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Mast cells (MCs) are characterized by an abundance of lysosome-like secretory granules
filled with immunomodulatory compounds including histamine, cytokines, lysosomal
hydrolases, MC-restricted proteases, and serglycin proteoglycans. The latter are
essential for promoting the storage of other granule compounds and are built up of the
serglycin core protein to which highly sulfated and thereby negatively charged glycos-
aminoglycan (GAG) side chains of heparin or chondroitin sulfate type are attached. In
the search for mechanisms operating in regulating MC granule homeostasis, we here
investigated the role of mitogen-activated protein kinase (MAPK) signaling. We show
that inhibition of MEK1/2 (a MAPK kinase) leads to increased metachromatic staining of
MC granules, indicative of increased proteoglycan content. Indeed, MEK1/2 inhibition
caused a profound increase in the expression of the gene coding for the serglycin core
protein and of genes coding for various enzymes involved in the biosynthesis/sulfation of
the GAGs attached to the serglycin core protein. This was accompanied by correspond-
ing increases in the levels of the respective GAGs. Deletion of the serglycin core protein
abrogated the induction of enzymes operative in proteoglycan synthesis, indicating that
availability of the serglycin proteoglycan core protein has a regulatory function impacting
on the expression of the various serglycin-modifying enzymes. MEK1/2 inhibition also
caused a substantial increase in the expression of granule-localized, proteoglycan-
binding proteases. Altogether, this study identifies a novel role for MAPK signaling in
regulating the content of secretory granules in MCs.

Keywords: mast cells, mitogen-activated protein kinase, MEK1/2, proteoglycans, heparin, chondroitin sulfate,
tryptase, serglycin

INTRODUCTION

Mast cells (MCs) are crucial effector cells of the immune system, contributing to both the adap-
tive and innate arms of immune defense against external insults, such as pathogens and noxious
substances including toxins from various venoms (1-4). In addition to their beneficial effects in
host defense, MCs are also known to have detrimental functions during various pathologies of
major impact for humans, including, in particular, allergic conditions, but also cancer, autoimmune
diseases, atherosclerosis, and contact hypersensitivity (5, 6).

Abbreviations: MC, mast cell; BMMC, bone marrow-derived mast cell; CPA, carboxypeptidase A; MAPK, mitogen-activated
protein kinase; GAG, glycosamimnoglycan; HS, heparan sulfate; CS, chondroitin sulfate; GlcUA, glucuronic acid; IdoUA,
iduronic acid; GIcNAc, N-acteylglucosamine; GalNAc, N-acetylgalactosamine.

Frontiers in Immunology | www.frontiersin.org 1

July 2018 | Volume 9 | Article 1670


https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01670&domain=pdf&date_stamp=2018-07-19
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.01670
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:gunnar.pejler@imbim.uu.se
https://doi.org/10.3389/fimmu.2018.01670
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01670/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01670/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01670/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01670/full
https://loop.frontiersin.org/people/301775

Hu Frisk et al.

MAPK Signaling and MCs

Mast cells are derived from the bone marrow, from which
they egress as immature progenitors and then home to various
tissues where they mature under the influence of local growth
factors such as stem cell factor and IL-3 (7). In this process, they
acquire an abundance of lysosome-like secretory granules, densely
packed with numerous preformed bioactive substances, includ-
ing histamine, cytokines/growth factors, lysosomal hydrolases,
proteases [tryptase, chymase, carboxypeptidase A3 (CPA3)], and
proteoglycans of serglycin type (8). Serglycin proteoglycans are
critical for mediating the storage of various granule compounds,
including proteases and bioactive amines (9), and are composed of
the serglycin core protein to which glycosaminoglycans (GAGs)
of either heparin/heparan sulfate (HS) or chondroitin sulfate
(CS) type are attached. Heparin/HS is built up by repeating glucu-
ronic acid (GlcUA)/iduronic acid (IdoUA)-N-acteylglucosamine
(GlcNAc) disaccharide units whereas CS is built up by repeating
GlcUA-N-acetylgalactosamine (GalNAc) disaccharide units (10).
Both heparin/HS and CS are subject to extensive sulfation at vari-
ous positions resulting in a high negative charge of the mature
GAG, and the negative charge of the respective GAGs is essential
for promoting the storage of granule components. When the MCs
degranulate, a process that can be triggered by various stimuli
including IgE receptor crosslinking, the preformed granule
compounds are released to the external milieu where they can
cause a powerful inflammatory reaction as exemplified by ana-
phylactic shock.

