, we
carried out different experiments. First, we transfected pro-
TGF-�3 alone or together with EMILIN constructs and then
used the corresponding conditioned media to treat CAGA12-
lux-transfected HEK293T cells. Strikingly, EMILIN-3L was
able to inhibit almost completely the induction of the reporter
plasmid, whereas EMILIN-3�EMI was much less efficient (Fig.
10C). In agreement with this, cotransfection of the FLAG-

tagged pro-TGF-�1 with EMILIN-3 constructs showed that
EMILIN-3L could prevent the release of themature cytokine in
the conditioned medium, whereas EMILIN-3�EMI could not
(Fig. 10D). Finally, we performed cell mixing experiments to
verify whether EMILIN-3 can act as a negative regulator of
TGF-� signaling in the extracellular environment. Toward this
aim, we prepared “responding”HEK293T cells transfectedwith
theCAGA12-lux reporter plasmid in the presence or absence of

FIGURE 10. EMILIN-3 is active in inhibiting pro-TGF-�2 and pro-TGF-�3 non-cell autonomously. A and B, HEK293T cells were cotransfected with the
CAGA12-lux reporter plasmid with plasmids coding for mutated bioactive forms of pro-TGF-�2 (A) or pro-TGF-�3 (B) and with EMILIN-1 (300 ng) or EMILIN-3L
(100, 200, or 300 ng) expression constructs. Luciferase activity was measured 24 h after the transfection. Data are shown as mean � S.D. of at least three
independent replicates. *, p � 0.05 compared with control (empty vector). C, plasmid coding for the mutated bioactive pro-TGF-�3 (200 ng) was cotransfected
with EMILIN-1, EMILIN-3L, or EMILIN-3�EMI expression constructs (all 2 �g) in a 6-well plate. After 48 h, the conditioned media were collected and used to treat
HEK293T cells transfected with the CAGA12-lux reporter plasmid. Luciferase activity was measured 24 h after the treatment. Data are shown as mean � S.D. of
at least three independent replicates. *, p � 0.05 compared with control (empty vector). D, HEK293T cells were transfected with the indicated plasmids. Cell
lysates and conditioned media were separated by 4 –12% gradient SDS-PAGE under reducing conditions and immunoblotted with rabbit EMILIN-3 antiserum
and anti-FLAG antibody. E, HEK293T cells were cotransfected with the CAGA12-lux reporter plasmid and the indicated expression constructs. Transfected cells
were then mixed with cells transfected with the empty vector (HEK293T EV) or with the mutated bioactive pro-TGF-�3 plasmid (HEK293T pro-TGF-�3). After 24 h,
mixed cells were lysed, and luciferase activity was measured (left panel). EMILIN-3 protein levels in the transfected cell lysates were assessed by Western blot
with rabbit EMILIN-3 antiserum. Data are shown as mean � S.D. of at least three independent replicates. *, p � 0.05 compared with control (empty vector).
CAGA, CAGA12-lux; CM, conditioned medium; EV, empty vector; WB, Western blot.
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EMILIN constructs and “stimulatory” cells producing pro-
TGF-�3. As expected, only when responding cells were mixed
with stimulatory cells, the luciferase signal was induced.
Remarkably, transfection of either EMILIN-1 or EMILIN-3 in
responding cells led to a strong inhibition of the TGF-�
response, whereas EMILIN-3�EMI was ineffective (Fig. 10E).
Altogether, these latter sets of in vitro data indicate that
EMILIN-3 works as an extracellular regulator of TGF-� signal-
ing through its EMI domain.

