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Mast cell secretory granules (secretory lysosomes) contain
large amounts of fully active proteases bound to serglycin pro-
teoglycan. Damage to the granule membrane will thus lead to
the release of serglycin and serglycin-bound proteases into the
cytosol, which potentially could lead to proteolytic activation
of cytosolic pro-apoptotic compounds. We therefore hypothe-
sized that mast cells are susceptible to apoptosis induced by
permeabilization of the granule membrane and that this pro-
cess is serglycin-dependent. Indeed, we show that wild-type
mast cells are highly sensitive to apoptosis induced by granule
permeabilization, whereas serglycin-deficient cells are largely
resistant. The reduced sensitivity of serglycin�/� cells to apo-
ptosis was accompanied by reduced granule damage, reduced
release of proteases into the cytosol, and defective caspase-3
activation. Mechanistically, the apoptosis-promoting effect of
serglycin involved serglycin-dependent proteases, as indicated
by reduced sensitivity to apoptosis and reduced caspase-3 acti-
vation in cells lacking individual mast cell-specific proteases.
Together, these findings implicate serglycin proteoglycan as a
novel player in mast cell apoptosis.

Serglycin (SG)2 is a proteoglycan expressed by numerous
hematopoietic cell types, including mast cells (MCs), cyto-
toxic T lymphocytes, platelets, neutrophils, and macrophages
(1, 2). Like all proteoglycans, SG contains a protein “core” to
which highly sulfated glycosaminoglycan chains are attached,

with the type of glycosaminoglycan (heparin or chondroitin/
heparan sulfate) and extent of glycosaminoglycan sulfation
being cell type-specific (1–3). The genetic targeting of SG has
revealed a major function for this proteoglycan in regulating
the storage of a variety of compounds present in the secretory
granules of hematopoietic cells. For example, SG-deficient
MCs showed an essentially complete inability to store a num-
ber of MC-specific granule proteases of chymase (mouse mast
cell protease 4 (mMCP-4) and mMCP-5), tryptase (mMCP-6),
and MC carboxypeptidase A-type (MC-CPA) (4, 5), of which
mMCP-4–6 are serine proteases and MC-CPA is a metallo-
protease (reviewed in Refs. 6, 7). Furthermore, SG has been
shown to have a key role in promoting the storage of gran-
zyme B in cytotoxic T lymphocytes (8), N-elastase in neutro-
phils (9), and platelet factor 4/CXCL4 in platelets (10).
It has recently been demonstrated that animals lacking SG

spontaneously develop an enlargement of multiple lymphoid
tissues/organs (11) and a markedly delayed contraction of the
CD8� T cell response following virus infection (12). Although
multiple explanations for these findings may apply, one possi-
bility would be that the absence of SG affects the ability of
certain leukocyte populations to undergo apoptosis.
Apoptosis can be achieved by a multitude of pathways, in-

cluding activation through death receptors, the perforin/gran-
zyme pathway, and through mitochondrial damage (13, 14),
but it is also known that apoptosis can be initiated via a lysoso-
mal pathway triggered by permeabilization of the lysosomal
membrane (15–18). Notably, the lysosomal pathway of apoptosis
has been shown to contribute to cell death in several immuno-
logical contexts, such as CD95-mediated apoptosis of germinal
center B cells (19), models of peripheral T cell deletion (20),
macrophage cell death induced by NF-�B inhibition (21), CD2
activation of NK cells (22), and activation-induced cell death of
CD8� T cells (23). Apoptosis via the lysosomal pathway has been
shown to involve the release into the cytosol of various lysosomal
proteases, such as cysteine cathepsins, and the translocation of
these into the cytosol leads to downstream proteolytic activation
of numerous pro-apoptotic compounds along with degradation
of anti-apoptotic components (15–18).
MC secretory granules share many features with lysosomes,

such as acidic pH and similar membrane components. More-
over, MC secretory granules contain a number of lysosomal
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proteases such as cysteine and aspartic acid cathepsins (24–
27) as well as other lysosomal hydrolases, including �-hex-
osaminidase. Hence, the distinction between lysosomes and
secretory granules is not clearly defined in many cell types,
and secretory granules, e.g. in MCs, are therefore often re-
ferred to as “secretory lysosomes” (28). Considering that MC
secretory granules, in addition to containing vast amounts of
MC-specific proteases of chymase, tryptase, and MC-CPA-
type, also contain various lysosomal proteases, MC granules
are thus equipped with an impressive arsenal of proteolytic
activity. Accordingly, damage to the MC secretory granules
will lead to a massive release of active proteases into the cy-
tosol. Potentially, these may proteolytically activate various
pro-apoptotic compounds, and we therefore hypothesized
that MCs may be prone to apoptosis via agents that induce
secretory granule/lysosome permeabilization. Moreover, be-
cause many of the proteases within MC granules are depen-
dent on SG for proper storage (4, 5), we also hypothesized
that apoptosis initiated by a granule/lysosome pathway may
be SG-dependent. Indeed, we show here that MCs are highly
sensitive to apoptosis induced by permeabilization of the se-
cretory granules and that this pathway of MC apoptosis is
strongly dependent on SG. We have thus identified SG as a
novel player in apoptosis.