The processes leading to granule expulsion, i.e., degranulation,
have been characterized extensively in numerous investigations
[reviewed in Ref. (11-13)]. These investigations have uncovered
a major role of various kinases, in particular Fyn, Lyn, and Syk
in the initial phases of the signaling pathways downstream of
antigen-mediated crosslinking of high-affinity IgE receptors
(FceRI). Activation of such kinases causes the phosphorylation
and activation of adapters, such as Gab2, LAT1, and LAT?2, lead-
ing to multiple effects including activation of PLC-y and PI3-K.
Downstream of these events is the influx of calcium leading to
degranulation and activation of transcription factors including
NF-kB and NFAT, but also activation of mitogen-activated
protein kinase (MAPK) signaling. MAPK activation in MCs
has been observed following various MC-activating regimens,
including degranulation in response to FceRI crosslinking
(14-17), exposure to tumor cells (18), IL33-induced cytokine
release (19), and TLR4 ligation (20). However, the potential
role of MAPK signaling in the processes regulating MC granule
homeostasis has not been investigated. Here, we addressed this
issue. Intriguingly, we show that interference with MEK1/2, a
MAPK kinase, has a major impact on the composition of the
secretory granule proteoglycans and proteases. Thereby, MAPK
signaling emerges as a novel player in the biogenesis of MC
secretory granules.

MATERIALS AND METHODS

Reagents
PD98059 (MEK inhibitor) was obtained from Sigma-Aldrich
(Product number P215). U0126 (CAS109511-58-2) (MEK

inhibitor) was purchased from EMD Millipore (Burlington,
MA, USA). For both inhibitors, stock solutions were prepared in
DMSO. The following antibodies were used: anti-ERK1/2, anti-
P-ERK1/2, anti-P-JNK and anti-P-P38 [Cell Signaling Technology,
anti-actin (I-19); Santa Cruz Biotechnology, Dallas, TX, USA], and
anti-Mcpt6 antiserum (raised in rabbits). Monocloncal IgE anti-
Dinitrophenyl (IgE anti-DNP) antibody was from Sigma
(Stockholm, Sweden; product number: D8406). CellTiter-Blue
Cell Viablity Assay was purchased from Promega-Invitrogen
(Madison, WI, USA). The chromogenic substrate S-2288 was
obtained from Chromogenix (Milan, Italy). May-Griinwald Eosine-
methylene blue solution (product number: HX68862424) and
Giemsa Azur-Eosine-methylene blue solution (product number:
HX128350) were from Merck KGaA (Darmstadt, Germany). SYBR
GreenER SuperMix and Rox reference dye were from Invitrogen
(Carlsbad, CA, USA). Pierce phosphatase inhibitor was obtained
from Thermo Fisher Scientific (Waltham, MA, USA) and protease
inhibitor cocktail was from Roche Diagnostics.

Animals and Cells

WT and serglycin knockout (Srgn=") (21) mice were on C57BL/6
genetic background. 4- or 5-month-old mice were used for
experiments. All animal experiments were approved by the local
ethical committee (no. C31/14; Uppsala djurférsoksetiska ndmnd,
Uppsala, Sweden). Bone marrow-derived MCs (BMMCs) were
established as described in Ref. (22). The BMMCs were grown in
media (10% FBS, 30% WEHI-3B-conditioned medium, 1% PEST,
1% L-glutamine, 58% Dulbecco’s modified Eagle’s medium) sup-
plemented with 10 nM IL-3. The cell cultures were maintained at
approximately 0.5-1 X 10° cells/ml.

Cell Viability

Cell viability was monitored with the CellTiter-Blue cell Viability
assay. At each time point after addition of MEK inhibitor, 10 pl
of cell viability reagent was mixed with 90 ul of cell suspension
and incubated for 1 h at 37°C (5% CO,). A TECAN Infinite
M200 plate reader was used for fluorescence scan measurements
(560 nm for excitation and 590 nm for emission). Triplicate or
quadruplicate determinations were performed. Three to four
independent experiments were performed.

Tryptase Activity

Twenty microliters of substrate S-2288 (10 mM) were mixed with
10 ul cell lysate and diluted with 90 pl H,O. Tryptase activity was
monitored by reading the absorbance changes at 405 nm over
60 min using a microplate reader (Molecular Devices, Sunnyvale,
CA, USA). Each measurement was performed in triplicates or
quadruplicates, and the results represent the mean + SD. Each
experiment was repeated at least three times using different
batches of cells.

Degranulation Experiment

Cells were sensitized with 0.1 mg/ml IgE anti-DNP overnight.
After IgE incubation, the cells were washed with PBS three times
and resuspended in fresh BMMC medium and stimulated with
DNP-human serum albumin (HSA) at 0.5 mg/ml for various
time points. The cell pellets and supernatants were separated by
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centrifugation at 300 g for 10 min. f-hexosaminidase activity was
measured as described in Ref. (22).

May-Griinwald/Giemsa Staining

Fifty thousand BMMCs were used for each slide. The slides were
air-dried and incubated with 100% May-Griinwald Eosine-
methylene blue solution for 5 min and then 50% May-Griinwald
Eosine-methylene blue solution for 1 min, followed by 15 min
incubation in 2.5% Giemsa Azur Eosin-methylene solution
and washing in H,O. The slides were dried before mounting.
Experiments were repeated with five different batches of cells.

Proteoglycan Analysis

PD98059-treated or non-treated cells were washed with PBS
twice and then used for GAG analysis as described previously in
Ref. (23, 24).

