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ABSTRACT
A decrease in oxygen concentration is a hallmark of inflammatory reactions resulting from
infection or homeostasis disorders. Mast cells interact with extracellular matrix and other cells
by adhesion receptors. We investigated the effect of hypoxia on integrin-mediated mast cell
adhesion to fibronectin. We found that it was mediated by the α5/β1 receptor and that hypoxia
significantly upregulated this process. Hypoxia-mediated increases in mast cell adhesion occurred
without increased surface expression of integrins, suggesting regulation by inside-out integrin
signaling. Hypoxia also mediated an increase in phosphorylation of Akt, and PI3’kinase inhibitors
abolished hypoxia-mediated mast cell adhesion. Hypoxia upregulates the function of integrin
receptors by PI3’ kinase-dependent signaling. This process might be important for the location of
mast cells at inflammatory sites
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Introduction

The partial pressure of oxygen in various cell types is
diverse; i.e., arterial blood, venous blood, brain, andmuscle
are characterized by oxygen concentrations of approxi-
mately 13.2, 5.3, 4.4, and 3.8%, respectively. All these oxy-
gen concentrations are lower than the atmospheric
concentration of 21% used as a standard in cell culture
laboratories. Hypoxia is a condition in which the partial
oxygen pressure drops below the physiological standard
[1]. On the one hand, hypoxia itself may lead to an inflam-
matory process by mediating an increase in the production
of pro-inflammatory cytokines, as is the case in mountain
climbers exposed to low oxygen supply in breathed air or in
patients experiencing ischemia. On the other hand,
hypoxia may also result from ongoing inflammation,
since inflamed tissues increase their oxygen consumption,
creating very low oxygen concentrations locally, especially
in cases of pathogen growth and development of solid
tumors [2]. Changes in oxygen concentration are sensed
by eukaryotic cells using specialized molecular sensors
triggering signaling cascades that initiate adaptive changes
in gene expression patterns. The major oxygen sensor
known as hypoxia-induced factor-1α (HIF-1α) is
a protein that is unstable under normoxic conditions but
is stabilized at a lowered oxygen concentration, and

following dimerization with HIF-1β, it directly regulates
the expression of multiple genes, enabling cells to adjust to
lower oxygen concentrations [3].

Mast cells are one of the key cell types that orchestrate
the initiation and termination of inflammatory processes.
They are abundant in connective tissue and mucosa and
are able to produce and release a large set of inflammatory
mediators, including granule-stored preformed com-
pounds such as histamine and de novo-synthesized phos-
pholipid derivatives and cytokines [4]. Mast cells express
various types of receptors with affinities to a variety of
ligands, including high affinity IgE receptor FcεRI and
pattern recognition receptors, such as TLR2, TLR3, TLR4,
and RIG-I, which trigger mast cell activation and release
of mediators [5]. Mast cells also express various adhesion
molecules, including integrin receptors, that are involved
in their location in tissues and their ability to infiltrate
inflammatory sites [6]. Integrins are transmembrane
receptors that create heterodimers consisting of one of
eighteen α (α1–11, αIIb, αD, αE, αL, αM, αV, αX) and one
of eight β (β1–8) subunits that are present on the cell
surface either in the opened conformation of the active
state or in the bent conformation of the non-active state,
which results in inactivity of the receptor. The activity of
certain integrins is controlled by the inside-out signaling
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pathway, which mediates the transition from an inactive
to an active state [7]. Integrin-mediated adhesion induces
various effects in mast cell physiology, including cytoske-
letal reorganization, increased proliferation and differen-
tiation, phenotype maintenance [8], and enhanced
mediator secretion [8,9]. Hypoxia has been reported to
upregulate surface expression of integrins in human neu-
trophils [10] or both functional protein and gene expres-
sion in the human myelocytic cell line U937 [11] and
mouse peripheral blood mononuclear cells [12].

In this study, we investigated the effect of hypoxia on
LAD2 human mast cell adhesion to fibronectin (FN). As
will be shown in this paper, within minutes of exposure
to hypoxic conditions, mast cells adhered to FN in
increased numbers. Hypoxia-mediated mast cell adhe-
sion was dependent on α5/β1 integrin and PI3ʹ kinase.

