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Background:Mast cells modulate events in wound healing.
Results: Shorter forms of perlecan are produced bymast cells via proteolytic processing and alternative splicing, which contain
domain V and functional endorepellin.
Conclusion: The production of these shorter forms modulates endothelial cell adhesion, proliferation, and migration.
Significance:Mast cells produce specific forms of perlecan that affect endothelial cell behavior.

Mast cells are derived from hematopoietic progenitors that
are known tomigrate to and residewithin connective andmuco-
sal tissues, where they differentiate and respond to various stim-
uli by releasing pro-inflammatory mediators, including hista-
mine, growth factors, and proteases. This study demonstrated
that primary humanmast cells aswell as the rat andhumanmast
cell lines, RBL-2H3 and HMC-1, produce the heparan sulfate
proteoglycan, perlecan,with amolecularmass of 640kDaaswell
as smaller molecular mass species of 300 and 130 kDa. Utilizing
domain-specific antibodies coupled with N-terminal sequenc-
ing, it was confirmed that both forms contained the C-terminal
module of the protein core known as endorepellin, which were
generated by mast cell-derived proteases. Domain-specific RT-
PCR experiments demonstrated that transcripts corresponding
to domains I and V, including endorepellin, were present; how-
ever, mRNA transcripts corresponding to regions of domain III
were not present, suggesting that these cells were capable of
producing spliced forms of the protein core. Fractions from
mast cell cultures that were enriched for these fragments were
shown to bind endothelial cells via the �2�1 integrin and stim-
ulate the migration of cells in “scratch assays,” both activities of
which were inhibited by incubation with either anti-endorepel-
lin or anti-perlecan antibodies. This study shows for the first
time that mast cells secrete and process the extracellular pro-
teoglycan perlecan into fragments containing the endorepellin
C-terminal region that regulate angiogenesis and matrix turn-
over, which are both key events in wound healing.

Perlecan, a ubiquitous and modular heparan sulfate (HS)2
proteoglycan, has been hypothesized to have roles in a wide

variety of biological and pathological processes. The HS deco-
rating the N-terminal domain has been shown to bind to many
heparin-binding growth factors (1) and to modulate the signal-
ing activities of some of the members of the FGF family, most
notably FGF1 and -2 (2), FGF10 (3), and FGF18 (4), with FGF7
(5) and FGF18 (6) also interacting with the protein core. The
C-terminal region of the protein core contains the �2�1 integ-
rin binding site in the LG3 region of domain V. Fragments aris-
ing from the action of BMP1/Tolloid-like proteases that con-
tain this integrin site have been referred to as endorepellin due
to its anti-angiogenic activities in vitro (7). This same region of
perlecan has also been shown to interact with the major VEGF
receptor, VEGFR2, supporting the idea that perlecan can con-
trol cell adhesion in concert with VEGF signaling while also
being involved in HS-mediated growth factor signaling (8).
The process of wound healing involves a series of well

orchestrated phases commencing with coagulation and hemo-
stasis. This is followed by an inflammatory phase, where neu-
trophils and macrophages migrate into the transitional matrix,
which then encourages the fibroblasts to proliferate and pro-
duce extracellular matrix. Finally, a remodeling or resolution
phase occurs, where the matrix is turned over and the wound
bed contracts (9). A minor population of granulocytes that are
related to neutrophils in that they share a primordial cell resi-
dent in the bone marrow are basophils that contain distinct
basophilic granules. It is thought that these cells give rise to the
tissue-resident mast cells that are distributed throughout the
skin, lung, andmucosa of the intestine, where they are key cells
in IgE-mediated allergic inflammation, such as immediate type
hypersensitivity reactions and the response to other pathogens.
Increased numbers of mast cells have been associated with
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fibrotic conditions, such as scleroderma of the skin (10), the
fibrotic response induced around tumors (11), and bleomycin-
induced fibrosis of the lungs of rats (12). When activated, mast
cells degranulate and release mediators that include histamine,
cytokines, and growth factors stored in their granules bound to
the proteoglycan serglycin (13).
It is thought that serglycin is decorated with the highly sul-

fated form of HS known as heparin and that the high charge
density is required to package the proteases effectively and con-
trol their proteolytic activitywhen released into the tissues (14).
Mast cells have been hypothesized to have important roles in
wound healing, where they degrade the extracellular matrix
and release angiogenic peptides and cause contraction of the
wound bed via the action of specific proteases, such as chy-
mases and tryptases (15). Mast cells have been shown previ-
ously to synthesize laminin, type IV collagen, and perlecan.
However, the biological function of this phenomenon remained
unknown and was hypothesized to contribute to the fibrotic
response in tissues (16).
This study has demonstrated that human primary mast cells

as well as the rat (17) and human (HMC-1) mast cell lines syn-
thesize perlecan, which was cleaved into smaller fragments by a
range of proteases also produced by the cells. This paper also
shows evidence to suggest that these cells produce alternatively
spliced forms of perlecan that originate via splicing events in
domain I. These fragmented and shorter forms included the
intact C-terminal region of the protein core, known as
endorepellin, which had the ability to modulate angiogenesis, a
major factor in successful wound healing.

EXPERIMENTAL PROCEDURES

Chemicals were purchased from Sigma-Aldrich unless stated
otherwise.
Primary Human Mast Cell Culture—Primary human lung

mast cells were obtained under ethics approval for the supply of
lung tissue from the Sydney South West Area Health Service
and for their isolation from the lung samples from the Human
Ethics Committee of the University of Sydney. These were cul-
tured, and mast cells were isolated, resuspended at 1 � 106/ml,
and activated with IgE/anti-IgE and sonicated to lyse the cells
after 24 h (18).
Culture of Mast Cell Lines, RBL-2H3 and HMC-1—The rat

basophilic leukemia cell line, RBL-2H3, and the human mast
cell line, HMC-1, were cultured in RPMI 1640 medium con-
taining 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicil-
lin/streptomycin at 37 °C in 5% CO2. Conditionedmediumwas
collected every 3 days and stored at�20 °C until required. Both
of these cell lines have been characterized substantially with
respect to their cell markers, identifying them as suitablemodel
cell lines for either human (19) or rat (17) mast cells, respec-
tively. Mast cells were activated by adding a protein kinase C
activator, 50 nM phorbol 12-myristate 13-acetate (PMA), and a
calcium ionophore, 500 nM A23187, 0.1% (v/w) BSA, and 1 mM

CaCl2 in Siriganian buffer (119 mM NaCl, 5 mM KCl, 25 mM

PIPES, 5.6mM dextrose, 0.4mMMgCl2, pH 7.25) to the cells for
2–24 h at 37 °C.
Proteoglycan Enrichment—Anion exchange chromatogra-

phy using a diethylaminoethyl column (1-ml DEAE-Sepharose

Fast Flow,GEHealthcare) attached to an FPLC (AKTApurifier,
GE Healthcare) was used to enrich medium conditioned by
HMC-1 or RBL-2H3 cells for proteoglycans that were eluted
with 1 M NaCl, 20 mM Tris base, 10 mM EDTA, pH 7.5. Some
samples were reloaded onto the DEAE column and eluted with
a linear gradient of 0.1–1.0 M NaCl, 20 mM Tris base, 10 mM