Quantitative Real-Time PCR

RNA isolation kit was purchased from MACHEREY-NAGEL
(Germany), and total RNA isolation from cell pellets was
performed according to the instructions provided by the manu-
facturer. RNA purity and concentrations were assessed with a
Nanodrop device. Two hundred nanograms of highly purified
RNA (A260/280 > 1.95) were used for cDNA synthesis (the kit
was from Bio-Rad, Solna, Sweden). Ten microliters of mixture
(5 ml of SYBR GreenER SuperMix, 0.2 ml of primer mix, 3.6 ml of
dH,O, 0.2 ml of Rox reference dye, and 1 ml of cDNA) were used
for running quantitative real-time PCR (qPCR) with a 7900HT
Fast Real-Time PCR System (Thermo Fisher Scientific). The
following primers were used: Chstl1 forward: CCA AAG TAT
GTT GCA CCC AGT, Chstll reverse: CTG GTC CCG TCT
CAT CTG GT; Chst12 forward: CGC TAG GTC CGT CTC CCA
G, Chst12 reverse: CAG ATA GAA GTG GGC GGT GC; Chst3
forward: CAT ATC CAG GGT CTC CGA CAA G, Chst3 reverse:
CAA GAG AGA TGC ATT CTC CGA TAA G; Chstl5 forward:
GGC TTT TCA GGT CAC CTA CGA, Chstl5 reverse: GAC
ATT ATG GGT TCC TCG TTG A; Gapdh forward: CTC CCA
CTC TTC CAC CTT CG, Gapdh reverse: CCA CCA CCC TGT
TGC TGT AG; Ndst1 forward: CTG CAC TCC TGG ACC AAC
CT, Ndstl reverse: ACA GGG ATC CTG CCA AAG C; Ndst2
forward: GTG GCT GAT GTT GAG GCT TTG, Ndst2 reverse:
ATC CTC CTC TTC TGT CCC GG; Hsé6st1 forward: CAG CCA
ACA CGT CTG AAC TG, Hs6stl reverse: CTA GAC AAA GAC
AAT TAG AAG ACA AC; Hs2st forward: CCA TAT CTC CCA
GAT CGT GAC, Hs2st reverse: GTT ATA TGT TCT AAG GAC
TCA GGC TGC; Extl forward: GTG TAC CCG CAG CAG AAA
GG, Extl reverse: GTA GAA CCT GGA GCC CTC GAT; Ext2
forward: CAA AAT CCG AGT TCC CCT GAA, Ext2 reverse:
TCG ATT TCG TCG TAA GGG AAG; Cpa3 forward: TGA CAG
GGA GAA GGT ATT CCG, Cpa3 reverse: CCA AGG TTG ACT
GGA TGG TCT; Mcpt4 forward: GCA GTC TTC ACC CGA
ATC TC, Mcpt4 reverse: CAG GAT GGA CAC ATG CTT TG;
Mcpt6 forward: CAT TGA TAATGA CGA GCC TCT CC, Mcpt6
reverse: CAT CTC CCG TGT AGA GGC CAG; Srgn forward:
GCA AGG TTA TCC TGC TCG GAG, Srgn reverse: GGT CAA
ACT GTG GTC CCT TCT C. The program for qPCR was 50°C

for 2 min, 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min
in 40 cycles and 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s.
GAPDH was used as a housekeeping gene. The relative amount of
c¢DNA was determined in triplicates and calculated according to
the 2724¢T method (25). All data were derived from at least three
independent experiments and are presented as the mean =+ SD.

Western Blot Analysis

Cell pellets were recovered after different treatments and were
lysed with a modified RIPA buffer (50 mM Tris, 150 mM NaCl,
1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, and 1 mM
EDTA) in the presence of phosphatase and protease inhibitors
for 30-45 min on ice. The cell debris was removed by centrifuga-
tion at 14,000 rpm for 20 min at 4°C, and the supernatant was
collected for protein analysis. Protein concentration was assessed
using a Bicinchoninic Acid Kit (Sigma-Aldrich). Equal amounts
of protein were used for western blot analysis, as described previ-
ously in Ref. (22).

Statistical Analyses

All original data were analyzed by using the Microsoft Office
Excel 2010 and GraphPad Prism software. Statistical comparisons
were performed using a two-tailed ¢-test with the assumption of
unequal variance. P-values less than 0.05 were considered signifi-
cant. Each experiment was performed at least three times. Data
are presented as the mean + SD. Further details are given in the
legends to the figures.

