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Abstract The human mast cell line (HMC-1%°) was used to study the effects of tyrosine kinase (TyrK) inhibition on

histamine release in consequence of intracellular Ca?* or pH changes. This is important since the TyrK inhibitor STI571
(Glivec™) inhibits proliferation and induces apoptosis in HMC-1°°°. HMC-1°° cells have a mutation in c-kit, which leads
to a permanent phosphorylation of the KIT protein and their ligand-independent proliferation. The TyrK inhibitors STI571,
lavendustin A and genistein decrease spontaneous histamine release in 24-h pre-incubated cells. Results are compared
with those of the mast cell stabiliser cromoglycic acid, which also drops spontaneous histamine release. When exocytosis
is stimulated by alkalinisation, STI571 pre-incubated cells release more histamine than non-pre-incubated cells.
Alkalinisation-induced histamine release reaches still higher levels in STI571 cells with activated protein kinase C (PKC)
by PMA. We do not observe modifications on histamine release in cells, treated with PKC inhibitors (rottlerin, Gf109203 or
G066976). Lavendustin A- and genistein 24-h incubated cells behave similar to STI571 cells, whereas cromoglycic
acid does not show effects after stimulation with alkalinisation. Stimulation of exocytosis with the Ca?* ionophore
ionomycin does not modify histamine response in TyrK inhibited cells. Ca*" and pH changes are observed after long-time
incubation with STI571. Results show that pH is still higher in STI571 pre-incubated cells after alkalinisation with NH,Cl,
whereas intracellular Ca’™ concentration remains stable. This work further strength the importance of pH; as a cell
signal and suggest that STI571 has transduction pathways in common with other TyrKs. J. Cell. Biochem. 103: 1076-1088,
2008. © 2007 Wiley-Liss, Inc.
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Mast cells are a cell type often used in signal
transduction studies because they secrete their
granules through a fast exocytotic process,
which can be used as a functional model. Up
to now, only two human mast cell lines are
available: the LAD 1/2 line (Laboratory of
Allergic Diseases) [Kirshenbaum et al., 2003]
and the human mast cell line (HMC-1) [Butter-
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field et al.,, 1988]. HMC-1 presents a very
regular growth and behaviour and there are
still many unknown aspects concerning to its
activation process.

HMC-1 cells express in their membrane the
tyrosine kinase (TyrK) receptor KIT. KIT is a
member of the type III transmembrane Tyr
kinases with an extracellular domain that binds
to mast cell growth factor, also known as steel
factor and stem cell factor (SCF) [Linnekin,
1999; Longley et al., 1999; Heinrich et al.,
2000]. The extracellular region consists of five
immunoglobulin-likes binding repeats, three of
them are involved in SCF-binding. Ligand
binding results in dimerisation and phosphory-
lation of KIT and leads to an activation of
its intrinsic intracellular TyrK activity. A
juxtamembrane domain and two TyrK domains,
which are separated by a kinase insert, are
situated in the intracellular part of KIT [Linne-
kin, 1999]. Signals mediated by the extracellular
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receptor influence important processes like
proliferation, differentiation, migration, activa-
tion and survival of mast cells [Sundstrom et al.,
2003]. Mutations in the proto-oncogene c-kit,
which encodes the KIT protein, evoke a
ligand independent proliferation of HMC-1
[Buchdunger et al., 2000]. HMC-1°° has one
mutation that results in a Gly560 — Val amino
acid change. HMC-1%6%81€ has the 560 mutation
and one more in Asp816 — Val. These muta-
tions lead to a constitutive activation of the KIT
protein that has been found in several types of
human malignant diseases [Ma et al., 2002].

The 560 mutation could be detected in cells of
patients with gastrointestinal stromal tumour
(GIST), cutaneous mastocytosis (CM) and in
a few cases of systemic mastocytosis (SM).
Mastocytosis is a mast cell disease character-
ised by an abnormal growth and accumulation
of mast cells in one or more tissues. CM is
common in children. Typical clinical and histo-
logical skin lesions and the absence of definitive
signs of systematic involvement define it
[Valent et al., 2001]. Cells with 816 mutations
have been found in more than 80% of patients
with SM. The grave disease appears commonly
in adults and its diagnosis is based on multifocal
histological lesions in the bone marrow or other
extra-cutaneous organs. The detection of the
activating c-kit point mutation at codon 816 is
one diagnostic criterion of SM [Valent et al.,
2001; Garcia-Montero et al., 2006]. Different
mutations of KIT have a high relevance in the
pathology and identification of distinct forms of
SM and their modulation become major signifi-
cance for its treatment and prognosis [Valent
et al., 2001].

