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Heparanase affects secretory granule homeostasis of
murine mast cells through degrading heparin

Bo Wang, MD, PhD,a* Juan Jia, MD, PhD,a* Xiao Zhang, MD, PhD,b Eyal Zcharia, PhD,c Israel Vlodavsky, PhD,c

Gunnar Pejler, PhD,d and Jin-Ping Li, MD, PhDa Uppsala, Sweden, and Haifa, Israel
Abbreviations used

CPA: Carboxypeptidase A

CTMC: Connective tissue–type mast cell

DAPI: 49-6-Diamidino-2-phenylindole

DNP: 2,4-Dinitrophenol

FACS: Fluorescence-activated cell sorting

FITC: Fluorescein isothiocyanate

FSMC: Fetal skin-derived mast cell

GAG: Glycosaminoglycan

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

hpa-KO: Heparanase knockout

hpa-tg: Heparanase transgenic

HS: Heparan sulfate

MC: Mast cell

MMC: Mucosal mast cell

mMCP: Murine mast cell protease

PMA: Phorbol 12-myristate 13-acetate
Background: Heparanase degradation of heparan sulfate plays
important roles in a number of pathological processes, including
inflammation. In vitro experiments show that heparanase is
capable of degrading heparin, a polysaccharide present in mast
cells (MCs), in which it has a key role in promoting the storage
of secretory granule compounds.
Objective: We sought to investigate the functions of heparanase
in MCs.
Methods: Primarily cultured fetal skin-derived mast cells
(FSMCs) isolated from embryos and adult peritoneal MCs were
analyzed for storage and release of granule molecules in
response to MC activation.
Results: FSMCs from heparanase-overexpressing mice
contained substantially shorter heparin chains and significantly
less proteases than control cells. Conversely, FSMCs lacking
heparanase contained heparin of larger size and more proteases
than control cells. Correspondingly, heparanase-overexpressing
adult MCs exhibited reduced release of heparin-bound
proteases, a finding that could be attributed to spontaneous
release of granular compounds. Heparanase was found to be
upregulated in MCs on activation.
Conclusion: These findings reveal a novel function of
heparanase in maintaining MC homeostasis through controlled
degradation of heparin present in the MC secretory granules.
(J Allergy Clin Immunol 2011;nnn:nnn-nnn.)
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Mast cells (MCs) are found in most connective tissues and are
characterized by their high content of secretory granules. In
addition to their recognition as critical effector cells in allergic
disorders and other IgE-dependent immune responses, recently,
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MCs have been strongly implicated in autoimmune disease.
Activation of MCs can trigger degranulation, resulting in release
of various preformed compounds that are stored in the granules,
including histamine, cytokines, heparin, and a range of MC-
specific proteases.1,2 Rodent MCs are classified as being of either
mucosal mast cells (MMCs) or connective tissue–type mast cells
(CTMCs). MMCs are mainly located on mucosal surfaces,
whereas CTMCs are present in, for example, the skin and perito-
neal cavity.3 These 2MCsubclasses have distinct secretory granule
contents, particularly with regard to the repertoire ofMCproteases
expressedand the types of proteoglycans synthesized.4-7 For exam-
ple, MMCs predominantly produce highly sulfated chondroitin
sulfate,8 whereas CTMCs mainly produce heparin.3

Heparin is a negatively charged glycosaminoglycan (GAG)
composed of repeating disaccharide units of glucosamine and
hexuronic acid (glucuronic or iduronic acid) that can be sulfated
at various positions.9 The nascent heparin chain has an average
molecular weight of 60 to 100 kd.10 However, heparin recovered
from various organs is often a mixture of fragments with an aver-
age molecular weight of 5 to 30 kd, indicating in vivo degradation
of macromolecular heparin. However, the mechanisms behind the
in vivo processing ofMC heparin and the functional consequences
of this processing are not known. Although exogenously admin-
istered heparin has a wide clinical use as an anticoagulant, the
fact that endogenous heparin is virtually undetectable in blood
argues against a major physiological role of heparin in the
regulation of blood coagulation. Instead, previous studies have
pointed to a key role for heparin in regulating MC granule com-
position, as shown by severely impaired protease and histamine
storage in MCs with defective heparin biosynthesis.11,12
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Early studies revealed the presence of a heparin-cleaving
endoglucuronidase in a murine mastocytoma.13 Later, an enzyme
degrading heparan sulfate (HS), a polysaccharide structurally re-
lated to heparin, was identified in platelets, but it was assumed that
the heparin- andHS-degrading activities detected inmastocytoma
and platelets, respectively, were due to distinct enzymes.14 How-
ever, recent work indicates that mammalian cells express primar-
ily a single heparanase, and it has been shown that this enzyme can
cleave both HS and heparin in vitro.15-18 Heparanase specifically
cleaves glycosidic bonds between glucuronic acid and glucosa-
mine in heparin and HS, yielding fragments of variable size.18-20

Overexpression of heparanase in mice results in extensive
degradation of HS, whereas inactivation of the heparanase gene
leads to accumulation of nondegraded HS accompanied by
diverse phenotypes that might be related to alterations in HS
structure.21-25 However, the function of heparanase in MCs has
not been reported previously. In this study we investigated the
effects of heparanase overexpression or absence on MCs. Our re-
sults point to a key role for heparanase in regulating the structure
of MC heparin, indicating modulatory effects of heparanase on
MC functionality, as evidenced by modification of protease stor-
age, granular morphology, and the ability to respond to MC-
activating agents. Based on this study, heparanase emerges as a
novel regulator of MC function.
METHODS