EXPERIMENTAL PROCEDURES

Reagents—H-Leu-Leu-OMe (LLME), HBr, and the chromo-
genic peptide substrate Z-Phe-Arg-AMC were from Bachem
(Bubendorf, Switzerland). (S)-(�)-Camptothecin, acridine
orange, E64d (membrane-permeable), and Z-DEVD-FMK
were from Sigma. Pefabloc SC was from Roche Applied Sci-
ence. Donkey anti-rabbit and anti-goat Ig, both conjugated to
horseradish peroxidase, were purchased from GE Healthcare
and Santa Cruz Biotechnology (Santa Cruz, CA), respectively.
Polyclonal antibodies were as follows: anti-procaspase-3/
CPP32 was from Invitrogen; anti-active caspase-3 was from
Abcam (catalog no. ab2302, Cambridge, UK); anti-Bid was
from Abcam; anti-�-actin was from Santa Cruz Biotechnol-
ogy; and anti-murine cathepsin C was from R&D Systems
(Minneapolis, MN).
Mice—Mice (8–18 weeks old) deficient in SG (SG�/�)(5),

mMCP-4�/� (29), mMCP-6�/� (30), and MC-CPA�/� (31)
as well as wild-type (WT) controls were all on C57BL/6J ge-
netic background. Mice with an inactivating mutation in the
active site of MC-CPA (MC-CPAY356L,E378A) were as de-
scribed previously (32). All animal experiments were ap-
proved by the local ethical committee.
Bone Marrow-derived MCs (BMMCs)—Mice were sacri-

ficed by CO2 asphyxiation. Femurs and tibiae were removed,
and marrow was flushed from the bones with phosphate-buff-
ered saline (PBS). BMMCs were obtained by culturing bone
marrow cells in Dulbecco’s modified Eagle’s medium (SVA,
Uppsala, Sweden), supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen), 50 �g/ml streptomycin sul-
fate, 60 �g/ml penicillin G, 2 mM L-glutamine (SVA), and 30%
WEHI-3B conditioned medium (which contains IL-3). The
cells were kept at a concentration of 0.5 � 106 cells/ml, at
37 °C in 5% CO2, and the medium was changed every 3rd day.

LLME Assays—Triplicates of 1 ml of BMMCs (0.5 � 106
cells/ml) were transferred into individual wells of a 24-well
flat-bottomed plate and were either left untreated or induced
to undergo apoptosis with different concentrations of LLME
in complete culture medium, followed by incubation for dif-
ferent time points (as specified in the figure legends). Inhibi-
tory assays were performed using the same methodology.
However, before LLME treatment, cells were previously incu-
bated with a broad spectrum cysteine cathepsin inhibitor
E64d (10 �M), the caspase-3-type inhibitor Z-Asp(O-Me)-
Glu(O-Me)-Val-Asp(O-Me) fluoromethyl ketone (Z-DEVD-
FMK) (40 �M), or pepstatin A (1 �M).
Staining for Acidic Compartments—BMMCs (0.5 � 106

cells/ml) were either left untreated or previously induced to
undergo apoptosis with LLME (as described above) and incu-
bated with 5 �g/ml of acridine orange for 15 min. Next, the
medium was removed by centrifugation (1,200 rpm; 8 min),
and cells were washed three times in PBS and resuspended in
PBS/BSA (100 �g/ml) to initial concentration. 100 �l of each
cell suspension were transferred into individual wells of a 96-
well flat-bottomed plate. Plates were then directly read in a
FARCyte ELISA reader (Amersham Biosciences) at 485 nm
(excitation) and 650 nm (emission).
Morphology of Cells—Cells were collected onto object

glasses by cytospin (500 rpm, 5 min) and stained with May-
Grünwald/Giemsa (Merck). Briefly, cells were fixed in metha-
nol (3 min) and then stained in May-Grünwald solution (5
min) followed by Giemsa (15 min), with H2O washing steps
after staining. Digital images were acquired using a Leica
CTRMIC microscope (Leica Microsystems, Wetzlar, Ger-
many). Transmission electron microscopy was performed as
described previously (4).
Caspase-3-like Activity—BMMCs (106 cells/ml) were either

left untreated or induced to undergo apoptosis with different
concentrations of LLME in complete culture medium. At dif-
ferent time points (as specified in the figure legends), cells
were harvested by centrifugation and washed once in PBS,
and caspase-3-like activity was measured according to the
EnzChek� caspase-3 assay kit number 2 procedure (Molecu-
lar Probes/Invitrogen). Triplicates were transferred into indi-
vidual wells of a 96-well flat-bottomed plate, and incubated
for 30 min at room temperature. Fluorescence intensity was
measured at 496 nm (excitation) and 520 nm (emission) using
a FARCyte ELISA reader.
Flow Cytometry—Flow cytometry was performed using an

annexin V-FITC apoptosis detection kit (Sigma) according to
the protocol provided by the manufacturer. After staining, the
cells were analyzed using a FACScan� flow cytometer and the
CELLQuestTM 3.3 software (BD Biosciences). Data from
10,000 events/sample were collected.
Western Blot Analysis—Samples of 0.5–2 � 106 BMMCs

were solubilized in 1� SDS-PAGE sample buffer containing
5% dithiothreitol. Samples corresponding to an equal number
of cells were subjected to SDS-PAGE on 12% gels. Proteins
were subsequently blotted onto nitrocellulose membranes,
followed by blocking with 5% milk powder in Tris-buffered
saline (TBS), 0.1% Tween 20 (1 h, room temperature). Next,
the membranes were incubated with polyclonal antibodies
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(diluted 1:500–1:1000 in TBS, 5% milk powder, 0.1% Tween
20), at 4 °C overnight. After washing the membranes exten-
sively with TBS, 0.1% Tween 20, the membranes were incu-
bated with anti-rabbit or anti-goat Ig, both conjugated to
horseradish peroxidase (diluted 1:2000–1:2500 in TBS/0.1%
Tween 20). After 1 h of incubation at room temperature, the
membranes were washed extensively with TBS, 0.1% Tween
20. The membranes were developed with ECL (GE Health-
care) according to the protocol provided by the manufacturer.
Cytosolic Extract Preparation and Measurement of Z-Phe-