Results

LAD2 mast cells adhere to FN and express various
integrin receptors

We investigated adhesion of LAD2 mast cells cultured
in normal (21% oxygen) or hypoxic (5% oxygen) atmo-
sphere to selected extracellular matrix (ECM) proteins
that are ligands for integrin receptors (Figure 1(a)).
Adhesion assays showed that under standard condi-
tions, LAD2 mast cells adhered spontaneously to FN
but not to collagen type I–IV, laminin, and vitronectin.
Under hypoxic conditions, adhesion to FN was tended
to be higher (60%) compared to the control (40%).
Cells exposed to reduced oxygen concentrations, simi-
lar to the control, did not adhere to collagen type I–IV,
laminin, and vitronectin (Figure 1(a)). We examined

Figure 1. Integrin-mediated adhesion and integrin expression in LAD2 mast cells at the gene level under the influence of hypoxia.
(a) LAD2 mast cell adhesion to selected extracellular matrix proteins assessed after 72 hours of incubation in 21% (Normoxia) or 5%
(Hypoxia) oxygen. For FN mean ± SEM. COL I–IV, collagen type I–IV; FN, fibronectin; LN, laminin; VN, vitronectin; (b) Relative change
in adhesion after incubation in different oxygen concentrations compared to atmospheric condition. Adhesion in 21% oxygen was
arbitrarily accepted as 1. Mean ± SEM. * p < 0.05, paired t-test. (c) The mRNA expression of different genes encoding integrin
subunits was measured after 72 hours incubation in 21% (Normoxia) or 1% (Hypoxia) oxygen. Mean ± SEM. * p < 0.05, paired t-test.
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the effect of different oxygen concentrations on mast
cell adhesion to FN (Figure 1(b)). Adhesion assay
showed that short culture of mast cells in an atmo-
sphere of 13% oxygen did not result in change in
adhesion of these cells to FN. However, incubation in
atmospheres of 1% and 5% oxygen resulted in compar-
able and statistically significant increase in adhesion of
mast cells to FN (Figure 1(b)). Real-time PCR analysis
of the expression of integrin genes showed that mast
cells expressed high levels of ITGB1, ITGA5, and
ITGA4 coding subunits of the classical FN receptor
α5β1 and one of the alternative FN receptors α4β1
(Figure 1(c)). Culture under hypoxic conditions did
not change the expression levels of any of these genes.
RT-qPCR analysis of the selected genes (ITGA4,
ITGA5, ITGB1) in LAD2 cells cultured in 21% or 5%
oxygen for 72 h, did not show change in expression of
these genes (data not shown). The expression of genes
coding for subunits of other known FN receptors, such
as αIIb, αV, β3, β6, β7, and β8, was undetectable or very
low. Similarly, there was low or undetectable expression
of genes for ITGA1, ITGA2, ITGA10, ITGA11, and
ITGB2, which are necessary to form collagen receptors
(α1β1, α2β1, α10β1, α11β1, αXβ2); ITGA3, ITGA6,
ITGA7, and ITGB4, which are necessary to form lami-
nin receptors (α3β1, α6β1, α6β4, α7β1); and ITGA8,
ITGB3, ITGB5, and ITGB8, which are necessary to
form vitronectin receptors (α8β1, αVβ3, αVβ5, αVβ8,
αIIbβ3) (Figure 1(c)).

Short-term hypoxia increases RGD-dependent
adhesion to FN

Next, we examined the effect of different culture times on
mast cell adhesion to FN (Figure 2(a,b)). Resultant data
showed that cells cultured in atmosphere containing 5%
oxygen for 1 hour and 72 hours adhere to FN in similar
numbers that are significantly higher than the number of
cells adhering to FN when cultured under standard atmo-
spheric conditions (Figure 2(a)). The kinetics of mast cell
adhesion to FN following the transfer of mast cells from
a standard to a hypoxic atmosphere presented in Figure 2
(b) shows some statistically significant increase in mast
cell adhesion already at 30 minutes. Integrin-mediated
mast cell adhesion to FN [13] is based on the recognition
of the RGDmotif on the FNmolecule. The RGDS peptide
completely inhibited adhesion, regardless of the condi-
tions (Figure 2(c)). However, the concentration of RGDS
required to observe 50% inhibition was higher for adhe-
sion observed in a hypoxic atmosphere (5% oxygen) than
in a normal atmosphere (21% oxygen). We also con-
ducted an adhesion assay using specifically engineered
RGD peptide motif instead of FN. It turned out that the

percentage of adhered to RGD LAD2 cells exposed to 1%
oxygen, especially for 72 hours, was significantly higher
than in case of cell exposed to 21% oxygen, and further-
more, the percentage of adherent cells exposed to hypoxia
increased in a peptide concentration dependent manner.
Cells exposed to normoxic conditions did not adhere to
RGD peptide at any concentration used (Figure 2(d)).