EDTA, pH 7.5, over 36 column volumes. DEAE-enriched frac-
tions were analyzed for protein concentration using a Coomas-
sie Blue protein assay (Thermo Scientific, Rockford, IL).
Endoglycosidase Digestion—Samples were digested with 50

milliunits/ml proteinase-free chondroitinase ABC (Seikagaku
Corp., Tokyo, Japan) in 0.1 MTris acetate, pH 8, at 37 °C for 16 h
to determine the presence of chondroitin sulfate (CS). Samples
were digested with 50milliunits/ml of both heparinase I and III
(Seikagaku Corp.), diluted in 10 mM Tris-HCl, pH 7.4, at 37 °C
for 16 h to determine the presence of HS.
ELISA—HMC-1 or RBL-2H3 cells were activated for 2 h, the

cell supernatant was removed, and the proteoglycans were
enriched as described above using DEAE chromatography.
Medium from non-activated cells was also enriched for pro-
teoglycans prior to ELISA by using DEAE chromatography as
described above. Samples (100 �g/ml) (some were treated with
endoglycosidases as indicated) were coated onto high binding
96-well ELISA plates for 2 h at room temperature. Wells were
rinsed twice with Dulbecco’s phosphate-buffered saline
(DPBS), pH 7.4, followed by blocking with 0.1% (w/v) casein in
DPBS for 1 h at room temperature. Wells were rinsed with
DPBS containing 1% (v/v) Tween 20 (PBST), followed by incu-
bation with primary antibodies diluted in 0.1% (w/v) casein in
DPBS for 2 h at room temperature. Primary antibodies used
includedmouse monoclonal anti-keratan sulfate (KS) antibody
(clone 5-D-4, gift from Prof. Bruce Caterson, Cardiff Univer-
sity, supernatant 1:500) (20), mouse monoclonal anti-chon-
droitin sulfate type A and C antibody (clone CS-56, ascites
1:2500),mousemonoclonal anti-chondroitin sulfate typeA and
D antibody (clone LY-111, Seikagaku Corp., 2 �g/ml), mouse
monoclonal anti-chondroitin sulfate type D antibody (clone
MO-225, Seikagaku Corp., 2 �g/ml), mouse monoclonal anti-
heparan sulfate antibody (clone F58-10E4, Seikagaku Corp., 1
�g/ml), mouse monoclonal anti-heparin antibody (clone
2Q546, U.S. Biological (Marblehead, MA), 2 �g/ml), mouse
monoclonal anti-perlecan domain I (clone A76, AbCam (Cam-
bridge, MA), 2 �g/ml), mouse monoclonal anti-perlecan
domain III (clone 7B5, supernatant 1:500), ratmonoclonal anti-
perlecan domain IV antibody (clone A7L6, AbCam, 2 �g/ml),
mouse monoclonal anti-perlecan domain V (clone A74,
AbCam, 2�g/ml), rabbit polyclonal anti-endorepellin antibody
(1:1000), rabbit polyclonal anti-perlecan antibody (ab906; gift
fromProf.MarieDziadek (Garvan Institute, Sydney, Australia),
ascites 1:1000), and rabbit polyclonal anti-serglycin antibody
(gift from Prof. Theocharis Achilleas (University of Patras,
Greece), ascites 1:1000) (21). Wells were rinsed with PBST, fol-
lowed by incubation with biotinylated secondary antibodies,
anti-mouse IgG, goat anti-rat Ig (Dako, Campbellfield, Austra-
lia), or donkey anti-rabbit IgG (GE Healthcare, 1:1000) diluted
in 0.1% (w/v) casein in DPBS for 1 h at room temperature,
rinsed with PBST, and then incubated with streptavidin-horse-
radish peroxidase (HRP) (GE Healthcare, 1:500) for 30 min at

Mast Cells Produce Novel Shorter Forms of Perlecan

3290 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 5 • FEBRUARY 1, 2013



room temperature. Binding of the antibodies to the samples
was detected using the colorimetric substrate, 2mM 2,2�-azino-
di-3-ethylbenzthiazoline sulfonic acid in 0.5 M sodium citrate,
pH 4.6, and absorbance was measured at 405 nm.
Immunocytochemistry—RBL-2H3 mast cells were seeded

onto microscope slides (SuperFrost Ultraplust, Lomb Scien-
tific, Taren Point, Australia) at a density of 1� 105 cells/ml and
cultured for 3 days. If cells were to be activated, they were incu-
bated with the activation buffer for 2 h. HMC-1 cells, a suspen-
sion cell line, were seeded onto slides that had been precoated
with 10 �g/ml fibronectin for 1 h at 37 °C to promote the
attachment of the HMC-1 cells. Slides were rinsed twice with
50 mM Tris-HCl, pH 7.6, containing 0.15 M NaCl (TBS), 4%
(w/v) paraformaldehyde for 15 min at room temperature and
permeabilized with 300mM sucrose, 50mMNaCl, 3mMMgCl2,
2mMHEPES, 0.5%TritonX-100, pH7.2, for 5min on ice. Slides
were then blocked with 1% (w/v) BSA in TBS containing 0.05%
(w/v) Tween 20 (TBST) for 1 h at room temperature, followed
by incubation with primary antibodies diluted in 1% (w/v) BSA
in TBST for 16 h at 4 °C. Primary antibodies used included are
described above as well asmousemonoclonal anti-HS antibody
(clone HepSS-1, Seikagaku Corp., 1 �g/ml) and mouse mono-
clonal anti-CS antibody (clone 7D4, gift fromProf. BruceCater-
son, supernatant 1:1000). The slides were then rinsed three
times in TBST and incubated with biotinylated anti-mouse Ig
secondary antibody (1:500 dilution) for 1 h at room tempera-
ture. The slides were then rinsed again with TBST before incu-
bation with streptavidin-FITC (GE Healthcare, 1:250 dilution)
for 30 min at room temperature, followed by four rinses in
TBST. The slides were then counterstained with 4�,6-di-
amidino-2-phenylindole, dilactate (DAPI) (Invitrogen, 1
�g/ml) in DPBS for 10 min in the dark and rinsed four times
with the deionized water before imaging using fluorescence
microscopy (Zeiss Axioskop Mot Mat 2, Sydney, Australia).
Flow Cytometry—HMC-1 cells were analyzed for the expres-

sion of HS, CS, heparin, serglycin, and perlecan by flow cytom-
etry. Briefly, HMC-1 cells suspended in sterile DPBS at a cell
concentration of 1 � 106 cells/ml were analyzed in their unac-
tivated or activated states. Activated mast cells were prepared
by incubating with a combination of 100 nM PMA and 500 nM
A23187 in sterile DPBS for 2 h at 37 °C. The activation was
stopped by placing the cells on ice, followed by centrifugation at
1200 rpm for 5 min. The pellet was resuspended with sterile
DPBS. Both unactivated and activated cells were fixed with 4%
(w/v) paraformaldehyde for 15 min at room temperature, fol-
lowed bywashingwithDPBS.Cellswere then resuspendedwith
the permeabilizing solution for 5 min on ice, washed with
DPBS, and centrifuged at 1200 rpm for 5 min. Cells were
blocked with 1% (w/v) BSA in DPBS for 30 min at room tem-
perature. 500�l of cell suspension (5� 105 cells) was incubated
with primary antibodies for 30 min at room temperature, fol-
lowed by washing with DPBS and centrifugation at 1200 rpm
for 5 min. Primary antibodies used included are described
above as well as mouse monoclonal anti-HS antibody (clone
JM403, Sapphire Bioscience (Sydney, Australia), 1�g/ml) and a
rabbit polyclonal anti-perlecan antibody (CCN-1, 1:5000) that
was raised against immunopurified endothelial cell-derived
perlecan (22). Control samples were prepared by incubating

cells with isotype controls, mouse Ig (G � M) or rabbit IgG
(1:500 in 1% BSA in DPBS). Cells were then incubated with
FITC-conjugated secondary antibodies (1:500 in 1% (w/v) BSA
in DPBS) for 30 min at room temperature and analyzed using a
flow cytometer (BD Biosciences). For each sample, data were
acquired for 1 � 104 gated events, and fluorescence intensity
was displayed along with the number of cells.
Western Blot Analysis—Human coronary arterial endothelial

cell (HCAEC)-derived perlecan was immunopurified by anion
exchange and monoclonal antibody affinity chromatography,
as described previously (22). DEAE-enriched samples and
immunopurified HCAEC perlecan (5 �g/lane) (selected sam-
ples were treated with endoglycosidases) were electrophoresed
on 3–8% Tris acetate SDS-polyacrylamide gels (Invitrogen)
using 50 mM Tris base, 50 mM Tricine, 0.1% (w/v) SDS, pH 8.3,
at 160 V for 60min. Samples were transferred to an Immobilon
P membrane (Merck) using 5 mM Bicine, 5 mM BisTris, 0.2 mM