Arg-AMC Cleaving Activity—BMMCs (106 cells) were col-
lected by centrifugation (1,200 rpm, 8 min, 4 °C) in 1.5-ml
Eppendorf tubes and then resuspended in 300 �l of ice-cold
digitonin extraction buffer (10 �g/ml digitonin, 250 mM su-
crose, 20 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1
mM EDTA, 1 mM EGTA). After 10 min of incubation on ice,
the supernatant was quickly removed by centrifugation
(13,000 rpm; 2 min, 4 °C), and 20 �l of each sample were
transferred in triplicates into individual wells of a 96-well flat-
bottomed plate, followed by addition of 20 �l of H2O and 50
�l of 100 mM phosphate buffer containing 1 mM EDTA and 1
mM dithiothreitol, pH 6.0. Samples were kept for 15 min at
37 °C, and 10 �l of 200 �M Z-Phe-Arg-AMC was then added,
followed by incubation for 30 min at 37 °C. Finally, AMC re-
lease was measured by determining fluorescence at 390 nm
(excitation) and 460 nm (emission) (Hitachi F-4000, Tokyo,
Japan).
DNA Degradation—BMMCs (106 cells) previously washed

in PBS were incubated with 0.5 ml of lysing buffer (PBS, 0.2%
Nonidet P-40, 0.9 mM 4-(2-aminoethyl)benzenesulfonyl fluo-
ride, 0.4 mM EDTA, 80 �M bestatin, 12 �M pepstatin A, 12 �M

E64d) for 10 min at 4 °C. Next, the supernatant was recovered
after centrifugation (12,000 rpm, 20 min, 4 °C), and RNA was
digested using RNase (0.1 mg/ml at 37 °C for 1 h) followed by
proteinase K digestion (20 �g/ml at 37 °C for 1 h). DNA was
precipitated by adding an equal volume of isopropyl alcohol,
incubated overnight at �20 °C, and centrifuged at 12,000 � g
for 15 min at 4 °C. The pellets were air-dried, resuspended in
20 �l of Tris acetate EDTA buffer supplemented with 2 �l of
sample buffer (0.25% bromphenol blue, 30% glycerol), and
electrophoretically separated on 2% agarose gels containing 1
�g/ml ethidium bromide and visualized under ultraviolet
transillumination.
Statistical Analyses—Statistical significance was tested us-

ing one-way analysis of variance (ANOVA) performed by us-
ing Origin 7.5 (OriginLab Corp., Northampton, MA). All data
shown are from individual experiments, representative of sev-
eral (up to five) independent experiments.

RESULTS

MC Apoptosis Induced by a Secretory Granule-mediated
Pathway Is SG-dependent—To assess the susceptibility of
MCs to apoptosis, we used a lysosomotropic agent, H-Leu-
Leu-OMe (LLME). LLME is well known to induce apoptosis
by causing lysosomal membrane permeabilization and has
previously been shown to trigger apoptosis in multiple cell
lineages, in particular of hematopoietic type (33). Because
secretory granules and lysosomes share many features (see

Introduction), we reasoned that lysosomotropic agents also
could induce permeabilization of secretory granules. LLME
was added to bone marrow-derived MCs (BMMCs), at differ-
ent concentrations and for different time periods, followed by
assessment of apoptosis/necrosis by annexin V (apoptosis)
and PI (necrosis/late stage apoptosis) staining.
Initial experiments showed that a 24-h culture of wild-type

(WT) BMMCs with 500 �M LLME caused 97% apoptosis, sug-
gesting that MCs are highly susceptible to LLME-induced
apoptosis (data not shown). To establish conditions in which
only limited apoptosis was induced, we instead measured apo-
ptosis after a 4-h culture period. As shown in Fig. 1A, apopto-
sis of WT BMMCs was efficiently induced at LLME concen-
trations as low as 100 �M, and almost 100% apoptosis was
seen at 500 �M. Strikingly, SG�/� BMMCs showed a marked
resistance to LLME-induced apoptosis, indicating a promi-
nent role for SG in apoptosis induced by LLME. SG is a main
component of secretory granules, rather than being a typical
component of conventional lysosomes. Therefore, the most
likely explanation for the differential sensitivity of WT versus
SG�/� BMMCs to apoptosis is that LLME induces cell death
in BMMCs via targeting of the secretory granules, rather than
targeting of conventional lysosomes.
In contrast to apoptosis induced by LLME, apoptosis in-

duced by camptothecin was unaffected by the absence of SG
(data not shown), indicating that apoptosis induced by inhibi-
tion of nucleic acid synthesis is not SG-dependent. Notably,
among the nonresistant population of the SG�/� BMMCs, a
major portion was double annexin V/PI-positive rather than
solely annexin V-positive (Fig. 1, A and B), suggesting necro-
sis/late stage apoptosis. Typically, induction of apoptosis in-
duces a reduction in cellular size, and in agreement with this
notion, LLME caused a marked reduction in the size of WT
BMMCs (Fig. 1C). In contrast, but in line with the lower sus-
ceptibility of SG�/� BMMCs to LLME-induced apoptosis, a
large portion of the SG�/� BMMCs showed no signs of cellu-
lar shrinking (Fig. 1C). Reduced sensitivity of SG�/� BMMCs
to apoptosis was also supported by a considerably less extent
of DNA degradation in SG�/� versusWT cells in response to
LLME (Fig. 1D).
Granule Damage Is Reduced in MCs Lacking SG—To assess

granule integrity, we used staining with acridine orange, a dye
that yields strong fluorescence when present in acidic com-
partments such as lysosomes/secretory granule (34). Follow-
ing lysosomal damage, the pH of the lysosomal/granule com-
partment is raised, and acridine orange therefore shows
reduced fluorescence. As shown in Fig. 2A, untreated
BMMCs, both WT and SG�/�, showed granular staining with
acridine orange as detected by fluorescence microscopy.
Upon treatment with LLME, WT BMMCs showed clear signs
of lost cellular integrity accompanied by reduced acridine or-
ange staining (Fig. 2A), an effect seen at LLME concentrations
down to 100 �M. Extensive cellular decomposition was also
apparent when cells were inspected by light microscopy after
staining with May Grünwald/Giemsa (Fig. 2B). In contrast,
SG�/� BMMCs showed markedly lower susceptibility to lyso-
somal damage, with acridine orange-positive cells clearly de-
tectable even at 250 �M LLME (Fig. 2A) and less signs of cel-
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lular decomposition as assessed by light microscopy (Fig. 2B).
Quantification of the acridine orange fluorescence confirmed
that LLME caused an almost complete loss of fluorescence in
WT BMMCs, although this effect was markedly reduced in
BMMCs lacking SG (Fig. 2C, upper panel). Notably, when the
cells were treated with camptothecin, no significant difference
in acridine orange staining was seen when comparing WT

with SG�/� BMMCs (Fig. 2C, lower panel). As an additional
approach to evaluate the contribution of SG to lysosomal/
granule damage, we measured the release of granule/lysoso-
mal proteases into the cytosol during LLME-induced apopto-
sis. As depicted in Fig. 2D (upper panel), addition of LLME to
WT cells resulted in extensive release of protease activity into
the cytosol, as measured by Z-Phe-Arg-AMC cleaving activity