Animals
Heparanase transgenic (hpa-tg) and knockout (hpa-KO) mice were gener-

ated as previously described21,24 and maintained in the animal facility at the

Biomedical Center, Uppsala, Sweden. The experiments were conducted in ac-

cordance with local ethics regulations.
Preparation of fetal skin-derived MCs and isolation

of peritoneal MCs
The fetal skin-derived mast cells (FSMCs) were prepared essentially as

previously described26 and usedwhen they reached greater than 95% toluidine

blue positivity. The peritoneal cells were collected from lavage fluid ofHpa-tg

and control mice (12-18 weeks of age). Total cell numbers from each mouse

were counted with a phase contrast microscope. The MCs were isolated from

the peritoneal lavage fluid by means of fluorescence-activated cell sorting

(FACS) after staining with fluorescein isothiocyanate (FITC)–conjugated

anti–c-kit (CD117) antibody (see Methods in this article’s Online Repository

at www.jacionline.org). The control samples were stained with FITC-

conjugated IgG. Aminimum of 10,000 events (cells) per sample were counted

(see Figs E1 and E2 in the article’s Online Repository at www.jacionline.org).
Purification and analysis of heparin from FSMCs
Preparation of metabolically labeled heparin from FSMCs and structural

analysis were performed as previously described.23,27
Characterization of MCs
TheMCswere characterized by stainingwith toluidine blue,May-Gr€unwald/

Giemsa, anti–c-kit, anti-heparanase, and anti-heparin antibodies. The properties

of the cells were examined by using different microscopic techniques.
Analysis of protein and gene expression
Proteases and heparanase were determined by means of Western blotting

after separation on 12% SDS-PAGE. The results were analyzed by means of

quantification of the band intensity with Image J software (National Institutes
of Health, Bethesda, Md). For gene expression, quantitative PCR was applied

by using the primers shown in Table E1 (available in this article’s Online Re-

pository at www.jacionline.org). Samples were normalized by using the

mRNA level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from

each sample, and data are reported as the ratio of treated cells/untreated cells

or expression fold.
Activation of MCs and analysis of degranulation
The MCs were activated by means of in vitro ionomycin plus phorbol

12-myristate 13-acetate (PMA) or anti–2,4-dinitrophenol (DNP)–IgE plus

DNP-BSA stimulation or by means of in vivo stimulation through intravenous

injection of anti-DNP–IgE plus DNP-BSA. b-Hexosaminidase activity was

determined as previously described.28 Substrate conversion was measured

by means of absorbance at 405 nm (OD). Histamine was quantified with the

Histamine Enzyme Immunoassay Kit (SPI-Bio, Montigny-le-Bretonneux,

France), according to the manufacturer’s instruction. The values were normal-

ized to the total MC number in each mouse.

A detailed description of themethods is presented in theMethods section in

this article’s Online Repository.
Data analysis and statistics
Statistical differences were determined by using the unpaired t test.
RESULTS

Heparanase is responsible for degradation of

heparin in MCs
FSMCswere established fromE16.5murine embryos and were

allowed to differentiate in vitro. Western blot analysis of cell
lysates confirmed overexpression of heparanase in hpa-tg FSMCs
and null expression of heparanase in hpa-KO FSMCs (see Fig E3,
A and B, in this article’s Online Repository at www.jacionline.
org). Cytospin slides prepared from in vitro–matured cells were
stained with toluidine blue at pH 2.5, and microscopic analysis
showed a typical metachromatic staining of control FSMCs (Fig
1, A). In comparison, hpa-tg FSMCs stained substantially weaker
(Fig 1, B) and hpa-KO FSMCs showed more pronounced staining
compared with control cells (Fig 1,C). Toluidine blue is a cationic
dye that binds strongly to negatively charged GAGs, such as hep-
arin. Hence the altered toluidine blue staining in heparanase-
overexpressing and heparanase-deficient FSMCs indicates a
role for heparanase in regulating the properties of the sulfated
GAG contents of FSMCs. In contrast to the dramatic change
in toluidine blue staining, 49-6-diamidino-2-phenylindole
(DAPI) staining of nuclei did not reveal any alterations in
hpa-KO or hpa-tg cells compared with control FSMCs (Fig 1,
A-C, inserts).

FSMCs were cultured in the presence of 35S-sulfate, followed
by purification and characterization of metabolically labeled
GAGs, to further elucidate the effects of heparanase on GAGs.
Treatment of the GAGs with Chondroitinase ABC (Seikagaku,
Tokyo, Japan) resulted in negligible degradation, indicating that
FSMCs express low amounts of chondroitin sulfate. This is in ac-
cordance with our previous observations.27 In contrast, the puri-
fied 35S-labeled material was completely degraded by treatment
with nitrous acid at pH 1.5, confirming that FSMCs predomi-
nantly produced heparin. Gel chromatographic analysis revealed
substantially shorter heparin chains derived from hpa-tg FSMCs
than from control cells, whereas hpa-KO FSMCs contained sub-
stantially longer heparin chains than material from control coun-
terparts (Fig 1,D). Together, these findings demonstrate a role for
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FIG 1. Characterization of FSMCs. In vitro–differentiated FSMCs from control (Ctr;A), hpa-tg (B), and hpa-KO
(C)embryoswere stainedwith toluidine blue (magnification340). Inserts represent enlargedorDAPI-stained

cells. D, Gel chromatographic analysis of metabolically 35S-labeled heparin from FSMCs. Upper panel, Ctr
versus hpa-tg; lower panel, Ctr versus hpa-KO. E, Analysis of disaccharides by means of anion-exchange

HPLC. The numbered peaks represent the -GlcA-GlcNS6S- (1), -IdoA-GlcNS6S- (2), and -IdoA2S-GlcNS6S-

(3) sequences of the intact heparin chains. The percentages of the respective components in total recovered

disaccharides are indicated for peaks 1 and 3. Upper panel, Ctr; lower panel, hpa-tg.
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heparanase in degrading and thereby controlling the size of hep-
arin in MCs.