EDTA, 50 �g/ml SDS, 10% (v/v) methanol, pH 7.2, in a semidry
blotter (Invitrogen) at 300 mA and 20 V for 60 min. The mem-
brane was blocked with 1% (w/v) BSA in TBST for 2 h at room
temperature, followed by incubation with primary antibody
diluted in 1% (w/v) BSA/TBST for 2 h at room temperature.
Membranes were rinsed with TBST, incubated with either
HRP-conjugated goat anti-rabbit IgG or sheep anti-mouse Ig
antibodies (Merck, 1:50,000), for 45 min at room temperature,
and rinsed with TBST and TBS before being imaged using the
Super SignalWest Femto reagent kit (Thermo Scientific, Rock-
ford, IL) and x-ray film.
N-terminal Sequencing—Fractions eluted from the linear

gradient elutionDEAE column,whichwere identified to be rich
in perlecan as determined by ELISA, were analyzed by N-ter-
minal sequencing. The fractions were pooled and concentrated
using a Microcon YM-2 centrifugal filter unit (Merck). The
protein concentration was estimated using a BCA assay, and a
minimumof 10 pMproteinwas electrophoresed on a 3–8%Tris
acetate NuPAGE SDS-polyacrylamide gel and then transferred
to a PVDF membrane using a semidry transfer system. The
proteins on the membrane were stained with Coomassie Blue
R-250, which detects between 10 and 30 ng of protein/band.
After the membrane was air-dried, each band was cut from the
membrane and analyzed at the Australian Proteome Analysis
Facility (Macquarie University).
Expression and Purification of Recombinant Perlecan

Domain V—Perlecan domain V (2346 bp, exons 79–97) was
amplified by PCR using mRNA of HCAECs as a template and
the following oligonucleotides: forward, 5�-ATAAGCTTC-
TGATGCTGCCCTCAGTCCGACCCCA-3�, containing an
HindIII site; reverse, 5�-ATGCTAGCCAACGAGGGGCAGG-
GGCGTGTGTT-3�, containing an NheI site. The amplified
fragment was then cloned into CEFLsec vectors, which encom-
passed the sequence of the BM40 signal peptide, polyhistidine
tag, and neomycin phosphotransferase. Subsequently, the
cloned vectors were transfected into human embryonic kidney
293 (HEK293) cells using Lipofectamine� 2000 transfection
reagent (Invitrogen). A stably transfected HEK293 pool was
selected with Geneticin in serum-containing medium for 2
weeks or until mock transfectants were no longer viable.
Recombinant perlecan domain V was purified using DEAE
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anion exchange chromatography as described above, fol-
lowed by nickel affinity chromatography, HisTrap HP (GE
Healthcare).
Endothelial Cell Adhesion—96-well tissue culture plates

were coated withHCAEC-derived perlecan (10�g/ml), recom-
binant perlecan domain V (10 �g/ml), and DEAE-enriched
HMC-1 conditionedmedium (20 �g/ml) for 16 h at 4 °C.Wells
were then blocked with 1% (w/v) BSA in PBS for 1 h at 37 °C.
Selected wells were treated with 0.01 unit/ml heparinase III, 0.1
unit/ml chondroitinase ABC, or both glycosidases for 1 h at
37 °C. Thewells were then rinsed twicewith PBS. Selectedwells
were then incubated with antibodies against perlecan, either
the rabbit polyclonal antibody against endorepellin or a mouse
monoclonal perlecan protein core (clone 5D7-2E4, Merck, 2
�g/ml) for 1 h at 37 °C. Endothelial cells (HCAEC, passage 4)
were seeded at a density of 1� 104 cells/well for 3 h at 37 °C. To
investigate the role of integrin �2�1 in endothelial cell adhesion
to perlecan, cells were pretreated with a mouse monoclonal
antibody against �2�1 (clone BHA2.1, Merck, 1 �g/ml) for 20
min at 37 °C prior to seeding into perlecan-coated wells for 3 h
at 37 °C. Cells were rinsed with PBS and fixed with 4% (w/v)
paraformaldehyde in PBS for 15 min at 37 °C. Wells were then
blocked with 1% (w/v) BSA in PBS for 5 min at 37 °C and then
incubated with rhodamine-phalloidin (1:200, Invitrogen) in 1%
(w/v) BSA in PBS for 1 h at 37 °C. Cells were rinsed three times
with 0.5% (w/v) Tween 20 in PBS for 5 min. Cells were then
counterstained with DAPI (1:1000 in 1% (w/v) BSA in PBS) for
10 min at 37 °C. Cells were imaged using a fluorescence micro-
scope (Zeiss Axioskop Mot Mat 2), and cells were counted
using ImageJ version 1.43u.
Endothelial Cell Proliferation—C11-STH cells were cultured

in basal medium (M199 culture medium supplemented with
20% (v/v) FBS, 1% (v/v) penicillin/streptomycin, 1 mM

NaHCO3, 10 mM HEPES, 1 mM sodium pyruvate, 100 �g/ml
endothelial cell growth supplement (BD Biosciences), and 3
�g/ml heparin as described previously (23). 24-well tissue cul-
ture plates were coated with 5�g/ml fibronectin and incubated
for 1 h at 37 °C. Unbound fibronectin was then washed away
with DPBS, and C11-STH cells were seeded at a density of 1 �
104 cells/well. Each well was supplemented with basal medium
or basal medium with one of the following additives: 20 ng/ml
FGF2, 20 ng/ml VEGF165, and HMC-1 releasate from activated
cells. Cell proliferationwasmonitored at 1, 3, 5, and 7 days after
cell seeding using crystal violet. At each time point, cells were
washed twice with sterile DPBS containing 1 mM MgCl2 and 1
mMCaCl2, followed by fixation with 10% (v/v) formaldehyde in
PBS for 20 min at room temperature. After two washes with
deionizedwater, the fixed cells were air-dried for 1 h. 0.1% (w/v)
crystal violet solution in 200 mM MES was then added to the
wells, and the cells were stained for 30 min at room tempera-
ture. The plate was rinsed with deionized water four times and
air-dried for 1 h. 100 �l of 10% (v/v) acetic acid was added into
each well, the plate was placed on a rocker for 5 min, and then
the absorbance of solubilized crystal violet at 590 nm was mea-
sured using a plate reader.
Endothelial Cell Migration—Tissue culture dishes were coated

with 10 �g/ml fibronectin for 1 h at 37 °C. Dishes were then
washed with DPBS, and C11-STH endothelial cells were seeded

at a density of 5 � 104 cells/dish in basal medium and grown to
confluence. Cell monolayers were “scratched” with a sterile cell
scraper or a sterile P500 pipette tip to create an area devoid of
cells, which was rinsed twice with sterile DPBS. The location of
the “scratch” was marked on the underside of the dish using a
pen, and images were taken using a phase-contrastmicroscope.
The DPBS was removed from the wells, and then cells were
incubated in basal medium or basal medium supplemented
with one of the following additives: 20 ng/ml FGF2, 20 ng/ml
VEGF165, and HMC-1 releasate from cells incubated in the
presence of activation buffer for 24 h, concentrated 5-fold, and
diafiltered using 5000 molecular weight cut-off membranes
(Microcon YM-2 centrifugal filter unit, Merck) and then redi-
luted 1:5 back into endothelial growth medium. Cell migration
was visualized under a phase-contrast microscope at 0, 2.5, 5,
24, and 28 h after the scratch was generated. Cell migration was
quantified by measuring the area of the scratch at each of these
time points and presented as the percentage of cells migrated
compared with the area of the scratch at time 0.
RT-PCR and Quantitative Real-time PCR (qPCR)—Total