FIGURE 1. SG�/� BMMCs are less susceptible than WT BMMCs to apoptosis induced by a secretory granule-mediated pathway. A, WT (black bars) or
SG�/� (white bars) BMMCs (0.5 � 106 cells/ml) were either left untreated or treated with different concentrations of LLME for 4 h and were then stained with
annexin V (AnnV)-FITC and PI, followed by flow cytometry analysis. Data are expressed as mean � S.E. (n � 3), and statistical differences were analyzed by
ANOVA. B, dot plots for representative samples showing staining with annexin V-FITC (FL-1) and PI (FL-3). The % of cells is indicated within each quadrant.
C, dot plots showing forward scatter (FSC) and side scatter (SSC). Note that LLME causes a higher extent of cell shrinking in WT than in SG�/� BMMCs, as
shown by a reduction in forward scatter after addition of 100 –500 �M LLME. D, effect of SG deficiency on DNA degradation in response to LLME. DNA was
extracted from WT and SG�/� BMMCs 4 h after addition of LLME at the indicated concentrations, followed by analysis by agarose gel electrophoresis.
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in cytosolic extracts. In contrast, only minimal Z-Phe-Arg-
AMC cleaving activity was detected in cytosolic extracts pre-
pared from SG�/� cells treated with LLME (Fig. 2D, upper
panel). Z-Phe-Arg-AMC is a substrate for various cysteine
cathepsins, and to assess whether the Z-Phe-Arg-AMC cleav-
ing activity was due to cysteine cathepsin activity, samples
were treated with a specific cysteine cathepsin inhibitor
(E64d), followed by measurement of residual Z-Phe-Arg-
AMC cleaving activity. Indeed, the Z-Phe-Arg-AMC cleaving

activity was inhibited to a large extent by E64d (Fig. 2D, lower
panel). As judged by Western blot analysis, the total levels of
cathepsin B and L were similar in WT and SG�/� cells (data
not shown), indicating that SG affects the rate of cysteine ca-
thepsin release into the cytosol rather than affecting the total
levels of stored cysteine cathepsins. Notably, �50% of the to-
tal Z-Phe-Arg-AMC cleaving activity was nonsensitive to
E64d, suggesting that also other types of proteases are translo-
cated into the cytosol. Because MCs store a number of MC-

FIGURE 2. LLME causes more extensive granule damage in WT than in SG�/� BMMCs. A and B, WT or SG�/� BMMCs were treated with LLME for 4 h at
the concentrations indicated, followed by staining with acridine orange and analysis by fluorescence microscopy (A) or staining with May Grünwald/Giemsa
and analysis by light microscopy (B) (original magnification �40). C, WT (black bars) or SG�/� (white bars) BMMCs (0.5 � 106 cells/ml) were either left un-
treated or treated with 500 �M LLME (upper panel) or 5 �M camptothecin (lower panel) for different time points, followed by staining with acridine orange.
70% of the WT and 73% of the SG�/� BMMCs were annexin V� and/or PI� after treatment with 5 �M camptothecin for 4 h (data not shown). D, upper panel,
release of Z-Phe-Arg-AMC cleaving protease activity into the cytosol after treatment of WT and SG�/� BMMCs (106 cells) with LLME (100 �M). At the time
points indicated, cytosolic extracts were prepared and analyzed for Z-Phe-Arg-AMC cleaving activity. D, lower panel, residual Z-Phe-Arg-AMC cleaving activi-
ties after incubation (15 min) of cytosolic extracts with specific inhibitors of either cysteine cathepsins (E64d; 10 �M) or serine proteases (Pefabloc SC; 1 mM).
Data are expressed as mean � S.D. of triplicates.
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specific serine proteases in their secretory granules (see Intro-
duction), we assessed whether the residual Z-Phe-Arg-AMC
cleaving activity could be inhibited by a specific serine prote-
ase inhibitor (Pefabloc SC). In agreement with this notion,
�50% of the total Z-Phe-Arg-AMC cleaving activity was in-
hibited by Pefabloc SC. Hence, BMMC apoptosis induced by
the secretory granule/lysosomal pathway involves extensive
release of both cysteine cathepsins and serine proteases into
the cytosol, and SG is essential for this process.
Ultrastructural Evidence for a Role of SG in Promoting

Apoptosis—To provide ultrastructural insight into the differ-
ential susceptibility of WT versus SG�/� BMMCs to LLME,
we employed transmission electron microscopy analysis. WT
BMMCs showed typical morphology, containing numerous
cytoplasmic granules with characteristic dense core formation
(Fig. 3A) (4). In line with previous studies (4, 35), SG�/�

BMMCs contained approximately equal numbers of granules
as did WT cells, but the granules of SG�/� BMMCs were

morphologically distinguished from those of WT cells, with
substantially less dense core formation and with granules in-
stead filled with evenly distributed amorphous material of
moderate electron density (Fig. 3B). As displayed in Fig. 3C,
LLME-treated WT BMMCs displayed clear signs of apoptosis,
showing nuclear condensation and generation of apoptotic
bodies. Moreover, after addition of LLME, the granules of WT
BMMCs showed a dramatically decreased electron density,
i.e. appearing empty, suggesting that the granule contents had
been translocated into the cytosol (Fig. 3C). In line with this
notion, damage of granule membranes was evident (Fig. 3E).
In contrast, a majority of the SG�/� BMMCs was intact after
addition of LLME (Fig. 3D), in agreement with their lower
susceptibility to apoptosis as judged by annexin V staining
(see Fig. 1). Only a small fraction of the SG�/� cells showed
signs of cell death as judged by transmission electron micros-
copy analysis. Intriguingly, however, the occasional nonviable
SG�/� cells were to a major extent necrotic rather than apo-
ptotic (Fig. 3F).
MC Apoptosis Induced by LLME Is Caspase- and Cysteine