RESULTS

MEK1/2 Inhibition Causes Increased

Metachromatic Staining of MCs

To address the possible role of MAPK signaling in regulating
secretory granule homeostasis in MCs, we developed BMMCs
from mice and exposed these populations to PD98059, a highly
selective inhibitor of MEK1/2 (26), which are MAPK kinases that
act by phosphorylation of ERK1/2. PD98059 was highly toler-
ated by BMMCs, showing no significant toxicity after incubation
of BMMCs with PD98059 for up to 7 days at concentrations up
to 75 uM (Figure 1A). As shown in Figure 1B and in agree-
ment with observations made in a previous study in Ref. (27),
incubation of BMMCs with PD98059 caused a profound increase
in the metachromatic staining properties of the BMMCs. This
effect was evident as early as after 24 h and was clearly visible also
after long-term exposure to the MEK1/2 inhibitor (Figure 1B).
Metachromatic staining of secretory granules is a hallmark
feature of MCs, clearly distinguishing these cells from other
cell types. Hence, these findings suggest that MAPK signaling
has a role in regulating the homeostasis of the MC secretory
granules. Increased metachromatic staining of BMMCs was also
seen after incubation of the cells with an alternative MEK1/2
kinase inhibitor, U0126 (Figure S1 in Supplementary Material),
supporting a role for MAPK signaling in regulating MC granule
homeostasis. In contrast, incubation of MCs with inhibitors of
p38 or INK MAPKs did not affect the granular staining (Figure
S2 in Supplementary Material), indicating that the observed
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FIGURE 1 | MEK1/2 inhibition induces granule maturation in mast cells (MCs). Bone marrow-derived mast cells (0.5-1.0 x 10° cells/ml) were incubated with
PD98059 (PD) at the concentrations and time periods indicated. (A) The viability of MCs after incubation with PD98059 was assessed using a CellTiter-Blue Cell
Viablity Assay (n = 3). (B) After incubation with PD98059, cytospin slides were prepared and stained with May-Grinwald/Giemsa. The insets represent enlarged
images of MCs with representative morphology. Note that treatment with PD98059 causes increased May-Grinwald/Giemsa staining intensity of granules. Original
magnification: 40x. (C) Western blot analysis showing that the MEK1/2 inhibitor (PD98059; PD) causes reduced phosphorylation of ERK1/2 (P-ERK1/2), without
affecting the total ERK1/2 levels (T-ERK1/2). (D) Western blot analysis of ERK1/2 phosphorylation after IgE receptor crosslinking. MCs (1 x 108 cells) were incubated
overnight either alone or with IgE anti-DNP (IgE) as indicated. Cells were then washed followed by the addition of DNP-HSA (DNP) to induce IgE receptor
crosslinking as indicated. At the time points indicated, cells were recovered and analyzed for phosphorylated ERK1/2 (P-ERK1/2). Actin was used as loading
control.
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increase in granular staining properties was specifically due to
modulation of the MEK1/2-ERK1/2 axis.

To ascertain that PD98059 is efficient in dampening MAPK
signaling in BMMCs and to monitor the durability of its effect in
BMMC s, we performed western blot analysis to assess its effect
on baseline ERK1/2 phosphorylation. Indeed, incubation of
BMMC:s with PD98059 resulted in decreased ERK1/2 phospho-
rylation without affecting the total levels of ERK1/2 (Figure 1C),
and efficient inhibition was seen up to at least 7 days. In contrast,
PD98059 did not have a major impact on the phosphorylation
status of p38, and baseline JNK phosphorylation was undetect-
able in BMMC:s (Figure S3 in Supplementary Material), indicat-
ing that PD98059 shows selectivity for the ERK1/2 pathway as
opposed to other pathways of MAPK signaling.

To address whether MC activation initiates MAPK signaling,
we subjected MCs to immunological activation by IgE receptor
crosslinking and then examined effects on ERK1/2 phosphoryla-
tion. As seen in Figure 1D, ERK1/2 phosphorylation could be
seen at baseline conditions, i.e., before inducing MC activation.
However, when MCs were activated to degranulate by IgE recep-
tor crosslinking, a dramatic increase in the phosphorylation of
ERK1/2 was seen within 30 min of stimulation.

MEK1/2 Inhibition Causes Increased
Expression of Proteoglycan-Building

Genes

The characteristic metachromatic staining properties of MCs is
a result of binding of dye to highly negatively charged serglycin
proteoglycans present in the MC secretory granules. As proof
for this notion, deletion of the serglycin core protein, or deletion
of enzymes responsible for sulfation of heparin chains attached
to the serglycin core protein, causes abrogated metachromatic
staining (21, 28). The increased metachromatic staining seen
after MEK1/2 inhibition thus suggested an effect on proteoglycan
content. To address this possibility, we first assessed whether
PD98059 impacted on the expression of genes coding for enzymes
involved in proteoglycan synthesis. As shown in Figure 2, long-
term MEK1/2 inhibition resulted in a significant increase in the
expression of the gene encoding the serglycin core protein (Srgn),
as well as increased expression of some of the genes encoding
enzymes that are involved in the biosynthesis of the GAGs (CS
or heparin) that are attached to the serglycin core protein. The
latter included Chst3, an enzyme catalyzing the 6-O-sulfation of
GalNAc residues of CS, as well as Chst15, the enzyme catalyzing
the 6-O-sulfation of 4-O-sulfated GalNAc residues. A trend of
increased expression of Chstll and Chst12 was also seen; the
latter two enzymes catalyze the 4-O-sulfation of GalNAc residues
in CS.