RNA was isolated from HMC-1 cells and HCAEC using TRI
Reagent (1 ml/107 cells) and then treated with DNase using the
RQ1 RNase-free DNase kit (Promega, Madison,WI) to remove
contaminating DNA. Subsequently, 1 �g of RNA was tran-
scribed into cDNA using oligo(dT) primermixer (ProtoScript�
M-MuLV First Strand cDNA synthesis kit, NewEngland Labs,
GeneSearch Pty. Ltd., Arundel, Australia) and amplified during
35 cycles by PCR utilizing perlecan domain-specific primers
(Table 1). The reactants were cycled at 95 °C for 1min, 60 °C for
1 min, and 72 °C for 1.5 min to enable denaturation, annealing,
and extension, respectively. PCR products were then separated
on 1% (w/v) agarose gel at 60V for 1 h inTBEbuffer (89mMTris
base, 89 mM boric acid, and 2 mM EDTA, pH 8). The gels were
stainedwithGelRed (JomarDiagnostics, Stepney, Australia) for
30 min and then visualized under UV light. Each PCR experi-
ment was repeated at least three times.
For qPCR, 1�l of cDNAwasmixedwith 0.5�l of forward and

reverse primers (10 �M each) and 10 �l of Power SYBR Green
PCR Master Mix (Applied Biosystems, Mulgrave, Australia),
followed by the addition of RNase-free water to make up to 20
�l/sample. The GAPDH was used as an endogenous control
and to normalize the perlecan domain PCR results. Samples
were subject to 40 reactions using the ABI StepOneTM real-
time PCR system.
Statistical Significance—Student’s t test (for two samples,

assuming equal variance) was used to compare statistical signif-
icance. Results of p � 0.05 were considered significant.

RESULTS

The types of glycosaminoglycans produced by the RBL-2H3
cell line were determined by analyzing medium conditioned by
these cells in culture as well as the material released by the cells
upon activation with PMA and A23187. Analysis by ELISA
showed that the proteoglycan-enriched fraction from both
non-activated and activated cells contained the major glyco-
saminoglycan types, KS, CS, heparin, and HS (Fig. 1A). Mast
cell activation led to a slight decrease in cell-associated KS and
CS, whichwas reflected by an increase of these same glycosami-
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noglycans in the relative proteoglycan-enriched fractions. Con-
comitantly, there was a relative increase in cell-associated hep-
arin, suggesting that not all of the heparin contained in the
�-granules is released upon activation.

The distribution of the glycosaminoglycans in non-activated
and activated RBL-2H3 cells was assessed, and the immunolo-
calization patterns obtained for HS, heparin, and CS were sim-
ilar in non-activated RBL-2H3 cells, with the cells showing
punctuate intracellular staining reminiscent of cytoplasmic
granules, consistent with their identification as mast cells (Fig.
1B,HS,Heparin, andCS). The immunolocalization patterns for
HS and CS appeared less granular for activated RBL-2H3 cells,
whereas the staining pattern for the heparin epitopes appeared
more granular in the activated cells compared with the non-
activated cells. This suggested that the heparin, HS, and CS
epitopes were not randomly distributed throughout the
�-granules and were decorating the protein core of serglycin to
bind and modulate the function of the mediators.
The glycosaminoglycans produced by the human mast cell

line, HMC-1, were also analyzed for comparison with the rat
mast cell line. The proteoglycan-enriched fraction isolated
from medium conditioned by non-activated or activated
HMC-1 cells showed a different distribution of glycosamino-
glycans than the RBL-2H3 cells, using the same set of antibod-
ies. TheHMC-1 cells did not have immunoreactive KS or HS in
either fraction, but the fraction did contain both CS and hepa-
rin (Fig. 1C). In order to analyze the cell-associated glycosami-
noglycans, flow cytometry was used due to the fact that the
HMC-1 cells are loosely adherent, preventing analysis by
immunocytochemistry. CS immunoreactivity was found to be
increased in the activated HMC-1 cells, whereas there was no
change in the presence of heparin between non-activated and
activated cells (Fig. 1D). The HS epitope (JM-403) was detected
at higher levels in activated cells, which suggested that not only
were the structures of the glycosaminoglycans different
between the non-activated and activated cells, but those
responsible for binding the mediators in the granules were
different.

Serglycinwas detected in the proteoglycan-enriched fraction
of non-activated HMC-1 culture medium, whereas it was not
detected in a similarly treated fraction from the RBL-2H3 cul-
ture medium (Fig. 2A). Serglycin was, however, detected in
RBL-2H3 cells with a granular pattern similar to that shown for
the glycosaminoglycans in these cells (Fig. 2B, upper panels).
The staining pattern for serglycin also becamemore granular in
activated cells (Fig. 2B) in a similar fashion to heparin (Fig. 1B).

Perlecan was detected in the proteoglycan-enriched frac-
tions isolated from non-activated culture medium from both
cell lines (Fig. 2A). The rat perlecan reacted with the polyclonal
anti-perlecan antibodies as well as the antibodies against perle-
can protein core domains III, IV, and V. Perlecan protein core
domains I, IV, and V were detected in the proteoglycan-en-
riched fraction from the HMC-1 cells, whereas this material
reacted weakly with the domain III-specific antibodies (Fig.
2A). Flow cytometry was used to examine the HMC-1 cells for
the presence of perlecan, which was significantly above the
amount of signal obtained from the isotype control in both
activated and non-activated cells (Fig. 2C). Perlecan was
detected in both non-activated and activated RBL-2H3 cells
with a staining pattern that was relatively evenly spread
throughout the cytoplasm (Fig. 2B). A similar pattern was
observed in the HMC-1 cells when they were plated onto
fibronectin in order to adhere them to the surface and to min-
imize the loss of cells throughout the staining procedure (Fig.
2D). This treatment had no deleterious effects on the cells, and
serglycin was also detected under these same conditions (Fig.
2D).
Together, these data demonstrated that non-activated and

activatedmast cells synthesized and secreted perlecan, whereas
the variable detection of perlecan protein core domains war-
ranted further investigation because this may have been due to
protease activity in the medium of the non-activated cells. The
proteoglycan-enriched fraction from non-activated HMC-1
cells was probed for the presence of perlecan by Western blot-
ting and found to contain immunoreactive bands of �460 kDa
as well as bands at 130, 200, and 300 kDa (Fig. 3, lane A), which

TABLE 1
Primers for PCR amplification of HSPG2 cDNA (accession number NM_005529)

Domain Exons Primer sequences (5�–3�)
PCR product

size

Mast cell qPCR product DNA
sequencing

Alignment with
HSPG2 (nucleotides)

Sequence
match

bp %
I 2 and 3 Forward: CCATGGGCTGAGGGCATACG 175

Reverse: TCCAGCGCATTTGGCTTGCT
2–5 Forward: CCATGGGCTGAGGGCATACG 333

Reverse: ACACTGACAACCTGGTCTCCGGG
2–7 Forward: CCATGGGCTGAGGGCATACG 510

Reverse: GGCACTGTGCCCAGGCGTCGGAACT
3–7 Forward: ACCTGGGCAGTGGGGACCTG 403 280–483 97

Reverse:GCCTCCGTGCAGGCTCTTGG
III 29–36 Forward:ACCCCACCTGTGATGCGTGCTC 796

Reverse: GTGGCCCGGATCAGGAGCTCAT
35–37 Forward: CGATGTGCAGATCAGGGC 454

Reverse: CTGGCATTGCGAGCAGG
V 87–97 Forward: GTGTGACAGTGACCACCCCCT 1406

Reverse: CTACGAGGGGCAGGGGCGT
89–94 Forward: GTGTCAGTGAATGGCAAACG 578 12314–12855 99