The fine structure of the heparin was further assessed by means
of analysis of its disaccharide composition. Deaminative cleavage
(pH 1.5) of the 35S-labeled heparin resulted in complete degrada-
tion. The resultant disaccharides were collected and separated by
using anion-exchange HPLC (Partisil-10 SAX). The proportion
of trisulfated disaccharide (peak 3), -IdoA2S-GlcNS6S-, did not
show any appreciable differencewhen comparing hpa-tg and con-
trol heparin (68% and 62%, respectively). However, the amount
of disaccharide units (peak 2) containing the heparanase cleavage
sequence (ie, -GlcA-GlcNS6S) was significantly decreased in
hpa-tg heparin, from 31% in control cells to 19%, confirming
substantial cleavage of heparin by heparanase (Fig 1, E). There
was no difference in disaccharide composition between the hep-
arin samples from control and hpa-KO FSMCs (data not shown).
Heparanase degradation of heparin impairs storage

of proteases in FSMCs
Previous studies have shown that a major function of heparin is

to promote the storage of MC-specific proteases within the MC
secretory granules.11,12 It was therefore of interest to assess
whether the effect of heparanase on heparin molecular structure
could lead to alterations in the storage of these proteases in
MCs. Indeed, Western blot analysis revealed a substantial



FIG 2. Protease storage and b-hexosaminidase release in FSMCs. Western

blotting of MC-CPA (A), mMCP-6 (B), or mMCP-5 (C) in cell lysates. Data

show the ratio of band intensity/total protein amount. The respective levels

in control (Ctr) cells are defined as 1. Total protein loaded for detection of

the following: MC-CPA, 0.1 mg; mMCP-5, 0.4 mg; and mMCP-6, 0.2 mg. D,

b-Hexosaminidase (Hex) activity in the conditioned media of FSMCs cul-

tured with or without ionomycin plus PMA stimulation. The data represent

3 independent experiments (means 6 SDs).
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decrease in the amount of stored MC carboxypeptidase A (MC-
CPA), as well as in the content of the tryptase murine mast cell
protease (mMCP) 6, and an almost complete loss of the chymase
mMCP-5 in hpa-tg FSMCs in comparison with that seen in
control counterparts (Fig 2, A-C, left panels). Conversely, in-
creased storage of these proteases was observed in hpa-KO
FSMCs (Fig 2, A-C, right panels).

The release of b-hexosaminidase in response to ionomycin
plus PMA activation was assessed to investigate whether
heparanase has a role in regulating FSMC degranulation events.
Interestingly, a significantly higher basal release of b-hexosa-
minidase was observed in cultures of hpa-tg cells compared with
that seen in their control counterparts (Fig 2, D), suggesting that
overexpression of heparanase impaired the integrity of secretory
granules, leading to leakage of granule mediators into the extra-
cellular space. Ionomycin plus PMA stimulation resulted in sub-
stantial release of b-hexosaminidase from control cells (7-fold
increase over nonstimulated cells), and the hpa-KO cells re-
sponded even more vividly (9.4-fold increase). In contrast, hpa-
tg FSMCs responded poorly to ionomycin plus PMA stimulation,
with only a 2.7-fold increase of b-hexosaminidase released into
the cell-culture medium on stimulation.
Overexpression of heparanase perturbs the

morphology of peritoneal MCs
To verify that the findings in FSMCs were not an embryonic

development–associated phenomenon, we extended the investi-
gation to adult mice. Because peritoneal MCs are characterized as
CTMCs and are known to produce heparin, we analyzed MCs
from peritoneal lavage fluid of the transgenic mice along with
control animals. May-Gr€unwald/Giemsa staining revealed the
expected presence of strongly stained MCs in lavage fluid from
control animals (indicated by arrows in Fig 3, A). In comparison,
MCs present in peritoneal lavage fluid from hpa-tg mice stained
substantially weaker (Fig 3, B, arrows; ie, resembling the differ-
ence observed when comparing hpa-tg and control FSMCs; see
Fig 1, A and B). Moreover, hpa-tg MCs appeared smaller than
control cells, as shown both withMay-Gr€unwald/Giemsa staining
(Fig 3, A and B) and staining for the MC cell-surface marker c-kit
(Fig 3,C andD). As shown bymeans ofWestern blot analysis, the
total level of c-kit was not affected by the overexpression of hep-
aranase (see Fig E3, D). Further examination by means of trans-
mission electron microscopy revealed striking morphologic
effects of heparanase overexpression on granule ultrastructure,
with MCs from hpa-tg mice containing smaller granules than
the corresponding control cells. Moreover, whereas the granules
in control cells were rounded, the granules in hpa-tg MCs were
irregularly shaped (Fig 3, E and F). In contrast, the morphologies
of control and hpa-KO peritoneal MCs were indistinguishable
(data not shown).