Effects of long-term MEK1/2 inhibition on enzymes involved
in heparin/HS synthesis were also seen. These included an
induction of Ndstl, an enzyme catalyzing the N-deacetylation
and subsequent N-sulfation of heparin/HS. Significant increases
in the expression of the genes encoding Hs2Sst and Hs6stl
were also seen (Figure 3), the latter enzymes catalyzing the
2-O-sulfation of IdoUA residues and 6-O-sulfation of GlcNAc
residues, respectively. In contrast, no significant effect was seen

on the expression of Extl or Ext2, enzymes responsible for the
elongation of heparin/HS chains.

Increased Proteoglycan Content in MCs
With Suppressed MEK1/2 Activity

In order to assess whether the effect on expression of mRNAs
encoding heparin/CS-synthesizing enzymes is translated to
effects on the actual synthesized GAGs, we isolated GAGs from
non-treated BMMCs and from BMMCs treated with MEK1/2
inhibitor (PD9805 or U0126) and determined their disaccharide
composition by reverse-phase ion-pair-HPLC analysis (24). This
analysis revealed a trend of increased amounts of non-sulfated
(OS CS/Hya), 4-O-sulfated (4S), and highly sulfated CS disac-
charides (6S4S) after treatment of BMMCs with PD98059, as
well as a trend of increased total amounts of CS (Figure 4A).
After treatment with U0126, a significant increase in the levels of
non-sulfated (OS CS/Hya), 4-O-sulfated (4S) and highly sulfated
CS disaccharides (654S) was seen, accompanied by a significant
increase in the total amounts of CS (Figure 4B).

As regards effects on heparin/HS, incubation of BMMCs with
PD98059 caused significant increases in the levels of non-sulfated
(NAc), N-sulfated (NS), 6-O-sulfated (6S), N-/6-O-disulfated
(NS6S) and N-/2-O-/6-O-trisulfated (NS6S2S) disaccharides,
as well as increased total amounts of heparin/HS (Figure 5A).
Notably, the levels of CS were higher than those of heparin, both
in non-treated and PD98059-treated cells (compare Figures 4A
and 5A). The latter is thus in agreement with previous studies
showing that CS is the major GAG species synthesized in BMMCs
(10). After incubation of BMMCs with MEK1/2 inhibitor U0126,
similar effects as for PD9805 treatment were seen (Figure 5B).

Suppression of MEK1/2 Signaling Causes
Upregulated Expression of MC Proteases

Previous studies have shown that serglycin proteoglycan is
crucial for mediating the storage of the various proteases that
are present in the MC granules (21). Since our data indicated
that suppressed MAPK signaling causes increased synthesis
of proteoglycans of serglycin type in MCs, we considered the
possibility that this could be accompanied by alterations in the
expression of serglycin-dependent MC proteases. To investigate
if this was the case, we first quantified the levels of trypsin-like
enzymatic activity, a measure of tryptase levels, in non-treated
vs. PD98059-treated MCs. As depicted in Figure 6A, PD98059
treatment of BMMCs caused a robust increase in the amount of
stored trypsin-like activity, a finding that is in agreement with
an observation in a previous study in Ref. (27). This was seen
after 3 days of culture and was more pronounced after 5-7 days.
In contrast, no significant increase of tryptase content was seen
after treatment of serglycin-null MCs with PD98059 (Figure 6A;
right panel), in agreement with the known dependence of tryptase
for serglycin for its storage in granules (21). Treatment of MCs
with inhibitors of JNK or p38 MAPKs did not cause an increase
in the levels of tryptase activity (data not shown).

To assess whether the increase in stored tryptase activity
also was reflected by increased secretion of tryptase activity
after MC activation, BMMCs were subjected to degranulation
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through IgE receptor crosslinking, followed by quantification of
released tryptase activity. Indeed, BMMCs that had been treated
with PD9805 for 7 days secreted substantially higher amounts
of tryptase activity than did control cells (Figure 6B), and the
residual tryptase activity in degranulated cells was also higher
in the PD98059-treated cells (Figure 6C). Hence, MCs with

suppressed MAPK signaling respond more vividly to IgE receptor
crosslinking in terms of tryptase release.

In order to dissect the mechanisms underlying these latter
findings, we asked whether the treatment of MCs with PD98059
caused an increase in the expression of tryptase mRNA. Indeed,
long-term MEK1/2 inhibition in BMMCs caused a significant
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increase in the levels of mRNA coding for Mcpt6, the main
tryptase expressed by murine MCs (Figure 6D). Further, as
shown by western blot analysis, PD98059 treatment caused
elevated levels of Mcpt6 at the protein level (Figure 6E).

We also assessed whether MEK1/2 inhibition affects pro-
teases other than tryptase localized in the secretory granules.