Reverse: CTGAAGACAAGGTGCCCG
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confirmed that HMC-1 cells produced the full-length protein
core of perlecan at 460 kDa as well as smaller molecular mass
species. Analysis of primary human lungmast cell lysates gave a
similar pattern of immunoreactivity, suggesting that the pri-
mary human mast cells also produced full-length protein core
at an approximate molecular mass of 460 kDa as well as frag-
ments of similarmolecularmasses (Fig. 3, lane B). Thesemolec-
ular masses were not detected in samples of immunopurified
endothelial cell-derived perlecan samples, which gave a single
smear in excess of 460 kDa (Fig. 3, lane C) and suggested that
the HMC-1-derived perlecan contained less glycosaminogly-
can-decorated protein core than the endothelial cell-derived

form. The proteoglycan-enriched fraction from each of the two
mast cell lines as well as immunopurified perlecan derived from
HCAECs was analyzed by Western blotting and probed with
the domain-specific antibodies for the presence of perlecan
protein core domains (Fig. 4). Both the non-activated RBL-2H3
and HMC-1 proteoglycan-enriched fractions were reactive
with antibodies against domains I, IV, and V and gave similar
banding patterns, whereas both fractions were negative against
the domain III antibody (Fig. 4,A and B, III). The domain I-spe-
cific antibody detected a major band at 300 kDa in the HMC-1
proteoglycan-enriched fraction, whereas it also reacted, albeit
weakly, with the band at 130 kDa in the RBL-2H3 proteoglycan-

FIGURE 1. Rat and human mast cell lines, RBL-2H3 and HMC-1, synthesize glycosaminoglycans. A, the presence of KS, CS, and HS and heparin in the
proteoglycan-enriched fraction, isolated from medium conditioned by non-activated and activated (treated with PMA and A23187) RBL-2H3 cells, was
identified by ELISA using monoclonal antibodies against KS (5-D-4), CS types A and C (CS-56), CS types A and D (LY-111), CS type D (MO-225), HS (F58-10E4), and
heparin (2Q546). Wells were coated with 50 �l of a solution with a protein concentration of 100 �g/ml (absorbance readings were per 5 �g of coated protein).
All absorbance readings were corrected for background and presented as mean � S.D. (error bars) (n � 3). B, immunolocalization of glycosaminoglycans in
cultures of RBL-2H3 isolated under non-activated and activated conditions. The presence of HS (HepSS1; A and B), heparin (2Q546; C and D), and CS (CS-56 and
7-D-4) was determined using antibodies against each of these glycosaminoglycans and visualized using FITC-conjugated secondary antibodies shown in
green. Nuclei were stained with DAPI as shown in blue. Scale bars, 10 �m. C, the presence of KS, CS, and HS and heparin in the DEAE-enriched medium
conditioned by non-activated and activated (treated with PMA) HMC-1 cells was identified by ELISA using the same set of monoclonal antibodies as described
above: KS (5-D-4), CS types A and C (CS-56), CS types A and D (LY-111), CS type D (MO-225), HS (F58-10E4), and heparin (2Q546). All absorbance readings were
corrected for background and presented as mean � S.D. (n � 3). D, flow cytometry analyses were performed to detect the presence of HS (JM-403), CS (CS-56),
and heparin (2Q546) by non-activated and activated HMC-1 cells. These experiments were controlled by comparing the readings obtained from the specific
antibodies with those obtained using an irrelevant isotype antibody.
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enriched fraction (Fig. 4, A and B, I). The A7L6 antibody that
binds to domain IV of perlecan reacted with the band at 300
kDa as well as higher molecular mass species in the region of
�640 kDa, which corresponded to the expected molecular
weight of intact perlecan decorated with glycosaminoglycans
(Fig. 4A, IV). This same reactivity was not as evident in the
RBL-2H3 sample (Fig. 4B, IV), which is not surprising, given
that A7L6 is a rat antibody. The domain V antibody did not
react with the intact perlecan (�640 kDa) in either the HMC-1
orRBL-2H3proteoglycan-enriched fraction (Fig. 4,A andB,V),
but it reacted with the bands of approximate molecular masses
of 130 and 300 kDa. Each of the perlecan domain-specific anti-
bodies reactedwith immunopurifiedHCAECperlecan of�640
kDa. Together, these data suggested that the mast cell lines
produced intact perlecan and that the 130-kDa fragment
reactedwith the anti-domainV antibody (A74) inHMC-1 sam-
ples as well as reacting with the anti-domain I antibody in RBL-
2H3, suggesting that this band contained both ends of the pro-

tein core. The 300 kDa band contained the N-terminal domain
I, domain IV, and the C-terminal domain V, which supported
the hypothesis that cleavage of the protein core within sites of
domain IV could give rise to fragments of this size from either
end of the protein core. The 300 kDa band, however, was not
reactive with the anti-domain III antibody (7B5) and fragmen-
tation of the perlecan protein core, suggesting that it did not
contain the 7B5 epitope and hence that portion domain III,
whereas it could have contained most of domain IV and all of
domain V. A schematic describing these findings and showing
the potential 130- and 300-kDa fragments is shown in Fig. 5.
This schematic is also annotated with the relative positions of
the antibody epitope used in the experiments described in the
paper as well as the relative positions of the endorepellin and
LG3 fragments and the recombinantly expressed domain V.
TheHMC-1-derived perlecanwas analyzed further by taking

the proteoglycan-enriched conditioned medium from non-ac-
tivated cultures, reloading it onto an anion exchange column,

FIGURE 2. RBL-2H3 and HMC-1 cells in culture produce the proteoglycans serglycin and perlecan. A, the presence of serglycin and perlecan in DEAE-
enriched medium conditioned by non-activated cells was identified by ELISA using a polyclonal anti-serglycin antibody as well as monoclonal antibodies
against perlecan domains I (A76), III (7B5), IV (A7L6), and V (A74) and a polyclonal anti-perlecan antibody (ab906). All absorbance readings were corrected for
background and data presented as mean � S.D. (error bars) (n � 3). B, immunolocalization of serglycin (polyclonal anti-serglycin) and perlecan (A7L6) in
non-activated and activated RBL-2H3 cells was visualized using FITC-conjugated secondary antibodies shown in green. Nuclei were stained with DAPI, as
shown in blue. Scale bars, 10 �m. C, flow cytometry of serglycin (polyclonal anti-serglycin) and perlecan (CCN-1) produced by non-activated and activated
HMC-1 cells compared with an isotype control. D, immunolocalization of perlecan (A7L6) and serglycin (polyclonal anti-serglycin) produced by HMC-1 cells
plated on fibronectin and visualized using FITC-conjugated secondary antibodies shown in green. Nuclei were stained with DAPI, as shown in blue. Scale bars,
10 �m.
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and eluting with a gradient of salt from 0.1 to 1 M NaCl over 36
column volumes (Fig. 6A). The fractions were interrogated for
the presence of perlecan and serglycin by ELISA, which showed
that the chromatography had separated these two proteogly-
cans present in the proteoglycan-enriched fraction (Fig. 6B).
The polyclonal perlecan antibody, monoclonal anti-domain V,
and a polyclonal endorepellin antibody all had significant reac-
tivity with the same range of fractions (Fig. 6B). HMC-1-de-
rived perlecan eluted from the column earlier in the gradient
than HMC-1-derived serglycin, supporting the idea that the
perlecan carried less charge than HMC-1-derived serglycin
(Fig. 6B). The type of glycosaminoglycans that decorated the
HMC-1 derived perlecan was analyzed by treating the pro-
teoglycan-enriched fractionswith amixture of heparinase I and
III and/or chondroitinase ABC. Both the 300 and 130 kDa
bands were reactive with the domain V antibody that shifted in
their molecular mass by �20 kDa after digestion with chon-
droitinaseABC (Fig. 6C,DomainV, denotedwithCaseABC�),
suggesting that the C-terminal fragments were decorated with
CS. Incubation with either heparinase I and III or chondroiti-
nase B had no effect on molecular weight, indicating that these
fragmentswere not decoratedwithHS or dermatan sulfate (Fig.
6C, Domain V). These results were confirmed when the same
samples were treated in the same way and probed with the
polyclonal endorepellin antibody (Fig. 6C, Endorepellin).
To determine whether the 300- and 130-kDa fragments were