The TyrK inhibitor STI571, also known as
Glivec™ and imatinib, was discovered during
the testing of compounds for inhibition of
protein kinase C (PKC) [Buchdunger et al.,
1996]. The development of a number of chemical
analogs resulted in STI571, shown to be an
inhibitor of platelet-derived growth factor
receptor, inhibitor of v-Abl, c-Abl, Ber-Abl
and c-kit protein-TyrKs [Buchdunger et al.,
2000]. STI571 acts as a competitive inhibitor
of adenosine triphosphate (ATP). It binds to a
portion of the ATP-binding site of the kinase in
its inactivated conformation and keeps it in this
frozen-like condition [Shah et al., 2006]. STI571
is successful used in mast cell diseases involving
the wild-type c-kit by inhibition of the SCF-
dependent kinase activation. The inhibitory

effect is still higher in mutants with Gly560Val
substitution, by decreasing the autophosphory-
lation of the mutant KIT through inhibition
of the kinase activity rather than by down-
regulating expression of c-kit protein. There-
fore, it is successfully used in patients with
GIST [Heinrich et al., 2000]. Unfortunately, it is
ineffective in cells with Asp816Val mutation
that appear in the majority of aggressive SM
and mast cell leukaemia [Ma et al., 2002].

The aim of this work was to study the
relationship between HMC-1°%° activation and
the TyrK pathway, especially that of KIT. We
used STI571 and the non-specific TyrK inhib-
itors, lavendustin A and genistein toinvestigate
how they affect histamine release in conse-
quence of changes in intracellular Ca®>" or pH in
these cells. The availability of two cultured cell
lines that differ in one mutation is an oppor-
tunity for further investigation of the influence
of this mutation on signalling pathways. A
better understanding could lead to more effi-
cient drug targeting. We used HMC-1°%° cells
that appear in few patients with SM. Similar
studies should be made with HMC-1%60816
cells that can be found in mast cell neoplasm,
to clarify the effect of the 816 mutation on
appointed pathways.

METHODS
Chemicals

Ammonium chloride (NH,Cl) was from Pan-
reac (Barcelona, Spain); rottlerin, ionomycin,
G66976, GF109203X, genistein and lavendustin
A were from Alexis Corporation (Laufelfingen,
Switzerland); 2,7-bis (carboxyethyl)-5(6)carboxy-
fluorescein-acetoxymethylester (BCECF AM)
and FURA-2 AM were from Molecular Probes
(Leiden, The Netherlands). Phorbol 12-myris-
tate 13-acetate (PMA), Cromoglycic acid
and MTT (3-[4,5-dimethyldiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide) were from Sigma-
Aldrich (Madrid, Spain). STI571 was provided
by Dr. Luis Escribano Mora (Servicio de Hema-
tologia, Hospital Ramoén y Cajal, Madrid).

Cell Cultures

HMC-1 cells were kindly provided by Dr. J.
Butterfield (Mayo Clinic, Rochester, MN)
and maintained in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 10%
foetal bovine serum (FBS), 100 IU/ml penicillin
and 100 pg/ml streptomycin. Cells were
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expanded weekly and mnot more than

40 passages.
Cell Preparation

For histamine release assays, cells were
centrifuged (1,500 r.p.m., 5 min, 4°C) and
washed twice with saline solution (1,000 r.p.m.,
5 min, 4°C). The composition of this solution was
(mM): Na* 142.3; K 5.94; Ca®" 1; Mg®" 1.2; C1~
126.2; HCO;~ 22.85; HPO,®~ 1.2, SO, 1.2
glucose 1 g/L.

For Ca®" and pH measurements cells were
treated in the same conditions, but washed in
saline solution plus 0.1% bovine serum albumin
(BSA).

The incubation medium was equilibrated
with COs prior to use. During the experiments,
pH (7.20) was maintained constant by bubbling
CO,. Experiments were carried out at least
three times, by duplicate, both for histamine
release assays and Ca®" and pH measurements.

Cell Incubation

Freshly prepared concentrated solution
(6.2 pl) of each drug (40 times concentrated)
were added to the incubation medium to attain a
final volume of 150 ul and pre-incubated. When
the medium reached 37°C, 100 ul of a cell
suspension with an approximate density of
1.5—2 % 10° cells/ml were added to each tube.
Incubations were carried out in a bath at 37°C
for 10 min.

The incubations were stopped by immersing
the tubes in a cold bath. After centrifugation at
2,300 r.p.m. for 10 min, the supernatants were
collected and decanted into other tubes for
histamine determination. Appropriate controls
to determine spontaneous histamine release in
the absence of stimuli were executed in every
experiment.

Histamine Release Assays

Histamine release was tested with a spectro-
fluorometer, (Fluoroskan 1II, Labsystems,
Barcelona, Spain) in both pellet (non-released
histamine) and supernatant (released hista-
mine) according to Shore’s method [Shore,
1971]. To form the fluorescent complex 0.04%
orthophthaldialdehyde was used, also trichloro-
acetic acid (14%) to avoid protein interferences in
the histamine release determination. To ensure
total histamine, pellets were sonicated for 60 s in
0.2 ml of 0.1 N HCIL In NH4Cl experiments,
histamine release was measured only in pellets,

since this compound interferes with the fluores-
cent complex. Results shown were expressed as
the percentage of released histamine from the
total histamine content.

Cell Viability

After exposure to different concentrations of
STI571 during 24 h in culture medium, cells
were centrifuged (1,500 r.p.m., 5 min, 4°C). The
pellets were resuspended in saline solution with
MTT (250 pg/ml) and incubated at 37°C for
30 min in darkness.