These analyses revealed that the levels of mRNA encoding Mcpt4
(a p-chymase) were significantly elevated, along with trend of
upregulated Cpa3 expression (Figure S4 in Supplementary
Material). Hence, interference with MEK1/2 has an overall
stimulating effect on the expression of major proteases stored in
the granules of MCs.
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FIGURE 4 | Effect of the inhibition of mitogen-activated protein kinase signaling on chondroitin sulfate in mast cells. Bone marrow-derived mast cells (0.5-1.0 x 10°
cells/ml) were incubated with (A) PD98059 (PD) at 50 uM for 7 days (n = 5; data were pooled from five biological replicates) or with (B) U0126 at 5 uM for 7 days
(n = 5; data were pooled from five biological replicates). Glycosaminoglycan chains were then isolated, depolymerized to disaccharides, and analyzed by ion-pair-
HPLC. The following chondroitin sulfate disaccharide species were identified and quantified: non-sulfated disaccharides of chondroitin sulfate or hyaluronan origin
(OS CS/Hya); HexA-GalNAc (4 -0- SOg) (4S); HexA-GalNAc (4,6 —-di-O- SOg) (4S69); total chondroitin sulfate (Total CS) was also calculated. HexA, hexuronic
acid (either glucuronic or iduronic acid); GalNAc, N-acetyl-galactosamine (o < 0.05, **p < 0.01, **p < 0.001).

Suppression of MEK1/2 Signaling
Does Not Influence the Levels

of p-Hexosaminidase in MCs

In addition to the serglycin proteoglycans and MC-restricted
proteases, MC granules contain large amounts of lysosomal
hydrolases, of which B-hexosaminidase is commonly used as
marker for MC degranulation. To assess whether suppression
of MEK1/2 also could affect the levels of this enzyme, we
measured the levels of stored p-hexosaminidase activity in
control vs. PD98059-treated BMMCs, and we also measured
the amount of released B-hexosaminidase after subjecting MCs
to IgE receptor crosslinking. In contrast to the robust effect of
suppressed MEK1/2 activity on serglycin proteoglycans and on
tryptase, PD98059 treatment was without effect on the base-
line levels of stored f-hexosaminidase (Figure 7A). However,
MEK1/2 inhibition caused an increased cellular retention
of P-hexosaminidase following IgE receptor crosslinking
(Figures 7B,C).

Upregulated Expression of Proteoglycan-
Building Genes in MCs With Suppressed
MEK1/2 Signaling Depends on the
Availability of the Serglycin Core Protein

Next, we aimed at providing insight into the mechanism under-
lying the effects of MAPK signaling on the MC proteoglycans
and proteases. One potential scenario could be that the strongly
upregulated proteoglycan synthesis seen after MEK1/2 inhibition
could be dependent on the presence of positively charged bind-
ing partners to the serglycin proteoglycans. The MC-restricted
proteases constitute major binding partners to serglycin (21, 28)
and we, therefore, assessed if their absence has an impact on
the regulation of enzymes involved in proteoglycan synthesis.
However, the simultaneous absence of multiple MC-restricted
proteases (Mcpt4, Mcpt5, Mcpt6, and Cpa3) (29) in MCs did
not abrogate the upregulated expression of proteoglycan-related
genes in response to PD98059 (data not shown). An alternative
scenario could be that the upregulation of enzymes involved in
proteoglycan synthesis is dependent on the availability of core
protein onto which the GAG side chains are attached. To assess
this possibility, we made use of BMMCs cultured from mice
lacking the serglycin core protein, i.e., the common core protein
onto which both CS and heparin chains are assembled. As seen
in Figure 8, the absence of serglycin abrogated the PD98059-
mediated induction of enzymes involved in proteoglycan synthe-
sis. Hence, this suggests that the induction of enzymes involved
in proteoglycan synthesis is dependent on the availability of the
serglycin core protein.

DISCUSSION

Mast cell degranulation is a hallmark event in many pathological
settings such as allergic reactions, and the signaling pathways
and mechanisms involved in this process have accordingly been
studied extensively (11-13). In contrast, there is to date relatively
little insight into the mechanisms that operate during the reverse
event, i.e., the biogenesis of the MC secretory granules (8, 30).
In previous attempts to address this issue we have identified a key
role for serglycin proteoglycan in maintaining granule homeo-
stasis by promoting the storage of various granule-localized pro-
teases, including tryptase (Mcpt6), CPA3, and selected chymases
(Mcpt4 and Mcpt5) (21, 28), and also for promoting the storage
of bioactive amines (31, 32).

In the process of MC degranulation, numerous signaling
events are activated (see Introduction). However, the signaling
events involved in the reverse process, i.e., the building up of
granules stores, have received little attention. We show here that
inhibition of MAPK signaling has a profound positive effect on
granule content, suggesting that this signaling pathway has a
hitherto unrecognized role in regulating the composition of the
MC secretory granules. Our data provide evidence that interfer-
ence with MEK1/2, a MAPKK, leads to a marked increase in the
metachromatic staining of MC granules. The metachromatic
staining of MC granules is strictly dependent on the presence of
serglycin proteoglycan (21, 28), and these findings thus led us
to hypothesize that MAPK signaling can regulate the synthesis
of serglycin proteoglycan. Indeed, we show that MEK1/2 inhi-
bition induced an elevated expression of the gene coding for
the serglycin core protein (Srgn). In addition, genes coding for
various enzymes involved in the sulfation of the heparin/HS and
CS chains attached to the serglycin core protein were induced
by interference with MEK1/2, including Chst15, Hs2st1, Hs6st1,
and Ndst1.