Cathepsin-dependent—All apoptotic pathways eventually
converge at the level of activation of effector caspases
(caspase-3, -6, and -7), of which caspase-3 occupies a central
position (13, 14). To investigate whether MC apoptosis via
secretory granule damage involved caspase activation, we
used an inhibitor of caspase-3, -6–8, and -10, Z-DEVD-FMK.
Addition of Z-DEVD-FMK to both WT and SG�/� BMMCs
resulted in significantly reduced susceptibility to LLME-in-
duced cell death, indicating a role for caspase activation (Fig.
4, A and B). Previous studies have revealed a prominent role
for lysosomal cysteine cathepsins in apoptosis via the lysoso-
mal pathway (36–38). In line with this notion, LLME-induced
cell death of BMMCs was prevented in the presence of E64d,
a membrane-permeable inhibitor of cysteine cathepsins (Fig.
4, C and D). In contrast, inhibition of lysosomal aspartic acid
proteases (cathepsin D and E) by pepstatin A did not cause
any reduction in sensitivity to apoptosis (data not shown).
Thus, secretory granule damage-induced cell death in
BMMCs is strongly dependent on cysteine cathepsins.
Because cathepsin C has been implicated in LLME-induced

cell death (39), a possible explanation for the reduced sensitiv-
ity of SG�/� BMMCs to LLME could be that cathepsin C
storage in BMMCs is dependent on SG. However, the levels of
cathepsin C were similar in WT and SG�/� BMMCs (Fig. 4E),
suggesting that the effects of SG on LLME-induced apoptosis
are explained by effects that are unrelated to cathepsin C.
Caspase-3 Activation Requires SG—To analyze the effect of

SG on effector caspase activation, a fluorescent substrate de-
tecting caspase-3-like activity (Z-DEVD-R110) was used. As
shown in Fig. 5A (upper panel), LLME induced a robust in-
duction of caspase-3-like activity above base-line levels in WT
cells (base-line activity indicated by dashed line). In contrast,
caspase-3 activation was undetectable in SG�/� cells at LLME
concentrations up to 250 �M, and only minimal caspase-3
activation was seen at 500 �M LLME (Fig. 5A, lower panel).
Moreover, Western blot analysis showed that the addition of
LLME to WT cells caused a marked reduction in the band
corresponding to pro-caspase-3, compatible with processing

FIGURE 3. Transmission electron microscopy analysis showing more
extensive apoptosis and granule damage in WT than in SG�/� BMMCs.
A and B, morphology of untreated WT (A) and SG�/� (B) BMMCs, showing
typical dense core formation (arrow, inset in A) interspersed with electron
translucent areas (arrowhead, inset in A) in granules of WT BMMCs, whereas
granules in SG�/� cells have an amorphous appearance with evenly distrib-
uted, moderately electron dense material, without dense core formation
(inset in B). C, signs of apoptosis in a representative WT BMMC after 4 h of
treatment with 250 �M LLME; note the extensive nuclear condensation (ar-
row) and formation of apoptotic bodies (arrowhead). Note also that gran-
ules are electron-translucent, indicative of translocation of granule content
into the cytosol. D, representative morphology of LLME-treated SG�/� cells,
without signs of apoptosis or lysosomal/granule damage. E, larger magnifi-
cation of boxed region (see C) of WT cell showing decomposed granule
membranes (arrow). F, SG�/� cell with signs of cell death; note the absence
of signs of apoptosis and the extensive signs of necrosis, i.e. decomposed
cell membrane. Original magnifications, �12,500.
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of pro-caspase-3 (Fig. 5B). In addition, there was an increase
in the band corresponding to active caspase-3 at early time
points after addition pf LLME. In striking contrast, the levels
of pro- and active caspase-3 remained fairly constant in
SG�/� cells after the addition of LLME at increasing concen-
trations, in line with defective processing in SG�/� cells (Fig.
5B). These data indicate that optimal effector caspase activa-
tion requires SG.
Apoptosis Induced by Growth Factor Deprivation Is

SG-independent—Previous studies of the mechanisms in-
volved in MC apoptosis have mainly focused on apoptosis
induced by deprivation of growth factors essential for MC
survival (40–42). To examine whether SG has a role also in
this pathway of apoptosis, WT and SG�/� BMMCs were cul-
tured in medium without MC growth factors and were as-
sessed for extent of apoptosis at various time points. As seen
in Fig. 6A, both WT and SG�/� cells underwent extensive cell
death during these conditions, with �50% of the cells being
apoptotic/necrotic after 48 h of culture. However, in contrast
to apoptosis induced by the secretory granule/lysosomal path-
way, SG�/� cells were not protected from cell death; in fact,
SG�/� BMMCs showed a slightly decreased survival follow-
ing growth factor deprivation as compared with WT cells.
Nevertheless, when assessing granule damage (by acridine
orange staining), WT cells showed clear signs of reduced
granule integrity, whereas SG�/� cells were largely protected

(Fig. 6B). Together, these data indicate that SG regulates se-
cretory granule integrity also during growth factor depriva-
tion-induced apoptosis, although the actual extent of apopto-
sis is not affected by the absence of SG.
SG Affects the Levels of Bid—One of the major players in

apoptosis induced by the lysosomal pathway is Bid (38, 43), a
pro-apoptotic protein belonging to the BH3-only subfamily of
BCL-2 proteins (13). Following proteolytic processing, trun-
cated Bid (t-Bid) induces the release of pro-apoptotic mole-
cules from the mitochondria (44). To investigate whether the
differential sensitivity of WT and SG�/� BMMCs to apopto-
sis could be reflected by effects on Bid, we analyzed for levels
and cleavage of Bid. In untreated cells, intact Bid dominated,
both in WT and SG�/� cells (Fig. 7), but low levels of t-Bid
were also detected. Upon addition of LLME, the band cor-
responding to intact Bid was reduced in WT BMMCs, ac-
companied by a slight increase in the levels of t-Bid at early
time points after addition of LLME. In contrast, the levels