After washing twice with saline solution cells
were sonicated in water for 60 s. The coloured
formazan salt was measured at 595 nm in a
spectrophotometer plate reader.

Measurement of Cytosolic Free Ca®"
and Intracellular pH

HMC-1 cells were loaded with FURA-2 AM
(0.2 uM) and BCECF AM (0.05 pM) in a bath at
37°C, for 10 min. After this time, loaded cells were
washed with saline solution (1,000 r.p.m.,
10 min, 4°C). Cells were attached to glass
coverslips treated with poly-L-lysine, and these
were inserted into a thermostated chamber
(Life Sciences Resources, UK). Cells were
viewed using a Nikon Diaphot 200 microscope
equipped with epifluorescence optics (Nikon
40x—immersion UV—Fluor objective). Addi-
tion of drugs was made by aspiration and
addition of fresh bathing solution to the
chamber. Intracellular pH and cytosolic Ca®"
concentration were obtained from the images
collected by fluorescence equipment (Life
Sciences Resources). The light source was a
175 W xenon lamp, and the used wavelengths
were selected with filters. For FURA-2 AM, the
excitation wavelengths were 340 and 380 nm,
with emission at 505 nm; for BCECF AM the
excitation was performed at 440 and 490 nm,
with 530 nm for emission. The calibration of the
fluorescence values versus intracellular Ca®"
was made according to the method of Thomas
et al. [1979] and of fluorescence values versus
pH as per Grynkiewicz et al. [1985]. In brief, a
calibration curve was obtained with four known
values of pH, measuring the fluorescence ratio
obtained in the presence of nigericin, in a K
solution, for each pH value.

Statistical Analysis

Results were analysed using the Student’s
t-test for unpaired data. A probability level of



0.05 or smaller was wused for statistical
significance. Results were expressed as the

mean + SEM.

Following to our previous work in HMC-
cells [Pernas-Sueiras et al.,, 2005, 2006a,b],
we checked the effect of TyrK inhibitors on
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histamine release induced by alkalinisation and
ionomycin.

After 10 min of incubation with one of the
TyrK inhibitors STI571 (10 uM), lavendustin A

(1 uM) and genistein (10 pM), we stimulated the
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Fig. 1. Effect of TyrK inhibition on histamine release. HMC-1°%° cells were pre-treated during 10 min in
saline solution with STI571 (10 uM; A,D), lavendustin A (1 uM; B,E), genistein (10 uM; C,F) and afterwards
stimulated with different concentrations of NH,Cl (A-C) o ionomycin (D—F). Mean+SEM of four
experiments.

cells with different concentrations of NH,CI or
the Ca®" ionophore ionomycin [Pernas-Sueiras
et al., 2005]. Neither alkalinisation (Fig. 1A—-C)
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nor stimulation with ionomycin (Fig. 1D-F)
induced any change in histamine release.

Next, we investigated the time dependence of
TyrK inhibition in HMC-1°%°, We tested STI571
viability by MTT assays in cells 24 h incubated
with different concentrations of the drug. Our
results confirmed those of other studies that
HMC-1°%° cell died with increased drug pres-
ence [Heinrich et al., 2000; Akin et al., 2003]
(Fig. 2). From this graphic, we selected the
concentration 25 nM where 70% of the cells
survived but STI571 still had an effect.

We incubated HMC-1°%° cells 24 h with this
concentration and a control without drug in
culture medium. Afterwards histamine assays
were realised as described above. Our results in
Figure 3A show that spontaneous histamine
release was significantly decreased in STI571
(25 nM) 24 h pre-incubated cells. We obtained
similar results with cells pre-treated with
lavendustin A (1 pM; Fig. 3B) and genistein
(1 uM; Fig. 3C), two unspecific TyrK inhibitors.
Hereon, histamine response of cromoglycic acid
(100 pg/ml) pre-incubated cells was checked.
Its salt sodium cromoglycate prevents mast
cell degranulation [Theoharides et al., 1980;
Edwards and Howell, 2000]. When this drug
was present during 24 h spontaneous histamine
release was also decreased (Fig. 3D).

Furthermore, histamine release assays were
made with NH,CI (50 mM) to compare the TyrK
inhibited cells with control cells, since alkalin-
isation is known to stimulate histamine release
in this cell line [Pernas-Sueiras et al., 2005]. As
Figure 4A shows, it is surprising that STI571

Viability (%)

30—y
10°  0.0001  0.001 0.01 0.1 1 10
STI571 (pM)
Fig. 2. HMC-1°% viability after 24 h incubation with STI571.
Different concentrations of STI571 were added in culture
medium and cells were incubated for 24 h at 37°C. Cell viability
was checked by MTT test. Control cells with non-STI571
treatment, were used as 100% viability and ethanol treatment
as 100% dead, in each experiment. Mean=+SEM of four

experiments.

pre-incubated cells released more histamine
after alkalinisation. HMC-1%¢° cells pre-treated
with lavendustin A (1 uM; Fig. 4B) and genistein
(1 pM; Fig. 4C) showed similar behaviour,
whereas cromoglycic acid did not affect hista-
mine release induced by alkalinisation
(Fig. 4D).