Overexpression of heparanase in hpa-tgMCswas confirmed by
means of Western blot analysis of the c-kit1 cells isolated by
means of FACS (see Fig E3, C). Note that heparanase was less
than the level of detection in control peritoneal MCs, as deter-
mined by using the method applied in agreement with our early
notion that the enzyme is expressed at a low level in normal tis-
sues.23 In contrast to the surface staining of c-kit, immunocytos-
taining with anti-heparanase antibodies resulted in strong
granule-shaped intracellular signals in hpa-tg MCs (Fig 3, G);
in comparison, control MCs had substantially weaker signals
for heparanase staining, confirming the low level of the enzyme
in normal MC cells (see Fig E4, A, in this article’s Online Repos-
itory at www.jacionline.org).
Overexpression of heparanase results in distressed

MC degranulation
To determine whether the morphologic disturbances of the

granules in hpa-tg MCs have functional implications, we exam-
ined the degranulation properties of peritoneal lavage cells on ac-
tivation. Analysis of b-hexosaminidase release revealed, similar
to the findings in FSMCs, a higher baseline release of b-hexosa-
minidase in hpa-tg cells than in control cells (Fig 4, A and B).
Moreover, in response to ionomycin plus PMA, but not in
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FIG 3. Morphologic examination of peritoneal MCs. Peritoneal cells were

stainedwithMay-Gr€unwald/Giemsa (A, control [Ctr];B,hpa-tg [arrowspoint
to MCs]) or with FITC-conjugated anti–c-kit antibody (C, Ctr; D, hpa-tg; MCs

are indicated by squares; originalmagnification340).E and F, Transmission

electronmicroscopy analysis of Ctr (Fig 3, E) and hpa-tg (Fig 3, F) peritoneal
MCs (original magnification33000).G, Hpa-tg MCs double immunostained

for c-kit (green) and heparanase (red) examined by means of confocal mi-

croscopy (z-scan). The nuclei were stained with DAPI (blue). FIG 4. Effect of heparanase overexpression on MC degranulation. A and B,

Release of b-hexosaminidase (Hex) by peritoneal cells on ionomycin plus

PMA (Fig 4, A) or anti-DNP–IgE plus DNP-BSA (Fig 4, B) treatment. The

data are expressed asOD405nm values (b-hexosaminidase activity) in theme-

dium before and after activation. C, Release of histamine by peritoneal cells

on anti-DNP–IgE plus DNP-BSA treatment. Each symbol represents data

from an individual animal.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

WANG ET AL 5
response to IgE-mediated activation, hpa-tg cells released more
b-hexosaminidase than control cells.

To further examine the effect of heparanase overexpression on
MC degranulation events, we measured the histamine release in
response to IgE-mediated peritoneal cell activation. As shown in
Fig 4, C, the baseline release of histamine was lower in hpa-tg
cells compared with that seen in control cells. Moreover, the re-
lease of histamine in response to IgE-mediated activation was
profoundly lower in hpa-tg cells compared with that seen in con-
trol cells. A likely explanation for the differential effects of hep-
aranase overexpression on b-hexosaminidase versus histamine
release might lie within their differential dependence on heparin
for storage; whereas b-hexosaminidase is reported to be heparin
independent,29 histamine is known to be strongly dependent on
heparin.30

Next, the effect of heparanase overexpression on MC protease
storage and release was assessed by means of Western blot
analysis. Quantification of the band intensities normalized against
the number of MCs showed a significantly reduced storage of
MC-CPA in hpa-tg peritoneal cells compared with that seen in
control cells; in comparison, the reduction of mMCP-5 levels



FIG 5. Detection of proteases in the peritoneal MCs. Representative Western blotting for MC-CPA (A) and

mMCP-5 (B) in nontreated (2) or IgE-activated (1) peritoneal MCs is shown. The bands were quantified

by using Image J software and normalized to the MC number in each mouse (n 5 4-5); the average relative

band intensity is shown. Release of MC-CPA (C) and mMCP-5 (D) in response to IgE cross-linking is calcu-

lated as follows: (Nonactivated 2 Activated)/Nonactivated 3 100%.
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was modest (Fig 5, A and B). On IgE-mediated activation, on av-
erage, about 20% of the total MC-CPA and mMCP-5 was lost (re-
leased) from control cells. In contrast, IgE-activated hpa-tg cells
released, on average, about 3% of the total MC-CPA and had es-
sentially no release of mMCP-5. The reduced storage and release
of proteases in hpa-tg cells were not due to a reduced expression
of the proteases; on the contrary, expression of these proteases at
the mRNA level was upregulated in hpa-tg MCs (see Fig E5 in
this article’s Online Repository at www.jacionline.org).
MC activation induces heparanase expression
The finding that heparanase modulates MC function prompted

us to examine whether heparanase expression is altered inMCs in
response to activation. First, FSMCs isolated from control
embryos were stimulated with ionomycin plus PMA, followed
by total RNA extraction and analysis of heparanase expression
with quantitative real-time RT-PCR. Indeed, MC activation
caused a robust upregulation of heparanase expression, particu-
larly at early time points after MC activation (Fig 6, A). Next, we
examined the heparanase expression in MCs after IgE-mediated
activation in vivo. Adult mice sensitized with anti-DNP-IgE
were challenged by means of intravenous injection of DNP-
BSA conjugate. Total peritoneal cells were collected from treated
and nontreated mice (n 5 7). The c-kit1 cells (MCs) were col-
lected by means of FACS for preparation of total RNA. Quantita-
tive real-time RT-PCR revealed that in vivo IgE-mediated
activation caused a minor upregulation of heparanase expression
in peritoneal MCs (Fig 6, B).
DISCUSSION
Heparanase has been shown to specifically cleave the glyco-

sidic bond between glucuronic acid and glucosamine residues in
HS. Recognized for its upregulated expression in some patho-
logical conditions, such as inflammatory reactions and metastatic
tumors, heparanase has recently attracted much attention in the
context of modulation of HS structure and function.23,25,31-33

However, although recombinant heparanase has been shown to
cleave both HS and heparin in vitro19 and is able to degrade mac-
romolecular heparin isolated from rat skin,18 direct evidence
showing that heparanase can process MC heparin in vivo has
not been reported.Moreover, the potential functional implications
of MC heparin processing by heparanase have not been addressed
previously.