generated by proteases, N-terminal sequence analysis of the
fragments was performed. No peptide sequences correspond-
ing to perlecan were identified from the analysis of the 300 kDa
band, whereas 15 sequences were identified from the 130 kDa
band (Table 2). Of the 15 peptide sequences identified in the
sample containing the 130-kDa protein, eight of them were

located in domain IV, which is the largest domain in perlecan,
two each from domains II and III, and one peptide sequence
from domain V. One potential peptide identified was from the
signal peptide, suggesting that it may have been present in the
medium due to cell lysis. Also included in Table 2 is a list of
mast cell-derived proteases that have cleavage site specificity
aligning with the N-terminal sequences. Of interest was the
peptide SVHGP because cleavage at the N-terminal serine res-
idues will give rise to a C-terminal fragment with an approxi-
mate molecular mass of 130 kDa, suggesting that chymase,
MMPs, and cathepsins were capable of generating this frag-
ment. A peptide with the sequence SVPLS was also identified,
which corresponded to amino acid residues 4060–4064 in
domain V.
Given that the twomast cell lines produce and process perle-

can into fragments that contain domain V, which react with an
anti-endorepellin antibody, the biological role of these frag-
ments in cell adhesion was investigated. Endothelial cells
adhered to wells coated with intact perlecan, and their number
increased when the heparan sulfate chains were removed (Fig.
7A). The cells adhered to a similar extent to recombinant
domain V, with their numbers also increasing in a statistically
significant fashion when the HS and CS chains were removed
(Fig. 7A). Of interest was the finding that the endothelial cells
adhered to the proteoglycan-enriched fraction from HMC-1
medium to the same extent as they did to intact perlecan and
recombinant domain V (Fig. 7A). The cell adhesive activity
residing in the endothelal perlecan protein core was partially
inhibited by antibodies against endorepellin or perlecan (Fig.
7B), whereas the cell adhesive activity in the recombinant
domain V was only partially inhibited by the anti-endorepellin
antibodies (Fig. 7B). The anti-perlecan antibody used in this
assay (5D7-2E4) does not react with recombinant domain V,
which suggested that there might be another site within the
intact perlecan protein core outside of domain V that modu-
lates cell adhesion events or is synergistic with the integrin
binding site within domain V. The cell adhesive activity resid-
ing in the proteoglycan-enriched fraction was mostly inhibited
by the anti-endorepellin antibodies, and the pattern of inhibi-
tion was similar to that demonstrated for the recombinant
domain V (Fig. 7B). A major proportion of the cell adhesive
activity demonstrated was via �2�1 integrins because function-
blocking antibodies inhibited approximately half of the activity
of both intact perlecan and recombinant domainV (Fig. 7C). Of
interest was the observation that a major proportion of the cell
adhesive activity residing in theHMC-1 proteoglycan-enriched
fractionwas also blocked by the same anti-�2�1 antibodies (Fig.
7C), which suggested that the HMC-1-enriched fractions con-
tained biologically active fragments containing domain V and
functional �2�1 adhesion sites.

The effect of the HMC-1-derived perlecan and its fragments
on the proliferation and/or migration of endothelial cells was
investigated. The activated HMC-1 supernatant stimulated the
proliferation of endothelial cells to the same extent asVEGF165
but not to the same degree as adding exogenous FGF2 (Fig. 8A).
Migration was measured as a component of the expansion of
endothelial cells in “scratch assays.” The activated HMC-1
supernatant had a significant stimulatory effect on the migra-

FIGURE 3. Detection of perlecan produced by HMC-1 cells, primary lung
mast cells, and immunopurified HCAEC perlecan. HMC-1 conditioned
medium was enriched for proteoglycans by passing it over a DEAE anion
exchange column and eluting with NaCl (A). Cell lysate was prepared from
primary human lung mast cells using sonication as described under “Experi-
mental Procedures” (B). Perlecan immunopurified from HCAEC conditioned
medium was used as a positive control (C). The membrane was probed for the
presence of perlecan using polyclonal anti-perlecan antiserum (CCN-1).
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tion of endothelial cells (Fig. 8, A–E). The effect observed was
similar to that obtained by adding FGF2 to the cultures and
significantly better than that achieved by adding VEGF165 (Fig.
8, B and E, images labeled FGF2). A significant amount of the
migration activity present in the activated HMC-1 supernatant
was inhibited by the addition of antibodies that blocked the
function of either FGF2 or VEGF165, suggesting that these
growth factors were present in the HMC-1 supernatant and
were involved either directly or indirectly in the stimulation of
endothelial cell migration (Fig. 8C). When the migration assay
was performed in the presence of activated HMC-1 superna-
tant and antibodies against perlecan, the stimulatory activity in
the HMC-1 supernatant was inhibited (Fig. 8D). The activity
was blocked by the addition of any of the anti-perlecan antibod-
ies tested, whichwas controlled for by the addition of an isotype
control antibody that had no effect. The stimulatory activity
present in activated HMC-1 supernatant was also inhibited by
the addition of the anti-endorepellin antibodies (Fig. 8,D andE,

Activated HMC-1 supernatant � anti-endorepellin), suggest-
ing that it is not only the turnover of endogenous endothelal
cell-derived perlecan thatwas involved in themigration process
but also that the stimulatory activity residing in the HMC-1
supernatant was due to endorepellin-containing fragments of
perlecan.
Analysis of the mRNA for perlecan expressed by HMC-1

cells was analyzed initially by standard RT-PCR over 35 cycles
and then with qPCR. The domain-specific primer sets used in
these experiments were designed to span exons 2 and 7 from
the N terminus (domain I), exons 29–37 from the laminin-like
region of the protein core in domain III, and exons 87–97 from
the C terminus (domain V) (Table 1). These domains were
selected because they matched the domain-specific monoclo-
nal antibodies utilized in the experiments described in Fig. 4.
mRNA from HCAECs was used to confirm the presence of
transcripts from all three domains and as a control demonstrat-
ing successful priming (Fig. 9). Using standard RT-PCR, similar

FIGURE 4. Detection of perlecan protein core domains produced by HMC-1 (A), RBL-2H3 (B), and HCAEC (C) cells. Conditioned medium from each of the
cell lines was enriched for proteoglycans by DEAE anion exchange chromatography and eluting with NaCl. Samples were probed for the presence of perlecan
domains I (A76), III (7B5), IV (A7L6), and V (A74).

FIGURE 5. Schematic of perlecan. Exons and bases in each domain of perlecan are denoted at the top. Amino acids within each domain as well as the
glycosaminoglycan attachment sites are denoted as well, and the potential binding sites for monoclonal antibodies used in Figs. 2, 4, and 6 are shown in yellow.
A76 is a domain I antibody (37), 7B5 is a domain III antibody (33), A7L6 is a domain IV antibody (58) and A74 is a domain V antibody (37). The binding sites for
A76, 7B5, and A74 were determined by alignment of the human and mouse perlecan amino acid sequences. Amino acid sequence alignment for human and
rat perlecan yielded several possible binding sites for A7L6 throughout domain IV. Recombinantly expressed regions of domain V are shown in red, including
endorepellin (59) and the domain V used in Fig. 7 as well as the LG3 peptide (38). Possible mast cell perlecan fragments produced by proteases are indicated
at the bottom.
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amounts of transcripts were generated from endothelial cell-
derived mRNA for all three domain I primer sets at the
expected sizes (compare Table 1 and Fig. 9A). Transcripts gen-
erated from mRNA isolated from the HMC-1 cells demon-
strated a shorter than expected product using the exon 2 and 3
primer set for domain I, no product at all for the exon 2–5
primers, and a shorter than expected product by almost 300 bp
for the exon 2–7 primers of domain I (Fig. 9A, HMC-1). These
data indicated that although exons 2, 3, 6, and 7 were present,
because the exon 7 reverse primer spanned the exon/intron
boundaries between exons 6 and 7, there were splicing events
occurring affecting exons 4 and 5.DNAsequence analysis of the
HMC-1 product using the exon 3–7 primer set indicated a 97%