Mast cell adhesion to FN under hypoxic conditions
depends on integrin α5β1

As seen in Figure 3(a), examination of the α5β1 receptor
by flow cytometry did not show increased expression of
this FN receptor on the mast cell surface following 1 hour
incubation in an atmosphere containing 1% oxygen.
Similar observations were made after exposing cells to
5% oxygen for 1 hour and 72 hours (data not shown).
To confirm the engagement of α5β1 integrin in human
mast cell adhesion to FN, we performed an adhesion assay
under atmospheric and hypoxic conditions in the pre-
sence and absence of blocking antibodies. As shown in
Figure 3(b), the addition of blocking antibodies at
a concentration of 10 μg/mL completely inhibited the
adhesion process under normoxic and hypoxic (1% O2)
conditions. A similar level of inhibition of adhesion was
observed with a lower (1 μg/mL) concentration of anti-
bodies (data not shown).

Wortmannin inhibited adhesion to FN under
normoxic and hypoxic conditions

To investigate the signaling pathways involved in the upre-
gulation of LAD2 mast cell adhesion by hypoxia, we
screened several pharmacologic inhibitors for their effect
on mast cell adhesion under hypoxic conditions. Among
selected inhibitors, only wortmannin was able to signifi-
cantly inhibit adhesion to FN (Table 1). While other tested
inhibitors did not have a significant inhibitory effect on
adhesion (though LY-294002 effects were considered as
tended to be decreased), two tested compounds, namely,
PF-573228 and bosutinib, upregulated mast cell adhesion
(Table 1) and enhanced mast cell spreading on FN, as
observed under a microscope (data not shown).

PI3K inhibitors and deprivation of SCF significantly
lowered adhesion to FN in hypoxia

Based on initial observations, we further investigated
the effect of different wortmannin concentrations on
the adhesion of LAD2 mast cells to FN under normoxic
and hypoxic (1% O2) conditions. As shown in Figure 4
(a), wortmannin inhibited LAD2 mast cell adhesion to
FN in a dose-dependent manner with IC50 = 303 nM,
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Figure 2. Adhesion to FN and RGD peptide under normoxic and hypoxic conditions. (a) Percentage of adhesion to FN estimated
after 1 hour and 72 hour incubation in 5% (Hypoxia) oxygen. Mean ± SEM. * p < 0.05, repeated measures ANOVA followed by
Tukey’s test. (b) Relative change in adhesion estimated after shorter periods of time compared with 1 hour incubation in 5%
(Hypoxia) oxygen. Adhesion in 21% (Normoxia) oxygen was arbitrarily accepted as 1. Mean ± SEM. * p < 0.05, paired t-test. (c)
Adhesion after 5 minutes of preincubation with different concentrations of RGDS peptide after 1 hour and 72 hours of incubation in
21% (Normoxia) and 5% (Hypoxia) oxygen. Mean ± SEM. * p < 0.05, repeated measures ANOVA followed by Dunnett’s test. (d)
Percentage of adhesion to various concentrations of RGD peptide estimated after 1 hour and 72 hour incubation in 1% (Hypoxia)
oxygen. Mean ± SEM. * p < 0.05, ANOVA on ranks followed by Student-Newman-Keus post hoc.