The generation of transgenic mice overexpressing or lacking
heparanase21,24 has provided excellent models to examine hepar-
anase function in vivo. Because FSMCs have been shown to re-
semble CTMCs and produce heparin,27 we used FSMCs to
study the effect of heparanase on heparin processing and MC
function. As expected, in vitro–matured control and hpa-KO em-
bryonic FSMCs stained positively with toluidine blue; in compar-
ison, hpa-tg FSMCs stained considerably weaker (Fig 1, A-C).
Because toluidine blue stains negatively charged GAGs, the
weaker staining of hpa-tg FSMCs reflects an alteration in the
GAG content. Indeed, analysis of metabolically 35S-labeled hep-
arin showed an accumulation of dramatically shortened chains in
hpa-tg cells (Fig 1, D), indicating an extensive fragmentation of
the polysaccharide by overexpressed heparanase. Conversely,
the heparin chains in hpa-KO FSMCs were nondegraded.

http://www.jacionline.org


FIG 6. Effect ofMC activation on heparanase expression.A, Quantitative RT-

PCR analysis of heparanase expression in FSMCs (from 6 embryos) at the

time points indicated after activation with ionomycin plus PMA. B, MCs

were activated in vivo (7 mice per group) by anti-DNP–IgE plus DNP-BSA

treatment. The quantitative PCR signals of heparanase were standardized

against that of GAPDH (defined as 1). The error bars in Fig 6, A, represent
the average of duplicate samples, and those in Fig 6, B, indicate the SD

from 3 independent experiments performed in triplicate.
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Moreover, costaining of heparanase with heparin in connective
tissue (intestine) MCs of hpa-tg mice (Fig E4, B) provides addi-
tional evidence for the intracellular degradation of heparin by
heparanase. Together, these findings clearly demonstrate that hep-
aranase is responsible for processing of heparin within MC.
Moreover, the decreased proportion of -GlcA-GlcNS6S- disac-
charide units in heparin isolated from hpa-tg FSMCs provided ad-
ditional molecular evidence for heparanase-catalyzed heparin
cleavage (see Fig 1, E). It should be noted that a reduction of
this disaccharide unit was also observed in HS isolated from tis-
sues overexpressing heparanase,23 suggesting that heparanase has
a dual role in regulating the size of both heparin and HS in vivo.
This notion is also in agreement with our earlier observations
that heparanase can degrade heparin in vitro.18

Various proteases and other types of preformed granule com-
pounds might account for up to 50% of the total weight of a
matureMC.2MurineMCs express the exopeptidaseMC-CPA and
several MC-specific serine proteases, and large amounts of these
proteases can be released when MC degranulation is in-
duced.2,7,34 Recent investigations involving the assessment of
murine stains lacking individual MC proteases in different animal
models of disease have shown that these enzymes might account
for many of the biological functions attributed to MCs.2 Hence
mechanisms that are involved in the regulation of MC protease
storage are likely to have profound effects onMC function in vivo.

To examine the effect of heparanase on storage and release of
MC proteases, we determined the cellular contents of selected
proteases before and afterMCactivation. Interestingly, the storage
of 3 main CTMC proteases (ie, MC-CPA, mMCP-5, and mMCP-
6) was reduced in hpa-tg FSMCs, indicating that optimal protease
storage cannot occur if the granule heparin is subject to substantial
degradation by heparanase. This notion was further substantiated
by the finding that heparanase-deficient FSMCs contained higher
amounts of these proteases than control cells, suggesting thatMCs
containing ‘‘oversized’’ heparin chains can accommodate super-
optimal levels of MC proteases (Fig 2, A-C). Thus the storage of
MC proteases might be regulated at the level of heparanase ex-
pression/activity, with induction of heparanase leading to reduced
protease storage, in turn resulting in attenuated MC responses.
Conversely, reduced heparanase expression might lead to super-
optimal protease storage, possibly leading to exaggerated MC
responses. An effect of heparanase overexpression was also seen
in adult peritoneal MCs, which showed striking morphologic
alterations (Fig 3) accompanied by reduced ability to store MC
proteases (Fig 5) and to release histamine on activation (Fig 4,
C). Interestingly, elimination of heparanase appeared to havemin-
imal effects on adult peritoneal MCs (data not shown). A possible
explanation for this findingmight be that heparanase has profound
effects onMCs during their developmental stages but less of an ef-
fect on normal mature cells. In line with this notion, heparanase
protein is detectable in FSMCs but is undetectable in peritoneal
MCs from adult mice (see Fig E3, A-C).