FIGURE 4. BMMC apoptosis induced by secretory granule damage is
cysteine cathepsin- and caspase-dependent. WT and SG�/� BMMCs
(0.5 � 106 cells/ml) were either left untreated or treated for 30 min with 40
�M Z-DEVD-FMK (A and B, FMK) or for 120 min with 20 �M E64d (C and D),
followed by incubation with 0, 100, or 500 �M LLME for 4 h, staining with
annexin V (AnnV)/PI, and flow cytometry analysis. Data are from a represen-
tative experiment, expressed as mean � S.E. (n � 3). E, Western blot analy-
sis showing equal levels of cathepsin C in WT and SG�/� BMMCs. FIGURE 5. Induction of caspase-3 activity in response to apoptosis via

secretory granule damage is dependent on SG. WT and SG�/� BMMCs
(106 cells/ml) were either left untreated or treated with LLME at the concen-
trations and time periods indicated. A, triplicates of each sample were trans-
ferred into individual wells of a 96-well flat-bottomed plate and incubated
with 10 �M Z-DEVD-R110 for 30 min. Caspase-3-like activity was measured
by R110 release as described under “Experimental Procedures.” Base-line
caspase-3-like activities, i.e. in the absence of added LLME, are indicated by
dashed lines. Data are expressed as mean � S.D. (n � 3). B, Western blot
showing extensive processing of pro-caspase-3 in WT BMMCs but only min-
imal processing in SG�/� cells.
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of both Bid and t-Bid were largely unaffected in SG�/�

cells after the addition of LLME, indicating defective Bid
processing (Fig. 7). Hence, these data indicate that the ab-
sence of SG causes altered levels of Bid/t-Bid following in-
duction of apoptosis through the secretory granule-medi-
ated pathway, findings that are well in line with an
apoptosis-promoting effect of SG.
Apoptosis Induced by Secretory Granule Damage Is

Reduced in MCs Lacking SG-dependent MC Proteases—
Mechanistically, it is conceivable that the apoptosis-pro-
moting effect of SG could be explained by direct interac-
tion of the proteoglycan with compounds involved in the
pro-apoptotic machinery. Alternatively, its apoptosis pro-
moting activity could be explained by indirect effects re-
lated to any of the multiple proteases that are stored in
complex with SG, and whose storage in MCs is critically
dependent on SG. These include mMCP-4, mMCP-5,
mMCP-6, and MC-CPA (5, 7). To investigate the latter
possibility, we assessed whether BMMCs deficient in either
of these proteases showed reduced sensitivity to LLME-
induced apoptosis. As shown in Fig. 8A, mMCP-4�/�

BMMCs were significantly less susceptible to apoptosis
than were WT cells, as shown by a higher percentage of
viable cells as compared with WT cells. Thus, SG-bound
mMCP-4 may partly account for the apoptosis-promoting
effect of SG. Also, mMCP-6-deficient BMMCs showed a
slightly but significantly reduced sensitivity to LLME-in-
duced cell death as compared with corresponding WT cells
(Fig. 8A). Notably, and similar to SG�/� cells, the portion
of mMCP-6�/� BMMCs that were sensitive to LLME was
to a higher extent annexin V/PI double-positive rather

FIGURE 6. SG affects the secretory granule damage but not apoptosis in
BMMCs deprived of growth factors. WT and SG�/� BMMCs were cultured
in culture medium deprived of growth factors necessary for cell survival. At
the time points indicated, cells were assessed for extent of apoptosis using
annexin V (AnnV)/PI staining (A) and lysosomal damage as judged by acri-
dine orange staining (B).

FIGURE 7. Differential processing of Bid in WT and SG�/� LLME-treated
BMMCs. WT and SG�/� BMMCs (0.5 � 106 cells/ml) were either left un-
treated or incubated for the time periods indicated with different concen-
trations of LLME. Samples corresponding to equal number of cells were
subjected Western blot analysis for Bid and t-Bid, with �-actin as loading
control. The presented data are representative of three independent experi-
ments. Densitometric scanning of gels is shown in supplemental Fig. 1.

FIGURE 8. LLME-mediated apoptosis in BMMCs involves mMCP-4 (chy-
mase), mMCP-6 (tryptase), and MC-CPA. BMMCs (0.5 � 106 cells/ml) from
WT, mMCP-4�/�, and mMCP-6�/� mice (A); WT, MC-CPA�/�, and MC-
CPAY356L, E378A mice (B) were either left untreated or incubated for 4 h with
different concentrations of LLME, followed by staining with annexin V
(AnnV)-FITC/PI and flow cytometry analysis. Data are from a representative
experiment and are expressed as mean � S.E. (n � 3).
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than solely annexin V-positive than were the correspond-
ing WT cells (Fig. 8A), indicating necrosis/late stage
apoptosis.
To evaluate the contribution of MC-CPA, we assessed apo-

ptosis in MC-CPA�/� BMMCs and in BMMCs developed
from mice in which the active site of MC-CPA is mutated
(MC-CPAY356L, E378A). Importantly, the absence of MC-CPA
(MC-CPA�/�) leads to a secondary loss of mMCP-5 protein
(31), whereas the active site mutation of MC-CPA does not
lead to any secondary effects on mMCP-5 (32). Thus, the MC-
CPA�/� strain combined with the MC-CPAY356L, E378A strain
can also be used to indirectly assess the function of mMCP-5. As
shown in Fig. 8B, bothMC-CPA�/� andMC-CPAY356L, E378A