sequence alignment with the HSPG2 gene (Table 1). The sizes
of the major PCR products generated from the endothelium-
derived mRNA using the two domain III primer sets were as
expected, although there was some evidence of smaller minor
smears in both cases (compare Table 1 with Fig. 9B, HCAEC).
However, no transcripts were detected for HMC-1-derived
mRNA using the same two primer sets (Fig. 9B, HMC-1), indi-
cating that regions of domain III were spliced out in theHMC-1
cells. The use of the exon 87–97 primer set produced a major
band of the expected size as well as minor smaller sized bands,
whereas the exon 89–94 primer set produced a single product
at the expected size (compare Table 1 with Fig. 9C, HCAEC).
These same primers produced single products at the expected
sizes for HMC-1 mRNA (Fig. 9C, HMC-1). DNA sequence
analysis of theHMC-1 product generated using the exon 89–94
primer set indicated a 99% sequence alignmentwith theHSPG2
gene (Table 1). The reduced intensity of the PCR product for
HMC-1 cells compared with the endothelial cells suggested
that there were different amounts of transcripts between the
cell types, which were further investigated by qPCR using
the exon 89–94 primer set. By normalizing the cycle times for
the primer set to the GAPDH cycle time in each cell type, an
estimate of the -fold change in domain expression between the
two different cell types was obtained. There were �60 times
fewer transcripts corresponding to domain V in the HMC-1
mRNA samples compared with the HCAEC mRNA and 1000
times fewer transcripts corresponding to domain I.

DISCUSSION

Both of themast cell lines, HMC-1 andRBL-2H3, used in this
study synthesized HS, heparin, and CS, which all localized to
the intracellular granules in a similar fashion to the proteogly-
can, serglycin. The localization of these glycosaminoglycans
(GAGs) did not change significantly after the activation of these
cells in vitro, which is known to release the serglycin-GAG-
bound mediators. It has been well established in the literature
that the predominant proteoglycan present in the intracellular
granules ofmast cells is serglycin and that themajor function of
the GAG chains decorating its protein core is the packaging of
mediators, such as proteases like tryptase, within the granules
(24, 25). The expression of serglycin has been shown to be
tightly linked to the differentiation of mast cells together with
the expression of Golgi membrane-anchored enzymes respon-
sible for the addition of the GAG side chains (26). Mast cells
isolated from human lung synthesized significant amounts of
heparin containing a high proportion of the highly sulfated
disaccharides 2SO4IdoA-6SO4GlcNSO4 and 2SO4IdoA/GlcA-
3SO46SO4GlcNSO4 characteristic of this type ofGAGaswell as
CS. The major CS disaccharide is GlcA-4SO46SO4GalNAc,
which is also known asCS type E (27, 28). Human gastricmuco-
sal mast cells (29) and the RBL-2H3 cell line have been shown
previously to synthesize a similar type of CS with similar GAG
composition (30, 31) but not heparin. This supports the idea
that these cells have the ability to switch GAG type depending
upon their microenvironment, which was reproduced in vitro
by co-culturing mast cells with fibroblasts (32).
BothHMC-1 andRBL-2H3 cells synthesized perlecan, which

was localized intracellularly probably in the Golgi. Unlike ser-

FIGURE 6. Isolation of endorepellin-containing fragments produced by
HMC-1 cells. A, elution profile of medium conditioned by HMC-1 cells subject
to a linear elution gradient DEAE chromatography from 0.10 to 1.0 M NaCl
over 36 column volumes. B, elution profile of perlecan domain V (A74 and
endorepellin), polyclonal anti-perlecan (ab906), and anti-serglycin, which
eluted between 0.1 and 1.0 M NaCl. C, fractions that eluted between 0.4 and
0.6 M NaCl were probed for the presence of perlecan domain V (A74) and
endorepellin (polyclonal anti-endorepellin) before and after either hepari-
nase I and III (H’ase I/III), chondroitinase ABC (C’ase ABC), or chondroitinase B
(C’ase B) digestion by Western blotting.
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glycin, it was not stored in granules intracellularly and was
localizedmost likely to the Golgi, where it was secreted into the
medium.Mast cells have been shown previously to produce the
major components of basement membranes, including perle-
can, using a cDNA probe that recognizes a region in domain III
of the protein core (16). In the studies described here, we were
unable to generate a product corresponding to domain III using
mRNA from mast cells and did not demonstrate reactivity of
themast cell-derived perlecanwith an antibody against domain
III (33). This domain of the perlecan protein core has been

shown to be present in basement membranes of most of the
major organs (34).
Perlecan produced by the primary mast cells and mast lines

was detected as the full-length proteoglycanwith a protein core
of 460 kDa and �120 kDa of GAG chains, giving a total molec-
ularmass of�580–600 kDa, and bands at 300 and 130 kDa that
were both reactive with a domain V-specific monoclonal anti-
body as well as a polyclonal anti-endorepellin antibody. The
130 kDa band was also decorated with �20–30 kDa of CS.
N-terminal sequencing of fragments within the 130 kDa band

TABLE 2
Amino acid sequences identified by N-terminal sequencing analysis of the 130 kDa band detected in DEAE-enriched condition medium shown
in Fig. 4A
Amino acid sequences were aligned by cycle order and identified by a BLAST protein search. Amino acid sequences shown in boldface type aligned with the 130-kDa
fragment calculated from the C terminus.

Perlecan Protein
core domain

Amino acid
sequence

Amino acid
positions P1–P1�

Mast cell proteases
Cathepsins MMPs Others

GALLLA 7–12 A–G S 2, 3
II EAEFA 201–205 T–E

SEGGR 457–461 T–S G, L 2, 9, 11
III VLQSLE 685–690 Q–V 2, 9, 13

SPGQPS 1048–1053 P–S 2, 3, 9
IV SVPLAA 1499–1504 S–S S 2, 3

AELLV 1759–1763 E–A B, D, E, L 2, 3
APSKP 1766–1770 R–A B, L 1, 2
PPQAR 1997–2001 L–P D, E 2
SASLA 2542–2546 S–S S 2, 3
SVHGP 3107–3111 L–S D, E, G 9 Chymase
ALGDP 3512–3516 L–A D, G, S
VELAD 3545–3549 H–V 2, 3
VLLLV 3568–3572 H–V 2, 3

V SVPLS 4060–4064 P–S 2, 3, 9

FIGURE 7. Perlecan supports endothelial cell adhesion via domain V and integrin �2�1. A, endothelial cell adhesion to HCAEC perlecan, HCAEC perlecan
treated with heparinase III (H’ase III) to remove its HS chains, recombinant perlecan domain V, recombinant perlecan domain V treated with heparinase III and
chondroitinase ABC (C’ase ABC), and DEAE-enriched medium conditioned by HMC-1 cells (0.4 – 0.6 M NaCl fraction). B, cell adhesion to perlecans pretreated with
antibodies against endorepellin (anti-endorepellin) or perlecan (5D7-2E4) before the addition of endothelial cells. Data are presented as percentage of cell
adhesion compared with cell adhesion to perlecans in the absence of antibodies as shown in A. C, cell adhesion to perlecans when cells were pretreated with
antibodies against the integrin �2�1 (BHA2.1). Data are presented as the percentage of cell adhesion compared with cell adhesion to perlecans in the absence
of antibodies as shown in A. *, significant differences (p � 0.05) compared with cell adhesion for each of the respective perlecans shown in A. Error bars, S.D.
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showed that it was a mix of peptides corresponding to
sequences in domains II, III, IV, and V, suggesting the presence
of the perlecan protein core. The production of perlecan with
various molecular mass species similar to those described in
this paper have been described previously for human (35) and
bovine (35, 36) cartilage extracts, but the fragments were not
characterized with respect to what proteases might be respon-
sible for the cleavage patterns demonstrated. N-terminal