Intriguingly, whereas the storage of MC-CPA and mMCP-6
was affected to a relatively modest extent by the absence or
overexpression of heparanase in FSMCs, mMCP-5 storage was
dramatically reduced in hpa-tg cells. Although we cannot with
certainty explain the mechanism behind this finding, it is notable
that mMCP-5, but not MC-CPA or mMCP-6, contains 2 distinct
patches of positively charged regions exposed on the protein sur-
face.35 Possibly optimal storage of mMCP-5 requires that both of
these regions are bound to the same heparin chain and thus that
optimal mMCP-5 storage requires long-chain heparin, whereas
the heparin chain length is less critical in promotion of MC-
CPA and mMCP-6 storage. Indeed, previous studies have shown
that optimal interaction of MC chymase with heparin requires a
high heparin chain length.36

Together, the findings presented here suggest that heparanase,
by regulating the size of MC heparin, can have an important
indirect role in the regulation ofMCprotease storage and in control
of MC degranulation processes. Considering that MC proteases
have important functions in association with a number of patho-
logical settings, including allergic reactions,2,37-39 heparanase-
mediated regulation of MC protease storage/release might thus
have profound consequences in various types of disease. Conceiv-
ably, induction or repression of heparanase expression in the con-
text of a given pathological stimulation could lead to effects on the
storage and release of theMCsecretorygranulemediators.Clearly,
this modulation leads to altered MC-driven responses.

We thank Professor Ulf Lindahl (Uppsala University) for valuable discus-

sions in the process of this study.

Clinical implications: Apossible upregulation of heparanase ac-
tivity in patients during allergic inflammation might affect
treatment with heparin. Inhibition of heparanase degradation
of heparin has the potential to attenuate MC activity in allergic
reaction conditions.
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METHODS

Preparation of FSMCs
Day 16.5 trunk skin of embryos was collected and digested in PBS

containing 1 mg/mL collagenase, 0.5 mg/mL DNase I, and 5% FCS. After

washing 3 times in PBS fortified with 5% FCS, cells were resuspended and

cultured in Dulbecco modified Eagle medium/F12 (Sigma, St Louis, Mo)

medium supplemented with 10% heat-inactivated FCS, 1% penicillin-strep-

tomycin liquid (Invitrogen, Carlsbad, Calif), IL-3 (20 ng/mL), stem cell factor

(50 ng/mL), and 2-mercaptoethanol (50 mmol/L) at 378C. During the first 15

days of culture, half of themediumwas replaced twice per week; after 15 days,

nonadherent and loosely adherent cells were harvested by means of gentle

shaking and transferring to new flasks. This transfer from the original wells

was repeated 2 to 3 times at an interval of 3 to 4 days, and the suspension of

MCs was matured for another 2 to 4 weeks before use in the experiments. The

criteria for maturation of the FSMCs are detection of dense granules in the

cells, as previously described.E1 The cells were used when they reached

greater than 95% toluidine blue positivity.

Purification and analysis of heparin from FSMCs
The matured FSMCs were cultured in T75 flasks, as described above, until

80% confluence and were transferred to sulfate-free medium supplemented

with 2 mmol/L glutamine, 1% Pest, 10% FCS, and 200 mCi/mL Na2
35SO4

(specific activity, 1500 Ci/mmol; PerkinElmer, Waltham, Mass). After cultur-

ing for 24 hours, the cells were collected and washed twice with PBS contain-

ing 5% FCS. The cell pellet was suspended in extraction buffer (50 mmol/L

Tris-HCl, 2 mol/L KCl, and 1% TritonX-100 [pH 7.4]) and incubated for 3

hours. The cell lysate was diluted in 50 mmol/L Tris-HCl, 1 mmol/L CaCl2,

and 1% Triton X-100 (pH 8.0) containing 0.8 mg of protease for digestion

of proteins at 558C overnight. For elimination of nucleic acids, Benzonase

(60 U; Merck, Whitehouse Station, NJ) and MgCl2 (2 mmol/L) were added

to the lysate, followed by incubation for an additional 2 hours at 378C. The pro-
ducts were then applied to a 1.5-mL DEAE-Sephacel column (Sigma-

Aldrich). After extensive washing with equilibration buffer (50 mmol/L

Tris-HCl and 0.3 mol/L NaCl, pH 7.4), bound materials were eluted with 50

mmol/L Tris-HCl and 2 mol/L NaCl (pH 7.4). The eluted fractions were de-

salted by means of dialysis and lyophilized. After dissolving the material in

a small volume, the products were treated with Chondroitinase ABC

(25 mU, Seikagaku) and reapplied to the DEAE-Sephacel column to recover

heparin.

The purified 35S-labled heparin was analyzed on a Superose-12 column

(GE Healthcare Biosciences, Fairfield, Conn) in a buffer of 50 mmol/L Tris-

HCl (pH 7.4), 1 mol/L NaCl, and 0.1% Triton-X 100. For the disaccharide

compositional analysis, samples were subjected to cleavage at N-sulfated glu-

cosamine (GlcNS) residues bymeans of treatment with nitrous acid (pH 1.5)E2

and reduced with NaBH4. The resulting oligosaccharides were separated on a

Superdex-30 column (GE Healthcare Biosciences) in 0.5 mol/L NH4HCO3 at

a flow rate of 1 mL/min. The disaccharide fraction was collected and analyzed

on a Partisil-10 SAX column, as previously described.E3

Collection of peritoneal cells
Hpa-tg and control mice (12-18 weeks) were killed by means of CO2 inha-

lation. After peritoneal injection of 10mL of cold PBS (pH 7.4), the peritoneal

lavage cells were collected by means of centrifugation. The collected cells

were washed twice with PBS and suspended in PBS for the experiments de-

scribed below. Total cell numbers from each mousewere counted with a phase

contrast microscope.

Characterization of MCs
The isolated FSMCs from hpa-tg and control micewere cultured in the me-

dium specified above. The maturedMCs (203 103) were centrifuged onto cy-

tospin slides, as previously described. The cytospin slides were fixed in

methanol for 3minutes and stainedwith toluidine blue at pH 2.5 for 5minutes.