The Ca®" ionophore ionomycin is another
stimulus that induces histamine release
in HMC-1°%° [Pernas-Sueiras et al., 2005].
STI571 pre-incubation on further stimulation
with ionomycin (2 uM), Figure 4E, did not change
histamine response compared to ionomycin
treatment only. In the same way, the other TyrK
inhibitors lavendustin A (Fig. 4F) and genistein
(Fig. 4G) did not show differences when compar-
ing pre-treated cells with control cells after
ionomycin stimulation. In addition, cromoglycic
acid, Figure 4H, did not affect histamine release
induced by the Ca®" ionophore.

To check if the increased histamine release
was a consequence of intracellular Ca®" or
pH changes, we observed both parameters
in TyrK inhibited cells. HMC-1°%° cells were
pre-incubated with STI571 (25 nM) during 24 h
like in histamine release assay experiments.
We performed the experiments in Ca®'-free
medium and restored the ion later on. After
obtaining a baseline, we added NH,Cl1 (50 mM).
As Figure 5A shows, cytosolic pH increased
at the addition point of the compound and
slowly decreased afterwards. After adding
Ca?t (1 mM) to the medium, we could not
observe any other pH; changes. As the same
figure shows, pH increase was higher in STI571
pre-incubated cells than in not treated cells.
The difference was statistically significant.
The intracellular Ca®" concentration remained
stable during the whole experiment (Fig. 5B).

The same experiment was performed by
adding ionomycin (0.1 uM) instead of NH4CI.
As expected, the cytosolic Ca®" increased at the
ionomycin addition point because intracellular
reservoirs were depleted (Fig. 5D). Thereupon
the Ca?" concentration steadily decreased until
Ca?" (1 mM) was added to the external medium.
Cytosolic Ca®" rapidly rose through the fast
influx of the cation. As Figure 5C shows, the
intracellular pH remained stable until Ca®"
addition. After that we could observe a lightly,
not significantly alkalinisation in ionomycin
stimulated cells. However, no significant differ-
ences between STI571 treated and control cells
were seen neither in intracellular Ca®" nor in
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Fig. 3. Effect of TyrK inhibitors and cromoglycic acid on HMC-1°%° spontaneous histamine release after
24 h of incubation. Cells were pre-incubated for 24 h in the presence of STI571 (25 nM; A), lavendustin
A (1 uM; B), genistein (1 pM; C) or cromoglycic acid (100 pg/ml; D) in culture medium. Histamine release was
checked after 10 min of incubation in saline solution (37°C). Mean + SEM of four experiments. * Significant
differences between control and drug pre-incubated cells.
pH changes after ionomycin stimulation nor genistein, Figure 6G, had effects. Figure 6H
(Fig. 5C,D). shows that the mast cell stabiliser cromoglycic

From previous studies, we know that
PKC stimulation by the phorbol ester PMA
induces release of histamine after NH,Cl
stimulation [Pernas-Sueiras et al.,, 2006a].
As Figure 6A shows, STI571 significantly
increased alkalinisation-induced histamine
release after treatment with PMA (100 ng/ml).
Pre-treatment of HMC-1°%° with lavendustin A
(Fig. 6B) or genistein (Fig. 6C) had the same
effect. Cromoglycic acid (Fig. 6D) did not affect
histamine response.

In contrast to alkalinisation, STI571 did not
change the histamine release in ionomycin-
stimulated cells in combination with PMA
(Fig. 6E). Neither lavendustin A, Figure 6F,

acid did not affect histamine release.

Accordingly, we checked intracellular Ca®"
and pH profiles when PKC was stimulated. As
Figure 7A shows, pH increased after NH,Cl
(50 mM) addition to a Ca®"-free medium. When
Ca®" (1 mM) was restored to the medium, no
effect was observed on the descending pH.
We could see a slightly increased pH in STI571
pre-incubated cells, although that was not
statistically significant. During the whole
experiment, in both, STI571 pre-incubated and
control cells, Ca®" levels remained stable (data
not shown).

In those experiments of ionomycin in combi-
nation with PMA, no changes were observed in



1082

H

WSS T W S

A B

)

G
i

Histamine Relsase [%e)
4 N
Histamine Release (%)
)

E F
in J ] B leomycnzm
E [ / E |%
i _=r
£ B /,: o |-:.
i. . i
i . : ]
1. / 1-2
. | o
i e P 14 o R
STIS71 250k Lavasdustin &
EE L 1M a4k
Fig. 4. Effect of TyrK inhibitors and cromoglycic acid on

alkalinisation- and ionomycin-induced histamine release in
HMC-1°%° cells. Cells pre-incubated with STI571 (25 nM; A),
lavendustin A (1 uM; B), genistein (1 uM; C) or cromoglycic acid
(100 pg/ml; D) during 24 h were stimulated with NH,CI (50 mM)
during 10 min in saline solution (37°C). Cells pre-incubated with

pH; at the point where drug was added (data not
shown). Results of cytosolic Ca?' changes in
Figure 7B show an expected increase after
adding ionomycin (0.1 pM) and a subsequent
drop. The Ca?' (1 mM) restoration to the
external medium induced another but higher
increase in intracellular Ca®" concentration
due to the extracellular entry of the cation.
Furthermore to proof the influence of PKC
inhibition we performed histamine assays
in STI571 (25 nM) 24 h pre-incubated cells
using the PKC inhibitors G66976 (100 nM),
GF109203X (500 nM) and rottlerin (10 uM).
We could not find any significant alteration
between TyrK blocked and control cells, neither
after alkalinisation (Fig. 8A—C) nor after
stimulation with ionomycin (Fig. 8D-F).