Figure 3. Expression of α5β1 integrin in LAD2 mast cells at the protein level and mast cell adhesion to FN after blocking this
receptor under normoxic and hypoxic conditions. (a) Expression of the α5β1 integrin receptor on the surface of LAD2 mast cells was
assessed under conditions of 21% and 5/1% oxygen. A representative result of 21% (Normoxia) and 1% (Hypoxia) oxygen was
selected. (b) Adhesion after 30 minutes of preincubation with 10 μg/mL anti-α5β1 antibody in 21% (Normoxia) and 1% (Hypoxia)
oxygen. CTRL, control (untreated cells). Mean ± SEM. * p < 0.05, paired t-test.
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(95% CI [141, 628]) under normoxic conditions and
IC50 = 919 nM, (95% CI [340, 1000]) under hypoxic
conditions. LAD2 mast cells are SCF/c-kit-dependent
[14] and were cultured in the presence of 100 ng
hrSCF. The SCF/c-kit pathway is known to regulate
mast cell adhesion [15,16]. Therefore, we investigated
whether LAD2 mast cells deprived of SCF will also
respond to hypoxia by increased adhesion to FN.
Interestingly, in LAD2 mast cells cultured without
SCF, hypoxia caused relatively higher upregulation of
adhesion to FN compared to standard culture condi-
tions (2.7-fold compared to 1.4-fold increase, Figure 4
(b)). As shown in Figure 4(c), LAD2 mast cells depleted
for 72 hours before the adhesion test adhered sponta-
neously to FN in significantly lower numbers than
those cultured in the presence of SCF (Figure 4(b)).
Similar to cells cultured in standard media, in cells
cultured without SCF, wortmannin, at a concentration
of 250 nM, completely inhibited the upregulation of
mast cell adhesion to FN under hypoxic conditions.
Under such conditions, another PI3 K inhibitor, LY-
294002 (5 μM), also inhibited adhesion to FN under
hypoxia but to a lower extent than wortmannin (Figure
4(b)). As seen in Figure 4(d), gene expression analysis
under normoxic conditions showed that LAD2 mast
cells express most of the PI3K genes, specifically the
class I, catalytic and regulatory groups, which are
responsible for signaling of the PI3K/AKT/mTOR
pathway (Figure 4(d)).

PI3K/AKT signaling pathway participates in
increased adhesion to FN in hypoxia

We decided to determine whether hypoxia resulted in
activation of the PI3 K/AKT pathway in LAD2 mast cells.
To this end, we determined the phosphorylation of AKT
protein in LAD2 mast cells incubated under normoxic and
hypoxic (1% O2) conditions in media depleted of SCF and
in the absence and presence of PI3K inhibitors. As shown
in Figure 5, hypoxia resulted in an increased signal for
phosphorylated AKT compared to the control, with
a comparable signal for total AKT protein. The presence
of PI3K inhibitors (wortmannin 250 nM and LY-294002
5 μM) inhibited the increase in signal for phosphorylated
AKT in LAD2 mast cells exposed to hypoxia (Figure 5).

Discussion

We observed human LAD2 mast cell adhesion to FN
(Figure 1(a)) in a process mediated by α5β1 integrin
and the RGD motif on FN (Figure 2(c,d), Figure 3(b)).
This is consistent with the expression pattern of integ-
rin genes, where ITGA5 and ITGB1 exhibited high
levels of expression, while the expression of genes
necessary for assembling other functional FN binding
receptors, such as α4β7, αVβ1, αVβ3, αVβ6, αVβ8, and
αIIbβ3, was negligible (Figure 1(c)). Mast cell adhesion
to FN mediated by the classical α5β1 integrin receptor
recognizing the RGD motif on FN has been previously
observed in different experimental models [8], includ-
ing mouse [13], rat [17], and human mast cells [18].
Integrin α4β1 is a receptor that recognizes fibronectin.
We found that its expression in LAD2 cells is slightly
lower than α5β1 (Figure 1(c)). Nevertheless, unlike
α5β1 that recognizes the RGD motif in fibronectin,
integrin α4β1 binds to the connecting segment 1 (CS-
1) domain [19,20] of the fibronectin. We also examined
the effect of CS-1 peptide on mast cell adhesion to
fibronectin and we did not observe a significant
decrease in adhesion (data not shown), as was in the
case of RGDS peptide usage. Interestingly, there is
a very high expression of genes encoding integrins α9
and αM. However, none of these subunits in combina-
tion with the appropriate beta subunit recognize fibro-
nectin as a ligand [21,22]. The α9β1 receptor binds to
tenascin and osteopontin, while αMβ2 recognizes fibri-
nogen [21,22]. Furthermore, ITGB2 expression in
LAD2 cells is negligible, and thus, we suppose that it
is not possible to form a fully functional αMβ2 recep-
tor. Unlike other types of human mast cells that have
been reported to adhere to collagen type I, III, and IV,
laminin, and vitronectin [18,23–26], LAD2 mast cells

Table 1. LAD2 mast cell inhibition of adhesion to FN with
selected inhibitors.