DISCUSSION

Our data represent the first thorough characterization of the
expression and biochemical properties of EMILIN-3. Two
major features make EMILIN-3 a peculiar member within the
EMILIN/Multimerin family of secreted proteins. First, as
revealed by data presented in this work for the mouse and by
our previous studies in zebrafish (15), EMILIN-3 is not
expressed in any region of the cardiovascular system where all
the other EMILINs/Multimerins are abundant. Second, despite
a high degree of conservation of global protein organization
with the other EMILINs/Multimerins (i.e. the presence of one
EMI domain at the N-terminal end and a large region with high
propensity for forming coiled coil structures), EMILIN-3 is
lacking the C-terminal gC1q domain that is present in all other
members of the family (2).
Our in situ hybridization data show that duringmouse devel-

opment EMILIN-3 has a dynamic pattern of expression, which
only partially overlaps with the expression patterns of other
EMILIN/Multimerin genes (2, 14). Expression of EMILIN-3 is
first detected at E8.5–E.9.5 in the tail bud region, a structure
known to contain a multipotent stem cell population (31). This
peculiar expression during early embryogenesis was never
observed for other EMILIN/Multimerin genes and is in full
agreement with what we observed in early zebrafish embryos
for EMILIN-3 ortholog genes (15). Subsequently and similar to
EMILIN-1 (14), expression of EMILIN-3 becomes prominent
in mesenchymal condensations where differentiation is taking
place, such as branchial arches and limb buds. As the develop-
ment proceeds, EMILIN-3 becomes restricted to more specific
sites or disappears. For instance, EMILIN-3 is strongly
expressed in the skeletal primordia, but when differentiation
proceeds, the expression becomes confined to the perichon-
drium. The conspicuous expression of EMILIN-3 in the devel-
oping mouse skeleton is in agreement with previous reports
(7) and with our studies in zebrafish where expression of
EMILIN-3 orthologswas found in the cartilage primordia of the
developing craniofacial skeleton (15). In another example, at
early developmental stages, EMILIN-3 is strongly expressed in
the esophageal buds, whereas at later stages, the expression is
confined to myenteric cells. A further example is the central
nervous system where EMILIN-3 is transiently expressed from
E10.5 to E12.5 at the level of the ventricular zone midbrain
where neuronal differentiation takes place (32). Interestingly,
besides EMILIN-3, thus far only EMILIN-2 among the
EMILIN/Multimerin proteins was found to be expressed in the
nervous system (2). As reported for other EMILIN genes, dur-
ing postnatal life, the levels of EMILIN-3 transcripts in different
organs decreasewith age, and in the adult, only a few tissues still

express the mRNA. Immunofluorescence of adult tissues con-
firmed that EMILIN-3 has a restricted protein distribution,
which does not overlap with that of any other EMILIN/Multi-
merin protein. As stated above, themost remarkable difference
between EMILIN-3 and the other members of the EMILIN/
Multimerin family is its absence from the cardiovascular sys-
tem. Indeed, no mRNA expression was found throughout the
development in blood vessels, heart, or kidneys, and no
EMILIN-3 could be detected in these tissues even in adultmice.
As noted above, EMILIN-3 is the only protein of the

EMILIN/Multimerin family that lacks the C-terminal gC1q
domain. Because it has been proposed that this domain is
involved in multimeric assembly of EMILIN-1 (11), the finding
that EMILIN-3 exists in vivo as high molecular weight aggre-
gates was unexpected. Further biochemical studies on trans-
fected cells confirmed that EMILIN-3 is able to form disulfide-
linked oligomers as reported previously for EMILIN-1,
Multimerin-1, and Multimerin-2 (5, 11, 13, 33) and for the
more distantly related Emu1 and Emu2 proteins (7). Our data
indicate that the smallest EMILIN-3 oligomers have a mobility
consistentwith homotrimer formation and that EMILIN-3 pre-
dominantly exists as higher order oligomers. Transfection
experiments with deletion constructs indicate that neither the
gC1q domain nor the EMI domain is strictly necessary for the
assembly of EMILIN-3, thus suggesting that the coiled coil
regions with their flanking cysteine residuesmust be important
for this process. Indeed, when the EMILIN-3CTR fragment
corresponding to these regions was generated, it could be
shown that this polypeptide formed disulfide bond-stabilized
trimers with a substantial�-helical content. On the other hand,
we found that EMILIN-1 is able to form higher order oligomers
in the absence of the gC1q domain, but the process is impaired
when the EMI domain is lacking, suggesting that the cysteine
residues of the EMI domain contribute to the higher order self-
assembly of EMILIN-1 and EMILIN-3. Although we did not
investigate in detail which specific cysteines are required for
EMILIN-3 self-assembly, the finding that EMILIN-3�EMI is
able to associate with the full-length protein implies that the
coiled coil regions are mediating this process.
Our biochemical studies on EMILIN-3 revealed another