DISCUSSION

In previous works in HMC-1°%, we studied

transduction pathways that have influence in
intracellular Ca®" and pH as activation signals
for release of histamine. The object of this
study was to characterise signalling pathways
mediated by TyrKs. This is important since the
KIT TyrK inhibitor STI571 is able to induce
apoptosis and to inhibit proliferation in cells
with Gly560 — Val amino acid change in KIT.
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STI571 (25 nM; E), lavendustin A (1 uM; F), genistein (1 uM; G) or
cromoglycic acid (100 pg/ml; H) during 24 h were stimulated
with ionomycin (2 pM) during 10 min in saline solution (37°C).
Mean +SEM of four experiments. * Significant differences
between control and drug pre-incubated cells.

We wanted to clarify especially the influence of
TyrK-activity on exocytotic process.

In HMC-1°%°, KIT is permanently phosphory-
lated and SCF independently activated. It is
involved in a variety of intracellular signalling
pathways like that of phosphatidylinositol-
3’-kinase (PI3K) and mitogen activated protein
kinases (MAPK) [Sundstrom et al., 2003].
Furthermore, it is suggested that JAK/STAT
and Scr play an important role in the prolifer-
ation process induced by KIT in HMC-1 like it
has been shown in other cell lines [Linnekin,
1999]. To modulate these processes we inhibited
the catalytic centre of the intracellular KIT
TyrK with STI571, which acts as a competitive
inhibitor of ATP [Shah et al., 2006]. Sub-
sequently connected pathways as those
mentioned above are blocked. The efficacy of
the drug shows its use in GIST [Ma et al., 2002]
and the viability test in this work and other
studies [Heinrich et al., 2000]. HMC-1°¢° cells
died with increased drug presence.

All these studies were long-term studies.
When we incubated the cells for 10 min with
STI571 or the two unspecific TyrK inhibitors
lavendustin A and genistein, we could not
observe any change in histamine release.

From the viability test, we selected the
concentration 25 nM of STI571 that allowed
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for 24 h in presence of STI571 (25 nM) in culture medium. Cytosolic pH and Ca®" changes
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experiments.

70% of the cells to survive but still showed an
effect. We expected that histamine release
would decrease after 24-h pre-incubation
with STI571. Our results confirmed a lower
spontaneous histamine response. We made
similar experiments with lavendustin A and
genistein, since these drugs are reported to
diminish histamine release in human baso-
philes [Tedeschi et al., 2000]. Lavendustin A
and genistein affected spontaneous histamine
release of HMC-1°% cells like STI571. We
suggested, this might be due to the block of
above-mentioned TyrK connected transduction
pathways as PISK and JAK/STAT.

To rule out the possible role of the TyrK
inhibitors as membrane stabilisers, we treated
the cells for 24 h with cromoglycic acid, a drug
often used in treatment of diseases with high
transmitter release such as different kind of
allergies, asthma and mastocytosis [Shin et al.,
2004]. Its mechanism of action was thought to
be the stabilisation of the mast cell membrane
and subsequent the prevention of transmitter
release [Theoharides et al., 1980; Edwards and
Howell, 2000]. Further on the drug was shown
to inhibit the activation of human neutrophils,
eosinophils and monocytes in vitro and to
reduce IgE production [Kimata et al., 1991;
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Fig. 6. Effect of PKC activation and TyrK inhibition o
cromoglycic acid incubation on alkalinisation and ionomycin
induced histamine release in HMC-1°%°. Cells pre-incubated
with STI571 (25 nM; A), lavendustin A (1 uM; B), genistein (1 uM;
C) or cromoglycic acid (100 pg/ml; D) during 24 h were pre-
treated with PMA (100 ng/ml) 10 min and afterwards stimulated
with NH4Cl (50 mM) during 10 min in saline solution (37°C).

Loh et al., 1994]. An interesting approach was
that cromolyn might inhibit histamine secretion
by phosphorylation of a mast cell protein, which
is involved in exocytosis regulation. PKC inhib-
itors and a cation ionophore blocked this
phosphorylation [Correia et al., 1996; Wang
et al., 1999]. We found as well less histamine
release in unstimulated cells treated with
cromoglycic acid. However, results of experi-
ments with cromoglycic acid differed of those
of the TyrK-inhibitors after stimulation with
NH,CI or ionomycin. Therefore, we discarded
our hypothesis that STI571 could act in a
cromolyn like manner.