sequencing of the bands described here revealedmany putative
cleavage sites of most of the major classes of proteases, includ-
ing the serine and cysteine proteases as well as the metallopro-
teinases. Perlecan has been shown previously to be cleaved pro-
teolytically into fragments by thrombin andMMP3 (37), which
is supported by the data presented in this paper showing mul-
tiple potential MMP3 cleavage sites distributed throughout the
protein core and most notably throughout domains III, IV, and
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V. The cleavage of a recombinant form of domain V referred to
as endorepellin by BMP-1/Tolloid-like metalloprotease (38) or
cathepsin L (39) has been shown to release the LG3 fragment,
which was first identified in the urine of end stage renal failure
patients (40) and has since been described in the urine of mine
workers (41) and the plasma of both control and breast cancer
patients (42). In this study, however, N-terminal peptide
sequences corresponding to either endorepellin or the LG3
peptide were not identified.
The 300- and 130-kDa mast cell-derived perlecan fragments

were reactive against the anti-endorepellin antibodies, suggest-
ing that these fragments contained domain V that has been
shown to interact with the�2�1 integrin (43) andmore recently
with the VEGF receptor type 2 (8). Fractions enriched for
these fragments promoted the adhesion of endothelial cells
via the �2�1 integrin and their proliferation to the same
extent as either endothelial cell-derived perlecan or recombi-
nant domain V. Initially, endorepellin was described as an anti-
angiogenic fragment due to its inhibitory activity toward the
�2�1 integrin site when added in a soluble form to the medium
of endothelial cell cultures. However, recently, it has been
shown to be adherent for platelets via the same �2�1 integrin
(44) and pro-angiogenic in the brain after ischemic injury in
rats (45), which was due to the lack of the �2�1 integrin in the
brain microvascular endothelial cells. When the �2 integrin
subunit was reintroduced into the brain microvascular endo-
thelial cells, endorepellin was anti-angiogenic (45), suggesting

that the effects of endorepellin are tissue- and cell context-
specific. The �2�1 integrin binding site within domain V has
been shown to be present in the LG3 region (43), which was
released into the culturemedium of apoptotic endothelial cells,
which itself had anti-apoptotic effects on fibroblasts that were
linked to the activation of Src and Fyn/phosphatidylinositol
3-kinases but independent of the activation of focal adhesion
kinase (46).More recently, the LG3 fragment has been shown to
have a similar anti-apoptotic activity toward mesenchymal
stem cells (47) as well as stimulating the migration of vascular
smoothmuscle cells (48) via ERK1/2-dependent pathways. The
study described here demonstrated that mast cells produced
alternatively spliced forms of perlecan aswell as processing full-
length perlecan into fragments that were important for the
migration of endothelial cells because the addition of anti-
perlecan antibodies to the mast cell supernatants inhibited the
stimulatory activity present in this fraction. This was most
likely due to the binding of the protein core by the antibodies,
which prevented the fragmentation.
Examination of the mast cell-derived mRNA in this study

showed that there were relatively fewer transcripts for perlecan
from HMC-1 mRNA compared with HCAEC. The perlecan
gene,HSPG2, is arranged into 97 exons (49) that are translated
in order into the protein domains of the core (50). The HSPG2
gene was shown to be under the control of a single promoter
�450 bp in the 5� direction from the translation start site,
which was shown to be regulated by transcription factors

FIGURE 8. Perlecan promotes endothelial cell migration. A, proliferation of endothelial cells over 7 days in the presence of medium supplemented with
FGF2, VEGF165, or activated HMC-1 supernatant compared with cells exposed to medium only. Cell proliferation was measured by crystal violet and presented
as mean � S.D. (error bars) (n � 3). B, endothelial cell migration measured over 28 h in the presence of medium supplemented with FGF2, VEGF165, or activated
HMC-1 supernatant compared with cells exposed to medium only. Cell migration was measured by a scratch assay and monitoring the migration of cells into
the scratched area. Data are presented as percentage of cell migration, which indicates the scratched area at a given time as a proportion of the initial scratched
area. C, endothelial cell migration measured over 28 h in the presence of medium supplemented with activated HMC-1 supernatant, activated HMC-1
supernatant, and anti-FGF2 antibodies (AB1435) or anti-VEGF165 antibodies (ab38473) compared with cells exposed to medium only. Cell migration was
measured by a scratch assay and monitoring the migration of cells into the scratched area. Data are presented as percentage of cell migration, which indicates
the scratched area at a given time as a proportion of the initial scratched area. D, endothelial cell migration measured over 28 h in the presence of medium
supplemented with activated HMC-1 supernatant, activated HMC-1 supernatant, and anti-perlecan antibodies (clone 5D7-2E4 or 7B5 or anti-endorepellin), or
anti-perlecan antibodies only (clone 5D7-2E4 or 7B5 or anti-endorepellin) compared with cells exposed to medium only. Cell migration was measured by a
scratch assay and monitoring the migration of cells into the scratched area. Data are presented as percentage of cell migration, which indicates the scratched
area at a given time as a proportion of the initial scratched area. E, phase-contrast images of the scratched area as times 0, 5, and 28 h after the scratch was
generated for endothelial cells exposed to medium supplemented with FGF2, activated HMC-1 supernatant, activated HMC-1 supernatant, and anti-en-
dorepellin compared with cells exposed to medium only. Scale bar, 150 �m.

FIGURE 9. mRNA expression of perlecan using domain specific primers. mRNA derived from both HMC-1 cells and HCAECs was isolated and used to
generate cDNA, which was amplified using domain-specific primers and electrophoresed on 1% (w/v) agarose gels. Products from the GAPDH primer set were
electrophoresed on each gel to indicate that the same amount of cDNA was loaded on each gel for each cell type. A, PCR products for domain I primer sets,
including exons 2 and 3 (77 bp), 2–5 (333 bp), and 2–7 (510 bp). B, PCR products for domain III primer sets, including exons 29 –36 (796 bp) and 35–37 (454 bp).
C, PCR products for domain V primer sets, including exons 87–97 (1406 bp) and 89 –94 (578 bp).
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downstream of TGF� signaling (51). Alternative splicing of the
HSPG2 gene has been reported in the NCBI database, Aceview,
as well as during murine development (52). A shorter variant
arising from splicing events in domain I was identified previ-
ously and referred to as “miniperl” in the NCBI Nucleotide
database. However, none of the fragments described above
have been characterized with respect to potential biological
functions, and none have predicted molecular masses that
aligned with the molecular masses of the fragments described
herein. It is possible to speculate that the perlecan gene in
HMC-1 cells has undergone mRNA splicing events resulting in
transcripts missing regions of domains I and III, which may
then result in perlecan protein cores that correspond to the
sizes of the protein fragments detected in this study. The
C. elegans homologue of the HSPG2 gene, Unc-52, has been
shown to be alternatively spliced, producing shorter truncated
forms lacking the C terminus (53). This splicing event was
shown to be controlled by theMec-8 (54) and Smu-1 (55) genes.
A human homologue of Smu-1 has been described and termed
fZAP57, which is �62% identical in nucleotide sequence. It has
been localized to the nucleus and has RNA binding motifs sug-
gesting that it might be part of the spliceosome (56). However,
it awaits further investigation to determine if it performs this
function in human cells and whether it is up-regulated in mast
cells.
It has been hypothesized that the residence time ofmast cells

in wound sites affects the outcome by modulating events in the
resolution phase that involve contraction of collagen in the
wound bed. It was thought that this was mostly due to tryptase,
which degrades the extracellular matrix and promotes angio-
genesis. However, co-culturing mast cells and fibroblasts led to
the contraction of collagen gels that was independent of tryp-
tase activity (57), suggesting that other factors were responsi-
ble. The LG3domain, an integral part of theC-terminal domain
of perlecan is anti-apoptotic for fibroblasts (46), which might
result in an increased output of the extracellular matrix. This
study shows that mast cells produce and process perlecan into
shorter forms that can modulate endothelial cell adhesion and
migration and supports the hypothesis that mast cells promote
fibrosis by producing pro-fibrotic forms of perlecan. Given that
mast cells are important to wound healing and that their pro-
longed presence may cause keloid scars, an understanding of
what maintains their numbers will be fundamental to control-
ling the scarring seen at sites of wounding.
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