BMMCs were slightly but significantly less susceptible to
LLME-induced apoptosis than were WT BMMCs. However,
there was no major difference in susceptibility when compar-
ing the MC-CPA�/� and MC-CPAY356L, E378A strains. This
indicates that MC-CPA contributes significantly to apoptosis
induced by the secretory granule-mediated pathway, whereas
the contribution of mMCP-5 is minimal.
To examine the mechanism by which the MC proteases

contribute to apoptosis, we first assessed their contribution to
the granule damage. These experiments revealed a slight but
significant protection toward granule damage, as assessed by
acridine orange staining, in mMCP-6�/� BMMCs but no sig-
nificant protection in mMCP-4�/�, MC-CPA�/�, or MC-
CPAY356L, E378A cells (Fig. 9A). The role of the various MC
proteases in caspase-3 activation was also assessed. As shown
in Fig. 9B, there was a tendency of reduced caspase-3 activa-
tion in mMCP-4�/�, MC-CPA�/�, and MC-CPAY356L, E378A

BMMCs, but this did not reach statistical significance. In con-
trast, activation of caspase-3 was significantly reduced in
BMMCs lacking mMCP-6, with caspase-3 activity in response
to treatment with LLME only barely exceeding base-line lev-
els (Fig. 9B). These data thus suggest a role for mMCP-6 in
inducing secretory granule damage and in caspase-3
activation.

DISCUSSION

It has been established for many years that MCs play a ma-
jor role in allergic disease, but more recent research has impli-
cated MCs in a number of additional disorders, e.g. athero-
sclerosis (45), cancer (46), experimental autoimmune
encephalitis (47), arthritis (48), and obesity (49). MCs are
therefore emerging as potential therapeutic targets in numer-
ous pathological settings. Possible regimens to treat MC-de-
pendent disease include the use of agents that stabilize MCs,
i.e. prevent their degranulation, and regimens in which patho-
genic MC components are identified and specifically targeted.
A third strategy to counteract MC-dependent disease is to
selectively induce MC apoptosis, a notion that is currently
being discussed (50).
Previous research has identified a number of pro-apoptotic

pathways in MCs. For example, it has been shown that the
pro-apoptotic BH-3 only proteins, Puma (40) and Bim (41),
have key roles in MC apoptosis induced by growth factor dep-
rivation, and it was recently demonstrated that increased sen-
sitivity of IL-15�/� MCs to growth factor deprivation-in-
duced or endogenous acid sphingomyelinase-induced
apoptosis involved cathepsin D (42). It has also been demon-
strated that human MCs express tumor necrosis factor-re-
lated apoptosis-inducing ligand receptor, i.e. one of the death
receptors (51). Here, we explore an alternative pathway for
inducing MC apoptosis. MC secretory granules are known to
contain extraordinarily large amounts of various proteases.
Potentially, these proteases could have the ability to proteo-
lytically activate pro-apoptotic compounds, and we therefore
hypothesized that their release from the granule compart-
ment into the cytosol would cause MC apoptosis. Moreover,
we have previously shown that the storage of several of the
MC granule proteases is critically dependent on SG (5), and
we therefore hypothesized that the absence of SG may render
MCs less sensitive to apoptosis induced by targeting the se-
cretory granules. Indeed, we show here for the first time that
MCs are sensitive to apoptosis via a secretory granule-medi-
ated pathway, and we also identify SG as an essential compo-
nent of this pathway of apoptosis.
The mechanism by which SG promotes apoptosis is in-

triguing. Our data strongly indicate that the extent of granule
damage in response to LLME is markedly diminished in cells
lacking SG. In addition, granule damage in response to
growth factor deprivation was also dependent on SG, even
though SG did not affect the actual extent of apoptosis. Col-
lectively, these data point to a key role for SG in regulating the
integrity of secretory granules in response to both exogenous
(LLME) and endogenous (induced by growth factor depriva-
tion) apoptotic stimuli. SG is composed of a relatively small
(�17 kDa) protein core, which is densely substituted with
heavily sulfated and thereby strongly anionic glycosaminogly-
cans. The SG molecule is thus dominated by its glycosamin-
oglycan moieties, and it is therefore most likely that any ef-
fects attributed to SG are mediated by its glycosaminoglycan
chains rather than by the protein core. Indeed, SG has been
shown to bind in an electrostatic fashion to a large number of
compounds, which in many cases affects their activities and

FIGURE 9. Effect of MC proteases on granule damage and caspase-3 ac-
tivation in response to LLME-induced apoptosis. A, BMMCs (0.5 � 106

cells/ml) derived from WT, mMCP-4�/�, mMCP-6�/�, MC-CPA�/�, or MC-
CPAY356L, E378A mice were treated for 4 h with LLME at the concentrations
indicated, followed by staining with acridine orange. B, BMMCs (106 cells/
ml) derived from WT, mMCP-4�/�, mMCP-6�/�, MC-CPA�/�, or MC-MC-
CPAY356L, E378A mice were treated for 1 h with 100 �M LLME, followed by
measurement of caspase-3-like activity in cell extracts. Data are from a rep-
resentative experiment and are expressed as mean � S.D. (n � 3).
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other properties, in particular their storage (reviewed in Ref.
2). We therefore favor the possibility that the effects of SG on
granule integrity are related to electrostatic interactions be-
tween SG and other cellular compounds. For example, it is
conceivable that SG could interact directly with membrane
compounds at the luminal side of the granule, thereby pro-
moting events that lead to granule damage.
In addition to promoting the granule damage, our data in-