In HMC-1%%° histamine release increases
after stimulation with NH4Cl simultaneously
with an increase of intracellular pH, and at the
same time Ca®" levels remain stable [Pernas-
Sueiras et al., 2005]. In rat peritoneal mast
cells [Wan et al., 2005] and human basophiles
[Tedeschietal., 2000], TyrK inhibition leads to a
decrease of histamine release after stimulation.
Surprisingly STI571 pre-treated HMC-1°¢°
cells released more histamine after alkalinisa-
tion than control cells. As far as we know, this
is the first time that describes that TyrK

Cells pre-incubated with STI571 (25 nM; E), lavendustin A (1 uM;
F), genistein (1 uM; G) or cromoglycic acid (100 pg/ml; H) during
24 h were pre-treated with PMA (100 ng/ml) for 10 min and
afterwards stimulated with ionomycin (2 uM) during 10 min
in saline solution (37°C). Mean+SEM of four experiments.
* Significant differences between control and drug pre-incubated
cells.

inhibition increased histamine release in
human mast cells.

We could not explain the stimulation of
exocytosis after alkalinisation with the KIT
kinase inhibition, because as previous men-
tioned, inhibition should occur downstream the
activation process. Therefore, we performed
experiments with the unspecific TyrK inhibi-
tors, lavendustin A and genistein in the same
fashion as with STI571. Especially genistein
has been tested earlier to decrease histamine
release after stimulation in different mast cell
models [Tedeschi et al., 2000; Wan et al., 2005].
However, alkalinisation induced histamine
release rose after 24-h treatment with both
drugs. This suggests that STI571 has trans-
duction pathways in common with other Tyr
kinases, at least as evidenced with lavendustin
A and genistein in this cell line.

To investigate this behaviour, intracellular
Ca®" and pH levels were observed in STI571
pre-incubated and control cells. Our results
showed that in pre-treated cells pH; signifi-
cantly increased more after alkalinisation. This
matches with our previous statements that
alkalinisation induces histamine release in this
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Fig. 7. Effect of PKC activation and STI571 on alkalinisation-
modulated intracellular pH and Ca®" levels in HMC-1°%°
cells. Cells were pre-incubated for 24 h in the presence of
STI571 (25 nM) in culture medium. NH,CI (50 mM) was added
and cytosolic pH changes were observed (A). Cytosolic Ca**
changes were observed after ionomycin 0.1 uM addition (B). The
first arrow indicates the addition of PMA (100 ng/ml), the second
arrow indicates stimulator addition and the third that extrac-
ellular Ca®* (1 mM) was restored. Mean = SEM of three experi-
ments.

cellline [Pernas-Sueiras et al., 2005]. Observing
intracellular Ca®" in the same experiments,
we did not find any difference in STI571 and
control cells. This suggests once more that pH is
a stimulating signal to induce exocytosis in
HMC-1°%° and that STI571 influences somehow
thissignalling pathway. It has been described in
cardiomyocytes that ATP is a strong activator of
Src/Tyr kinases and of the anion C1 /HCOj3~
exchanger. TyrK activation results in intra-
cellular acidosis [Puceat et al., 1998; de la Rosa
et al., 2001]. Src TyrK inhibition by genistein

leads to an inhibition of C1 /HCO3~ exchanger
and this prevents ATP-induced acidification. It
is necessary to bear in mind that STI571
inhibits the ATP binding site of KIT and that
KIT is connected to other Tyr kinases. It might
be that TyrK inhibition increases intracellular
pH by inhibiting the anion Cl17/HCOj3™
exchanger, similarly as in cardiomyocytes,
what results in increased histamine release
after alkalinisation. Alkalinisation induced by
TyrK inhibition could be part of the initiation of
the apoptotic process that induces STI571 in
these cells. Further studies should be done,
including apoptosis activation experiments, to
investigate the impact of alkalinisation in
cellular death.

Cytosolic Ca®" concentrations play a role in
exocytotic processes since the Ca%" ionophore
ionomycin induces histamine release by
modulating intracellular Ca®" concentration
[Pernas-Sueiras et al., 2005, 2006b]. Therefore,
similar experiments using ionomycin instead of
NH,Cl were performed. Whereas histamine
release was significantly elevated after alkalin-
isation in STI571 pre-treated cells, the increase
after ionomycin stimulation was not signifi-
cantly. Results obtained in the microscope
with ionomycin in STI571 pre-incubated cells
confirmed those of histamine release assays.
There were no significant differences in Ca®"
and pH changes between STI571 and control
cells.

These results demonstrate that STI571 influ-
ences exocytosis of HMC-1°%° by a pH-, but not
by a Ca®"-dependent pathway. To underpin this
statement we further studied the modulation
of PKC, since PMA induced an increased
histamine release in NH4Cl and ionomycin
stimulated cells [Pernas-Sueiras et al., 2006a].
Alkalinisation induced exocytosis took place
without modulating cytosolic Ca®" levels in
cells pre-treated with PMA. We demonstrated
that a long-term pre-incubation with one of the
TyrK inhibitors induced a significantly higher
release of histamine in PKC stimulated cells
after alkalinisation. STI571 pre-incubated
cells showed a slightly higher initial pH after
NH,CI addition. Even if the difference was not
significant, we suggest that this is once more a
reason for the increased histamine release of
STI571 pre-incubated cells. We could not find
differences observing intracellular Ca®" con-
centrations. Pre-treated cells with activated
PKC, stimulated by ionomycin did not show
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Fig. 8. Effect of PKC inhibition and STI571 on alkalinisation or ionomycin induced histamine release in
HMC-1°%°. Cells pre-incubated with STI571 (25 nM) during 24 h were pre-treated with rottlerin (10 pM),
G066976 (100 nM), GF109203X (500 nM) for 10 min and afterwards stimulated with NH,4CI (50 mM; A—C) or
with ionomycin (2 uM; D—F) during 10 min in saline solution (37°C). Mean + SEM of four experiments.

differences neither concerning to histamine
release nor to intracellular pH and Ca®"
changes. Results of STI571 pre-incubated and
control cells, when PKC was inhibited by
rottlerin, GF109203X or G66976, did not differ
from each other concerning to histamine
release.