interesting property of this protein. We found that EMILIN-3
binds heparin with high affinity and that this binding is medi-
ated by the EMI domain. It is not known whether other
EMILINs/Multimerins or other EMI domains may have the
same property, but the observation that Emu1 and Emu2 pro-
teins are not detected in the conditionedmediumof transfected
cells (7) suggests that these two proteins may bind heparin as
well. The cysteine-rich EMI domain was already found to work
as a self-interacting module (9) and as a protein-protein inter-
action domain as in the case of the binding to pro-TGF�-1 (10).
Our results reveal a new function of the EMI domain that may
be responsible for the interaction of EMILIN-3 with the hepa-
ran sulfate moiety of specific ECM and cell surface proteogly-
cans, such as perlecan, syndecans, and glypican, and/or
secreted growth factors. Protein binding to heparin usually
requires clusters of basic amino acid residues interspersed with
one or two non-basic amino acid residues in the protein
sequence (34). Although no typical heparin-binding consensus
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sequences are found in EMILIN-3, our data clearly indicate that
the EMI domain alone is sufficient to bind heparin. Notably,
among the extracellular proteins known to bind heparin/hepa-
ran sulfate chains, there are several elastic fiber-associated pro-
teins, such as tropoelastin (35), fibrillin-1 (36), latent TGF-�
binding proteins (37, 38), and various members of the TGF-�
superfamily (39).
TGF-� ligands are usually secreted as large latent com-

plexes covalently bound to latent TGF-�-binding proteins
and incorporated into the ECM in association with microfi-
brils (40). Although it is not known yet whether EMILIN-3,
like EMILIN-1 (1), associates with elastic fiber components,
our data indicate that EMILIN-3 could participate in the
extracellular regulation of the bioavailability of TGF-�
ligands. In our assays, EMILIN-3 appears ineffective in
inhibiting the activity of the mature cytokine, whereas it is
very effective in inhibiting the activity of pro-TGF-�1 as well
as pro-TGF-�2 and -�3. Interestingly, our in vitro luciferase
assay experiments showed that EMILIN-1 has a similar
inhibitory activity for all three pro-TGF-� molecules, a func-
tion that was previously investigated only for pro-TGF-�1
(10). Although this activity largely relies upon the EMI
domain, the precise molecular mechanisms involved in the
in vivo regulation of TGF-� activity by EMILIN proteins
remain to be understood. In this respect, it will be interesting
to investigate whether EMILIN proteins contribute to the
regulation of the bioavailability of mature TGF-� ligands by
also interacting with the large ECM functional complex
composed by latent TGF-�-binding proteins, fibrillin-1 and
-2, and other microfibril-associated proteins, such as
MAGP-1 and fibulin-4 (40, 41). Moreover, the finding that
EMILIN-3 binds heparin suggests that this protein may par-
ticipate in the modulation in the extracellular space of the
availability and distribution of other secreted factors known
to be regulated by heparan sulfate proteoglycans, such as
Wnt, Hedgehog, or bone morphogenetic protein ligands
(42).
Altogether, the data reported in this work represent the first

detailed characterization of the distribution and biochemical
properties of EMILIN-3. Given the unique primary structure
and the peculiar expression of this member of the EMILIN/
Multimerin family, future work aimed at elucidating its in vivo
functional properties will allow a full understanding of the bio-
logical role of EMILIN-3 in embryonic development and tissue
homeostasis.
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