dicate that SG is required for optimal caspase-3 activation, i.e.
one of the hallmark events occurring in apoptosis induced by
multiple pathways. Our data also indicate that the processing
of Bid is dependent on SG. Hence, SG may promote a number
of proteolytic events affecting cytosolic components, which
collectively can contribute to efficient induction of apoptosis.
As regards the exact mechanism by which SG promotes the
proteolysis of these components, several possibilities are con-
ceivable. One possibility is that SG enhances the catalytic ac-
tivity of proteases responsible for the respective proteolytic
event. In line with this, SG has been shown to enhance the
catalytic activity of MC chymase (52). Another possibility
would be that SG promotes the assembly of pro-apoptotic
components in MCs, and this possibility is in line with the
known ability of SG to promote tryptase tetramer assembly
(53) and with the known co-receptor function of cell-surface
proteoglycans (3). A third possibility would be that the apo-
ptosis-promoting effects of SG are indirect, being mediated by
any of the various MC proteases that are stored in complex
with SG and whose storage is critically dependent on SG (re-
viewed in Ref. 7). To assess the latter possibility, we evaluated
the sensitivity of MCs lacking either of the SG-dependent MC
proteases (mMCP-4, -5, -6, and MC-CPA) to apoptosis in-
duced by granule damage. Indeed, we found that MCs lacking
mMCP-4, mMCP-6, and, to a somewhat lesser extent, MC-
CPA showed significant protection toward LLME-induced
cell death, thus in support of this notion. Notably, the contri-
bution of each of these proteases was relatively modest, but it
appears likely that their additive activities may account for a
large part of the apoptosis-promoting effect of SG. Possibly,
the SG-dependent MC proteases could contribute at the level
of granule permeabilization, for example by degrading mem-
brane components. In line with this possibility, mMCP-6�/�

BMMCs showed a slight but significant protection toward
granule damage induced by LLME. Furthermore, it is clearly
conceivable that the SG-dependent proteases could be trans-
located into the cytosol and there contribute to the proteo-
lytic processing events occurring downstream of the granule
permeabilization, e.g. processing of caspase-3. In favor of the
latter notion, LLME was shown to induce the release of
tryptase-like serine protease activity, compatible with the
known catalytic activity of mMCP-6 (54), into the cytosol.
Moreover, the absence of mMCP-6 resulted in significantly
reduced rates of caspase-3 activation, suggesting that the SG-
dependent enhancement of caspase-3 processing, at least
partly, could be attributed to SG-bound mMCP-6.
An interesting finding was that not only were SG�/� cells

more resistant to apoptosis induced by LLME than were WT
cells, the occasional SG�/� cells actually undergoing cell
death were predominantly annexin V/PI double-positive

rather than only annexin V�. Importantly, this phenomenon
was seen at all tested LLME concentrations and after both
short (4 h) and long (24 h; data not shown) incubation times
with LLME. Because PI positivity is a typical sign of necrosis/
late stage apoptosis, this indicates that SG-deficient cells,
when eventually undergoing cell death, die by a mechanism
dominated by necrosis rather than by classical apoptosis. Fur-
thermore, the failure of SG�/� cells to enter apoptosis was
also underscored by ultrastructural analysis, demonstrating
that the occasional SG�/� cells showing signs of cell death
were necrotic rather than apoptotic. Notably, the dominance
of annexin V/PI double positivity over sole annexin V� posi-
tivity was also seen in BMMCs lacking mMCP-6, suggesting
that SG-bound mMCP-6 may partly account for this finding.
The sensitivity to apoptosis via the lysosomal pathway var-

ies to a large extent between different cell types. For example,
a number of cancer cell lines are largely resistant, although
several cells of hematopoietic origin are more sensitive. The
reason for this differential sensitivity has not been fully clari-
fied. Interestingly, however, many of the cell types that are
susceptible to apoptosis via the lysosomal/granule pathway,
e.g. NK cells, cytotoxic T lymphocytes, monocytes/macro-
phages (55, 56), and MCs (this study) are known to express
high levels of SG (2). A possible explanation for the sensitivity
of these cells to apoptosis could therefore be that they contain
large amounts of intracellular SG. Hence, the level of SG ex-
pression may be a predictor of sensitivity to apoptosis induced
by the lysosomal/granule pathway. Furthermore, we may sug-
gest that induction of apoptosis via the lysosomal/granule
pathway can constitute a possible regimen for therapy in
which cells abundant in SG-containing granules, such as MCs,
are targeted.

REFERENCES
1. Kolset, S. O., and Tveit, H. (2008) Cell. Mol. Life Sci. 65, 1073–1085
2. Pejler, G., Abrink, M., and Wernersson, S. (2009) Biofactors 35, 61–68
3. Bishop, J. R., Schuksz, M., and Esko, J. D. (2007) Nature 446, 1030–1037
4. Braga, T., Grujic, M., Lukinius, A., Hellman, L., Abrink, M., and Pejler,

G. (2007) Biochem. J. 403, 49–57
5. Abrink, M., Grujic, M., and Pejler, G. (2004) J. Biol. Chem. 279,

40897–40905
6. Pejler, G., Rönnberg, E., Waern, I., and Wernersson, S. (2010) Blood 115,

4981–4990
7. Pejler, G., Abrink, M., Ringvall, M., and Wernersson, S. (2007) Adv. Im-

munol. 95, 167–255
8. Grujic, M., Braga, T., Lukinius, A., Eloranta, M. L., Knight, S. D., Pejler,

G., and Abrink, M. (2005) J. Biol. Chem. 280, 33411–33418
9. Niemann, C. U., Abrink, M., Pejler, G., Fischer, R. L., Christensen, E. I.,

Knight, S. D., and Borregaard, N. (2007) Blood 109, 4478–4486
10. Woulfe, D. S., Lilliendahl, J. K., August, S., Rauova, L., Kowalska, M. A.,

Abrink, M., Pejler, G., White, J. G., and Schick, B. P. (2008) Blood 111,
3458–3467

11. Wernersson, S., Braga, T., Sawesi, O., Waern, I., Nilsson, K. E., Pejler, G.,
and Abrink, M. (2009) J. Leukocyte Biol. 85, 401–408

12. Grujic, M., Christensen, J. P., Sørensen, M. R., Abrink, M., Pejler, G., and
Thomsen, A. R. (2008) J. Immunol. 181, 1043–1051

13. Taylor, R. C., Cullen, S. P., and Martin, S. J. (2008) Nat. Rev. Mol. Cell
Biol. 9, 231–241

14. Elmore, S. (2007) Toxicol. Pathol. 35, 495–516
15. Turk, B., and Turk, V. (2009) J. Biol. Chem. 284, 21783–21787
16. Boya, P., and Kroemer, G. (2008) Oncogene 27, 6434–6451
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