Nevertheless, the fact that PMA-increased
alkalinisation induced histamine release in
TyrK inhibited cells let us suggest that there
exists a connection between PKC and TyrK
pathways in HMC-155°,

Our results demonstrate that the TyrK
inhibitors STI571, lavendustin A and genistein
inhibit in this cellular model similar pathways.
They are able to influence intracellular pH
levels, and this leads in the case of HMC-1°%°
to an increased histamine release after alkalin-
isation. Furthermore like in previous studies,
we show the importance of intracellular pH in
HMC-1°%° and that can be by itself enough
signal to activate exocytosis [Alfonso et al.,
2000; Pernas-Sueiras et al., 2005]. Our study
may have potential implications to modify the
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effect on the clinical use of STI571. It should
be noticed that by decreasing the amount of
HMC-1°%° cells by using STI571, surviving cells
could be more reactive after their stimulation.

ACKNOWLEDGMENTS

This work was mainly funded with grants
FISS REMA-G03-007 and PI 050323.

REFERENCES

Akin C, Brockow K, D’Ambrosio C, Kirshenbaum AS, Ma Y,
Longley BJ, Metcalfe DD. 2003. Effects of tyrosine kinase
inhibitor STI571 on human mast cells bearing wild-type
or mutated c-kit. Exp Hematol 31:686—-692.

Alfonso A, Cabado AG, Vieytes MR, Botana LM. 2000.
Calcium-pH crosstalks in rat mast cells: Cytosolic
alkalinization, but not intracellular calcium release, is
a sufficient signal for degranulation. Br J Pharmacol
130:1809-1816.

Buchdunger E, Zimmermann J, Mett H, Meyer T, Muller
M, Druker BJ, Lydon NB. 1996. Inhibition of the
Abl protein-tyrosine kinase in vitro and in vivo by a
2-phenylaminopyrimidine derivative. Cancer Res 56:
100-104.

Buchdunger E, Cioffi CL, Law N, Stover D, Ohno-Jones S,
Druker BdJ, Lydon NB. 2000. Abl protein-tyrosine kinase
inhibitor STI571 inhibits in vitro signal transduction
mediated by c-kit and platelet-derived growth factor
receptors. J Pharmacol Exp Ther 295:139-145.

Butterfield JH, Weiler D, Dewald G, Gleich GJ. 1988.
Establishment of an immature mast cell line from a
patient with mast cell leukemia. Leuk Res 12:345-355.

Correia I, Wang L, Pang X, Theoharides TC. 1996.
Characterization of the 78 kDa mast cell protein
phosphorylated by the antiallergic drug cromolyn and
homology to moesin. Biochem Pharmacol 52:413-424.

de la Rosa LA, Vilarino N, Vieytes MR, Botana LM. 2001.
Modulation of thapsigargin-induced calcium mobilisa-
tion by cyclic AMP-elevating agents in human lympho-
cytes is insensitive to the action of the protein kinase A
inhibitor H-89. Cell Signal 13:441-449.

Edwards AM, Howell JB. 2000. The chromones: History,
chemistry and clinical development. A tribute to the work
of Dr R.E.C. Altounyan. Clin Exp Allergy 30:756—774.

Garcia-Montero AC, Jara-Acevedo M, Teodosio C, Sanchez
ML, Nunez R, Prados A, Aldanondo I, Sanchez L,
Dominguez M, Botana LM, Sanchez-Jimenez F, Sotlar
K, Almeida J, Escribano L, Orfao A. 2006. KIT mutation
in mast cells and other bone marrow hematopoietic cell
lineages in systemic mast cell disorders: A prospective
study of the Spanish Network on Mastocytosis (REMA) in
a series of 113 patients. Blood 108:2366—2372.

Grynkiewicz G, Poenie M, Tsien RY. 1985. A new
generation of Ca2+ indicators with greatly improved
fluorescence properties. J Biol Chem 260:3440—3450.

Heinrich MC, Griffith DJ, Druker BJ, Wait CL, Ott KA,
Zigler A. 2000. Inhibition of c-kit receptor tyrosine kinase
activity by STI 571, a selective tyrosine kinase inhibitor.
Blood 96:925-932.

Kimata H, Yoshida A, Ishioka C, Mikawa H. 1991.
Disodium cromoglycate (DSCG) selectively inhibits IgE

production and enhances IgG4 production by human B
cell in vitro. Clin Exp Immunol 84:395-399.