In agreement with the effects seen at the gene expression level,
we demonstrate that MEK1/2 inhibition affects biosynthesis of
the granule GAGs. First, the interference with MAPK signaling
caused an elevation of the total levels of GAGs of CS and heparin/
HS type. This was reflected by increases of the respective disaccha-
ride species that build up the respective GAGs. Altogether, these
data, together with the effects seen at the gene expression level,
indicate that MAPK signaling has a major impact on the levels of
granule proteoglycans. Reduced MAPK signaling will thus result
in a higher content of serglycin proteoglycans present in the MC
granules, which will enhance the capacity of the granules to store
positively charged compounds such as the various MC-restricted
proteases and bioactive amines. Suppression of MAPK signaling
may hence represent an important event in the processes leading
to MC granule maturation.
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(0.5-1.0 x 10° cells/mL) were incubated with (A)

FIGURE 5 | Effect of the inhibition of mitogen-activated protein kinase signaling on heparin/heparan sulfate (HS) in mast cells. Bone marrow-derived mast cells

5 uM for 7 days (n = 5; data were pooled from five biological replicates). Glycosaminoglycan chains were then isolated, depolymerized to disaccharides and analyzed
by ion-pair-HPLC. The following heparin/HS disaccharide species were identified and quantified: HexA-GIcNAc (NAc); HexA-GIcNSOs (NS); HexA—GIcNAc(G—O—SOg)
(6S); HexA-GICNSOs (6 — O — SOs) (NS6S); HexA (2 - O — SOz ) - GIcNSOs (6 — O — SOz ) (NS6S2S). Total heparin/HS (Total heparin/HS) was also quantified.
Abbreviations: HexA, hexuronic acid (either glucuronic acid or iduronic acid); GIcNAc, N-acetyl-glucosamine; GIcN, glucosamine.
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FIGURE 6 | MEK1/2 inhibition in mast cells (MCs) causes increased tryptase activity and expression. Bone marrow-derived wild-type (WT) or serglycin~'- (Srgn='"-)
MCs (0.5-1.0 x 10° cells/ml) were incubated with PD98059 (PD) at the concentrations and time periods indicated. (A) Total tryptase enzymatic activity in the cells
was quantified by using a chromogenic substrate (S-2288). Note the robust increase in tryptase activity after long-term treatment with PD98059. (B,C) MCs were
sensitized overnight as indicated by incubation with anti-DNP IgE, followed by IgE receptor crosslinking by addition of DNP-HSA. Next, tryptase activity in the
supernatants (B) or in the residual cell pellets (C) was quantified. (D) MCs (0.5-1.0 x 10° cells/ml) were incubated with PD98059 (50 uM) for the time periods
indicated, followed by isolation of total RNA and quantification of mMRNA encoding tryptase (Mcpt6) by gPCR (n > 3). (E) Western blot analysis revealing increased
levels of tryptase (Mcpt6) protein in MCs subjected to long-term treatment with PD98059 (50 pM). Total ERK1/2 was used as loading control (n = 6).

We also show that interference with the MAPK pathway causes
an increase in the levels of tryptase, a major granule constitu-
ent. Since tryptase storage is critically dependent on the highly
sulfated serglycin proteoglycans in MCs, a likely explanation for
this finding might be that the increase in proteoglycan content
could cause a secondary positive effect on the storage of tryptase.
If so, it may be expected that the increase in tryptase level upon

PD98059 treatment is a result of increased retention of tryptase
in the granules, without affecting tryptase gene expression.
However, we found that the interference with MAPK signaling
in fact induced the expression of Mcpt6, i.e., the gene encoding
tryptase. Hence, the increase in the levels of tryptase is most likely
due to increased Mcpt6 expression accompanied by increased
capacity of tryptase storage due to increased contents of granular
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FIGURE 7 | p-hexosaminidase storage is not affected by MEK1/2
inhibition. Bone marrow-derived mast cells (0.5-1.0 x 10° cells/mL) were
incubated for 7 days with PD98059 (PD) at the indicated concentrations.
Cells were either non-sensitized or sensitized with anti-DNP IgE as
indicated, followed by addition of DNP-HSA to induce IgE receptor
crosslinking leading to degranulation. Cells were assayed for total
B-hexosaminidase (A), as well as for p-hexosaminidase activity in the
supernatant (B) and in the residual cell pellets (C) (o < 0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001) (N = 3).

proteoglycans. Moreover, the inhibition of MAPK signaling
had positive effects on the expression of Mcpt4. These findings
indicate that the MAPK pathway has a hitherto unrecognized
role in promoting the expression of a panel of genes encoding
compounds involved in building up the MC secretory granules.