Inhibitor Target protein
Conc.
(μM) Effect

Inhibition
(%)

21%
O2

1%
O2

2-MeOE2* HIF-1α 10 - 9 4
Akt 1/2 KI** Akt1/Akt2 5 ↑ 0 0
AS-252,424** PI3 Kγ 10 - 0 1
Bosutinib** Src/Abl 1 ↑↑ 0 0
Cyclosporine
A**

Calcineurin 10 ↓ 15 12

Genistein** PTK 10 - 0 0
Go 6983** pan-PKC 1 - 7 0
IOX2* PHD2 50 - 0 8
LY-294,002 PI3 Kα/δ/β 5 ↓ 11 29
Menadione** Cdc25 phosphatase and

mitochondrial DNA
polymerase γ

15 ↑ 1 0

Nilotinib** Bcr-Abl 10 - 0 0
PD98059** MEK 20 ↑ 0 0
PF-573,228* FAK 5 ↑↑ 0 0
R406*** Syk 5 ↓ 13 12
SB203580** p38 MAPK 10 ↑ 0 0
SP600125** JNK 20 ↑ 0 0
Wortmannin** PI3 K 1 ↓↓ 82 54
U0126** MEK1/2 10 ↑ 0 0

KI, kinase inhibitor; -, no effect; ↓, inhibitory effect; ↓↓, strong inhibitory
effect; ↑, activation effect; ↑↑, strong activation effect; *, Selleckchem; **,
Sigma-Aldrich; ***, InvivoGen;
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did not adhere to these ECM proteins (Figure 1(a)).
The lack of interaction of human LAD2 mast cells with
these adhesion ligands is consistent with the observed
expression pattern of integrin genes, showing negligible
expression of at least one of the genes for each pair that
codes for integrin subunits necessary to assemble recep-
tors for collagen (α1β1, α2β1, α10β1, α11β1, αXβ2),
laminin (α1β1, α2β1, α3β1, α6β1, α6β4, α7β1, α10β1),
and vitronectin (α8β1, αVβ3, αVβ5, αVβ8, αIIbβ3)
(Figure 1(c)).

LAD2 mast cells are adapted to growth under atmo-
spheric oxygen concentration [14]. We observed that
short exposure of LAD2 mast cells to hypoxic condi-
tions (1% to 5% oxygen) upregulated mast cell adhesion
to FN (Figure 1(b), Figure 2(a,b)). This upregulation of
adhesion occurred without increased expression of
α5β1 integrin receptors on the mast cell surface
(Figure 3(a)). At the same time, mast cell adhesion
under hypoxic conditions was abolished by anti-α5β1

mAb (Figure 3(b)). This suggests that hypoxia upregu-
lated human mast cell adhesion to FN by changing the
affinity of α5β1 integrins, rather than increasing their
number on the mast cell surface. Similar regulation of
mast cell adhesion to FN by inside-out integrin signal-
ing was previously observed for other activators, such
as antigen [27], IgE [28], aggregated IgG [29], cytokines
[15,30], and biomaterials [31].

Analysis of the sensitivity of hypoxia-mediated mast cell
adhesion to FN to selected pharmacologic inhibitors showed
that this adhesion process is inhibited by the PI3ʹ kinase
inhibitor wortmannin in a dose-dependent manner (Figure
4(a)), and real-time RT-PCR analysis showed that LAD2
mast cells expressed several catalytic subunits of PI3ʹ kinase
that are known to be inhibited bywortmannin (Figure 4(d)).
These observations suggest that hypoxia upregulates mast
cell adhesion by activating the signaling process that
involves PI3ʹ kinase. One potential pathway known to reg-
ulate integrin-mediated mast cell adhesion in a PI3ʹ kinase-