After washing 3 times in distilled water, the slides were mounted with Vecta-

Mount mountingmedium (Vector laboratories, Burlingame, Calif). The nuclei

were stained with DAPI (Sigma). For adult MCs, 30,000 cells from the total
peritoneal population were centrifuged onto cytospin slides and stained with

May-Gr€unwald/Giemsa. For immunocytometry, cells were stained with

FITC-conjugated anti–c-kit (CD117) antibody (BD PharMingen, San Jose,

Calif) diluted 1:100 in PBS containing 5% FCS. For immunocytostaining, to-

tal peritoneal cells (33 105) were seeded on cover slips coated with fibronec-

tin (50 g/mL) and cultured overnight. Then the cells were washed in PBS and

fixed in 99% ethanol on ice for 5 minutes. Cells were permeabilized in 0.4%

Triton X-100 at room temperature for 5 minutes, followed by blocking with

Rodent Block M (Biocare Medical, Concord, Calif) at room temperature for

30 minutes. FITC rat anti-mouse CD117 (BD PharMingen) and anti-

heparanase antibodyE3 incubation was carried out overnight at 48C in a humid

chamber. After washing with PBS, cells were treated with Fluorescence En-

hancement Probe (Biocare Medical) for 30 minutes at room temperature, fol-

lowed by incubation with DyLight goat anti-rabbit 594 conjugate (Biocare

Medical) for 30 minutes at room temperature. After washing with PBS and

H2O, cells were mounted with mounting medium containing DAPI for coun-

terstaining of nuclei. For immunohistostaining, the intestine was dissected

from hpa-tg and control mice. Paraffin-embedded sections were stained

with anti-heparin (10E4) and anti-heparanase (733) antibodies.E3 The images

were acquired by using a Zeiss immunofluorescence microscope at340 mag-

nification or confocal microscopy with a Z-scan.

Transmission electron microscopy
Mature FSMCs (13 106) were fixed for 2 hours in 2% glutaraldehyde in a

0.1mol/L sodium cacodylate buffer supplementedwith 0.1mol/L sucrose. Af-

ter dehydration, the cells were embedded, and ultrathin sections were placed

on copper grids that were covered with a film of polyvinyl formal plastic and

contrasted with uranyl acetate and lead citrate. Electron micrographs were

taken with a Hitachi electron microscope (Hitachi Ltd, Tokyo, Japan).

Immunoblot analysis
The MCs, FSMCs or MCs isolated from peritoneal lavage, as well as the

total cells from peritoneal lavage, were washed twice with PBS followed by

lysis in SDS sample buffer (2% SDS, 80 mmol/LTris-HCl [pH 6.8], and 10%

glycerol). The supernatant was collected for total protein determination with

BCA reagent (Roche, Mannheim, Germany). After denaturing by boiling at

958C for 5 minutes, the samples were separated on 12% SDS-PAGE. The

proteins were subsequently blotted onto polyvinylidene difluoridemembranes

that were blocked and probed with antibodies, as indicated in the respective

figures and legends. The signals were developed by using an ECL reagent

(ECL plus, GE Healthcare Biosciences) and exposed to a film. The results

were analyzed by means of quantification of the band intensity with Image

J software.

Real-time PCR
FSMCs were matured as described above. Peritoneal MCs were isolated

from total lavage fluid and sorted after immunostaining with anti–c-kit

antibody. Total RNAwas isolated with the RNeasyMicro Kit (Qiagen, Hilden,

Germany). Synthesis of cDNAwas carried out by means of reverse transcrip-

tion of the total RNA by using SuperScript III First-Strand Synthesis System

(Invitrogen) with random primers. The cDNA (50 ng) was used for quanti-

tative real-time PCR with Evagreen dye on a MiniOpticon thermal cycler

(Bio-Rad Laboratories, Hercules, Calif). The primers are summarized in Table

E1. All reactions were performed in triplicate for 39 cycles. The data were

evaluated by using the 2-DDCT method.E4 Samples were normalized with the

mRNA level of GAPDH from each sample, and data are reported as the ratio

of treated cells/untreated cells or expression fold.

Fluorescence-activated cell sorting (FACS)
Total peritoneal cells were washed twice in cold PBS and incubated on ice

for 40 minutes with FITC-conjugated anti–c-kit (CD117) antibody (5 mg/mL)

or with FITC-conjugated isotype IgG at the same concentration. After

staining, the cells were washed twice in cold PBS and diluted in PBS

containing 2% FCS. Cells (3 3 104) were analyzed on an LSRII instrument

(BD Biosciences, Mississauga, Ontario, Canada). Fluorescence emission
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signals for FITC were plotted against forward scatter light. The control sam-

ples stained with FITC-conjugated IgGwere plotted by using side scatter light

against forward scatter light. A minimum of 10,000 events (cells) per sample

were counted.

For isolation of MCs, total peritoneal cells were stained with FITC-

conjugated anti–c-kit antibody followed by sortingwith a FacsAria Cell Sorter

(BD Biosciences). c-kit1 cells were collected for preparation of RNA (PCR)

and cell lysate (Western blotting).

Activation of MCs
In vitro ionomycin plus PMA treatment. FSMCs (10,000)

or total peritoneal lavage cells (1 3 106) were incubated in 60 mL of Tyrode

buffer (10 mmol/L HEPES [pH 7.4], 130 mmol/L NaCl, 5 mmol/L KCl, 1.4

mmol/L CaCl2, 1 mmol/L MgCl2, 5.6 mmol/L glucose, and 0.1% BSA) in

the absence or presence of ionomycin and 20 ng/mL PMA for 30 minutes at

378C during gentle rotation. After centrifugation, the media were collected

for analysis.