Kirshenbaum AS, Akin C, Wu Y, Rottem M, Goff JP,
Beaven MA, Rao VK, Metcalfe DD. 2003. Character-
ization of novel stem cell factor responsive human mast
cell lines LAD 1 and 2 established from a patient with
mast cell sarcoma/leukemia; activation following aggre-
gation of FcepsilonRI or FegammaRI. Leuk Res 27:677—
682.

Linnekin D. 1999. Early signaling pathways activated by
c-Kit in hematopoietic cells. Int J Biochem Cell Biol
31:1053-1074.

Loh RK, Jabara HH, Geha RS. 1994. Disodium cromogly-
cate inhibits S mu—S epsilon deletional switch recombi-
nation and IgE synthesis in human B cells. J Exp Med
180:663—671.

Longley BJ, Jr., Metcalfe DD, Tharp M, Wang X, Tyrrell L,
Lu SZ, Heitjan D, Ma Y. 1999. Activating and dominant
inactivating c-KIT catalytic domain mutations in distinct
clinical forms of human mastocytosis. Proc Natl Acad Sci
USA 96:1609-1614.

Ma Y, Zeng S, Metcalfe DD, Akin C, Dimitrijevic S,
Butterfield JH, McMahon G, Longley BdJ. 2002. The
¢-KIT mutation causing human mastocytosis is resistant
to STI571 and other KIT kinase inhibitors; kinases with
enzymatic site mutations show different inhibitor sensi-
tivity profiles than wild-type kinases and those with
regulatory-type mutations. Blood 99:1741-1744.

Pernas-Sueiras O, Alfonso A, Vieytes MR, Botana LM.
2005. Mast cell exocytosis can be triggered by ammonium
chloride with just a cytosolic alkalinization and no
calcium increase. J Cell Physiol 204:775-784.

Pernas-Sueiras O, Alfonso A, Vieytes MR, Botana LM.
2006a. PKC and cAMP positively modulate alkaline-
induced exocytosis in the human mast cell line HMC-1.
J Cell Biochem 99:1651-1663.

Pernas-Sueiras O, Alfonso A, Vieytes MR, Orfao A,
Escribano L, Francisca SJ, Botana LM. 2006b. Calcium-
pH crosstalks in the human mast cell line HMC-1:
Intracellular alkalinization activates calcium extrusion
through the plasma membrane Ca2+-ATPase. J Cell
Biochem 99:1397-1408.

Puceat M, Roche S, Vassort G. 1998. Src family tyrosine
kinase regulates intracellular pH in cardiomyocytes.
J Cell Biol 141:1637—-1646.

Shah NP, Lee FY, Luo R, Jiang Y, Donker M, Akin C.
2006. Dasatinib (BMS-354825) inhibits KITD816V, an
imatinib-resistant activating mutation that triggers
neoplastic growth in most patients with systemic masto-
cytosis. Blood 108:286-291.

Shin HY, Kim JS, An NH, Park RK, Kim HM. 2004. Effect of
disodium cromoglycate on mast cell-mediated immediate-
type allergic reactions. Life Sci 74:2877—2887.

Shore PA. 1971. The chemical determination of histamine.
Methods Biochem Anal Suppl:89-97.

Sundstrom M, Vliagoftis H, Karlberg P, Butterfield JH,
Nilsson K, Metcalfe DD, Nilsson G. 2003. Functional and
phenotypic studies of two variants of a human mast cell
line with a distinct set of mutations in the c-kit proto-
oncogene. Immunology 108:89-97.

Tedeschi A, Lorini M, Galbiati S, Gibelli S, Miadonna A.
2000. Inhibition of basophil histamine release by tyrosine
kinase and phosphatidylinositol 3-kinase inhibitors. Int J
Immunopharmacol 22:797-808.



1088 Lober et al.

Theoharides TC, Sieghart W, Greengard P, Douglas
WW. 1980. Antiallergic drug cromolyn may inhibit
histamine secretion by regulating phosphorylation of a
mast cell protein. Science 207:80—82.

Thomas JA, Buchsbaum RN, Zimniak A, Racker E. 1979.
Intracellular pH measurements in Ehrlich ascites tumor
cells utilizing spectroscopic probes generated in situ.
Biochemistry 18:2210-2218.

Valent P, Horny HP, Escribano L, Longley BdJ, Li CY,
Schwartz LB, Marone G, Nunez R, Akin C, Sotlar K,
Sperr WR, Wolff K, Brunning RD, Parwaresch RM,

Austen KF, Lennert K, Metcalfe DD, Vardiman JW,
Bennett JM. 2001. Diagnostic criteria and classification
of mastocytosis: A consensus proposal. Leuk Res 25:603—
625.

Wan BC, Peh KH, Pearce FL, Assem ES. 2005. Effects of
genistein on rat ileum smooth muscle contraction and
histamine release from rat peritoneal mast -cells.
Inflamm Res 54 (Suppl 1):S09-S10.

Wang L, Correia I, Basu S, Theoharides TC. 1999. Ca2+
and phorbol ester effect on the mast cell phosphoprotein
induced by cromolyn. Eur J Pharmacol 371:241-249.