The exact mechanism behind the upregulated expression of
serglycin after interference with MAPK signaling is not entirely
clear. However, a previous study suggested that MEK1/2 inhibi-
tion causes upregulated expression of the transcription factor
MITF (27). MITF is a major transcription factor regulating MC
development, having a key role in promoting multiple features of
MCs including expression of MC proteases (33). MITF is known
to regulate transcription through specific E-boxes (CANNTG
motifs) (34), and an analysis of the serglycin gene reveals the
presence of two CANNTG elements in the serglycin promoter
(35). This suggests that serglycin expression can be enhanced
by MITE. Intriguingly, previous studies have shown that MITF
is phosphorylated by ERK1/2 and thereby directed to proteaso-
mal degradation (36). Hence, a plausible scenario behind the
increased serglycin expression in response to MEK1/2 inhi-
bition is that inactivated MAPK signaling results in elevated
MITF levels, thereby leading to increased expression of the
serglycin gene.

An intriguing finding was that the induction of a number
of genes involved in the biosynthesis of the heparin/HS and CS
chains seen in wild-type (WT) cells subjected to MEK1/2 inhibi-
tion was abrogated in MCs lacking expression of the serglycin
core protein. This suggests that there is crosstalk between the
expression of the serglycin core protein and the expression
of genes involved in serglycin core protein modification (by
GAGs), such that the induction of enzymes involved in serglycin
modification is critically dependent on the presence of the GAG
acceptor, i.e., the serglycin core protein. However, the mechanism
underlying this crosstalk remains to be identified.

Interestingly, inhibition of MAPK signaling did neither
affect the levels of stored B-hexosaminidase, nor the ability of
MCs to release B-hexosaminidase in response to IgE receptor
crosslinking. Hence, the MAPK pathway specifically regulates
the storage of selected granular compounds whereas others are
unaffected. It is notable that p-hexosaminidase, in contrast to
tryptase, chymase, and Cpa3, is not dependent on serglycin
for storage (37), most likely explained by a lack of affinity for
the anionic GAGs attached to the serglycin core protein. We
may thus propose that MAPK signaling specifically affects the
storage of serglycin and of those compounds that are stored
dependently on serglycin.

Together, our findings identify a hitherto unrecognized role
of MAPK signaling in regulating the contents of the MC secre-
tory granules. MCs are known to have the ability to regenerate
their granular stores following extensive degranulation, and
that they thereby are capable of repeated degranulation (38-40).
Hence, there is a need of efficient mechanisms to ensure that the
granular contents are efficiently resynthesized in this process.
Our findings suggest that suppression of MAPK signaling could
represent a signaling mechanism operative in turning the MCs
from a mode of degranulation to a regranulation mode. Notably,
MC degranulation in response to, e.g., IgE receptor crosslinking
is known to cause a strong but transient activation of MAPK
signaling pathways, as shown both here and in numerous other
studies (14-17). Hence, we may suggest that the decrease in
MAPK pathway activation following the initial MAPK activa-
tion could represent a molecular switch to initiate efficient MC
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regranulation to ensure that the MCs become primed to carry out
repeated degranulation.
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FIGURE S1 | Mast cells (MCs) (1 x 10° cells) were incubated with U0126 at the
time periods and concentrations indicated. (A) Morphology of MCs as assessed
by May-Griinwald/Giemsa staining of cytospin slides. (B) Cell viability as
assessed by a CellTiter-Blue Cell Viablity Assay. (C) Tryptase activity of
non-treated vs. U0126-treated cells, as determined by cleavage of a
chromogenic tryptase substrate (S5-2288).

FIGURE S2 | JNK or P38 mitogen-activated protein kinase (MAPK) inhibition
does not enhance granule maturation in mast cells (MCs). Bone marrow-derived
mast cells (MCs) (0.5-1.0 x 10° cells/ml) were incubated with SP600125 (JNK
MAPK inhibitor) or SB203580 (p38 MAPK inhibitor) at the concentrations and
time periods indicated. After incubation with the respective inhibitor, cytospin
slides were prepared and stained with May-Griinwald/Giemsa. The insets
represent enlarged images of MCs with representative morphology. Note that
neither of the inhibitors caused increased May-Griinwald/Giemsa staining
intensity of granules. Original magnification: 40x.

FIGURE S3 | Mast cells (1 x 10° cells) were left untreated or were treated
with PD 98059 at the time periods and concentrations indicated. Cells were
recovered and analyzed by western blotting for phosphorylation of P38 and
JNK. Actin was used as loading control.

FIGURE S4 | Mast cells (0.5-1.0 x 10° cells/ml) were incubated with PD98059
(50 pM) for the time periods indicated, followed by isolation of total RNA and
quantification of MRNA encoding Mcpt4 and Cpa3 by gPCR (n > 3).
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