In vitro treatment with anti-DNP–IgE. Total peritoneal cells
suspended in PBS from each mouse were divided into 2 equal parts, one of

which was sensitized in medium containing 0.5 mg/mL anti-DNP–IgE (clone

SPE-7, Sigma-Aldrich) for 1 hour at 378C. After washing twice with Tyrode

buffer to eliminate excess antibody, cells were activated with 0.5mg/mLDNP-

conjugated BSA (DNP-BSA; Invitrogen) by means of incubation for 1 hour at

378C.

In vivo activation. Adult control mice (12 weeks) were injected

intravenously with 5 mg per mouse (100 mL) of anti-DNP–IgE mAb or PBS

through the tail vein. The animalswere kept with free access towater and food.

After 24 hours, the mice were challenged by means of intravenous injection of
200 mg of DNP-BSA dissolved in 100 mL of PBS. The animals were killed 30

minutes after the challenge bymeans of inhalation of CO2, and peritoneal cells

were collected in the same way as described above.

Analysis of degranulation
b-Hexosaminidase activity from the media was determined as previously

described.E5 Briefly, the samples were incubatedwith p-nitrophenyl-N-acetyl-

b-D-glucosamine (1 mmol/L in 0.1 mol/L sodium citrate, pH 4.5) at 378C for

90 minutes. The reaction was stopped by means of addition of 50 mL of 0.4

mol/L glycine (pH 10.7). Substrate conversion was measured based on absor-

bance at 405 nm (OD). Histamine was quantified with the Histamine Enzyme

Immunoassay Kit (SPI-Bio), according to the manufacturer’s instructions.

The values were normalized to the total MC number in each mouse.



FIG E1. Assessment of total cell counts and MC numbers in peritoneal

lavagefluid.A, Total peritoneal cell numberswereobtainedbycountingdur-

ing phase contrast microscopy. B, MCs were quantified by means of FACS

analysis of total peritoneal cells stainedwith FITC-conjugated anti–c-kit anti-

body. Aminimum of 10,000 cell events was analyzed for each mouse (n5 6

per each group).C, Percentage ofMCs in the total peritoneal cell population.

Ctr, Control.
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FIG E2. Expression of proteases in peritoneal MCs. Total RNA was

extracted from control (Ctr) and hpa-tg cells collected from peritoneal

lavage fluid (n 5 3), as described in the Methods section. Quantitative RT-

PCR analysis was performed with the primers presented in Table E1. Sig-

nals for each protease gene were standardized against that of GAPDH

(defined as 1). The error bars represent the average of duplicate samples

of 2 analyses.
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FIG E3. Western blot analysis of heparanase and c-kit. A-C, Heparanase ex-

pression in hpa-tg FSMCs (Fig E3, A), hpa-KO FSMCs (Fig E3, B), and hpa-tg
peritoneal MCs (Fig E3, C). FSMCswerematured in vitro, as described in the

Methods section. Adult MCs were isolated from the total peritoneal lavage

fluid of 7 control (Ctr) and 7 hpa-tg mice by means of FACS after immunos-

taining with anti–c-kit antibody (see Fig E2). Cells were lysed in SDS-PAGE

sample buffer, and the supernatants were subjected to SDS-PAGE analysis.

Total protein of 50 mg (for FSMCs) or 20 mg (for peritoneal MCs) was applied

and blotted to polyvinylidene difluoride membranes that were probed with

anti-heparanase antibody 733 diluted 1:1000 (FSMCs) and 1:500 (for perito-

neal MCs). As loading control, the membranes were reprobed with anti-

GAPDH antibody (1:2000; Santa Cruz Biotechnology, Santa Cruz, Calif).

The relative intensity of heparanase to GAPDH is shown in the right panels.
It should be noted that the level of heparanase in Ctr peritoneal MCs is less

than the detection limit under the conditions used. D, c-kit Expression in

cells from peritoneal lavage. Total protein of 20 mg was applied.
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FIG E4. Representative graphs of FACS analysis. Data on control (Ctr; A) and hpa-tg (B) cells with or without

anti–c-kit immunostaining are shown. Left panels show cells sorted by cellular density (side scatter) and size

(forward scatter), where P1 represents MCs. Themiddle panels show cells stained with FITC-conjugated iso-

type IgG. The right panels show cells stained with FITC-conjugated anti–c-kit antibody. P2 represents c-kit1

cells.
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FIG E5. Immunohistologic analysis of heparanase expression in MCs and intestine. A, Peritoneal lavage

cells were seeded on cover slips coated with fibronectin and cultured overnight. After extensive washing,

the cells were stained with antibodies against c-kit (green) and heparanase (red). Nuclei are stained with

DAPI. B, Sections of paraffin-embedded intestine from hpa-tg mice were double-stained with anti-

heparin (green) and anti-heparanase (red) antibodies. The boxed MC is enlarged in the lower panels. Ctr,
Control.
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TABLE E1. Primers used in quantitative PCR

Gene Forward primer (59/39) Reverse primer (59/39)

mHpse TGTCCTGAACCTCCATAATGTC TACGTATCCACTGGTTTCCTGA

mGAPDH ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA

mMCP-4 GCCAAAGAGACTCCCTCTGTGATT GCATCTCCGCGTCCATAAGATACA

mMCP-5 TTGCCAGCCTGTGAGGAAA TACAGACAGGCCAGATCGCAT

mMCP-6 CATTGATAATGACGAGCCTCTCC CATCTCCCGTGTAGAGGCCAG

MC-CPA TGACAGGGAGAAGGTATTCCG CCAAGGTTGACTGGATGGTCT
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