Figure 4. Adhesion of LAD2 and SCF-depleted LAD2 mast cells to FN after blocking the PI3 K signaling pathway and expression of
the PI3 K family at the gene level. (a) Percentage of adhesion inhibition after 30 minutes of preincubation with various
concentrations (5 nM, 20 nM, 50 nM, 100 nM, 250 nM, 500 nM, 1000 nM, and 2000 nM) of wortmannin in 21% (Normoxia) and
1% (Hypoxia) oxygen relative to the carrier (0.25% DMSO). The scale is presented as log10. Mean ± SEM. 21% O2: IC50 = 303 nM,
(95% CI [141, 628]); 1% O2: IC50 = 919 nM, (95% CI [340, 1000]). (b) LAD2 mast cells were deprived of SCF for 72 hours. Then,
adhesion was estimated after 30 minutes of preincubation with wortmannin or LY-294,002 in 21% (Normoxia) and 1% (Hypoxia)
oxygen. CTRL, control (untreated cells); DMSO, cells preincubated with 0.05% DMSO; WORT, cells preincubated with 250 nM
wortmannin; LY, cells preincubated with 5 μM LY-294,002; Mean ± SEM. * p < 0.05, repeated measures ANOVA followed by
Dunnett’s test. (c) LAD2 mast cells were cultured in fully supplemented medium or deprived of SCF for 72 hours. Percentage of
adhesion was estimated after 1 hour incubation in 21% (Normoxia) or 1% (Hypoxia) oxygen. Mean ± SEM. * p < 0.05 repeated
measures ANOVA followed by Tukey’s test. (d) The mRNA expression of different PI3 K family genes was measured after 72 hours
incubation in 21% oxygen. Mean ± SEM.
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dependent fashion is SCF/c-Kit signaling, which is also
critical for the survival and proliferation of human mast
cells, including the LAD2 cell line. Interestingly, SCF/c-Kit
signaling regulation of cell survival, migration, and adhesion
involves PI3ʹ kinase [15,32–36]. For that reason, one poten-
tial hypothesis linking PI3ʹ kinase activity with hypoxia-
mediated upregulation of mast cell adhesion is enhance-
ment of SCF/c-Kit signaling. As shown in Figure 4(b,c),
depletion of SCF from human mast cells for 72 hours
resulted in significantly lower adhesion compared to cells
cultured in the presence of SCF. At the same time, the
transfer of SCF-depleted mast cells to hypoxic conditions
resulted in the upregulation of cell adhesion to FN. Thus,
while spontaneous adhesion of LAD2 mast cells under
normoxic conditions was dependendent on the presence
of SCF, hypoxia mediates adhesion to FN independently
of SCF/c-Kit signaling. Furthermore, under such conditions,
short exposure of mast cells to hypoxia mediated increased
phosphorylation of Akt (Figure 5), a downstream protein in
the PI3ʹ kinase signaling pathway, and this upregulation of
protein phosphorylation was abolished by PI3ʹ kinase inhi-
bitors. Taken together, these observations suggest the reg-
ulation of the mast cell adhesion process by a PI3ʹ kinase-
dependent signaling pathway other than the SCF/c-Kit
pathway. PI3ʹ kinase/Akt signaling has been previously
implicated in signaling processes induced by hypoxia in
different cells, such as skeletal muscle [37] and glioma [38].

In summary, we report here the novel mode of
regulation of mast cell adhesion to FN by a hypoxia-
induced signaling process involving PI3ʹ kinase and α5/
β1 integrin receptors. This regulation might be an
important cellular mechanism determining mast cell

distribution in tissues. There are multiple observations
of an increased number of mast cells in certain diseased
tissues, such as airways of patients with asthma and
COPD [39–42], nasal polyps [43], inflamed periodontal
area [44], and stroma of solid tumors [45], possibly due
to increased mast cell migration [43,46]. Upregulation
of integrin-mediated mast cell adhesion by hypoxia
could provide a mechanism for retaining mast cells in
areas of inflammatory reaction.

Materials and methods

Cell line and cell culture

The human mast cell line LAD2 was a gift from
Dr. A. S. Kirshenbaum (National Institutes of Health,
Bethesda, MD) [14]. Cells were cultured at 37°C in 5%
CO2 and passaged weekly in StemPro-34 serum-free
medium (Gibco) supplemented with StemPro-34
Nutrient Supplement (Gibco), 2 mM L-glutamine
(Sigma-Aldrich), 100 U/mL penicillin/100 μg/mL strep-
tomycin (Gibco), and 100 ng/mL recombinant human
SCF (R&D Systems). A density of 500 000 cells/1 mL
was maintained for each passage.

Adhesion assay

Human LAD2 mast cells were cultured for 72 hours in
normoxic (21% O2) or hypoxic (1%, 5% or 13% O2)
conditions in medium supplemented with 100 ng/mL
SCF or without this growth factor. Exposure of LAD2
cells to 1% and 5% oxygen gave similar results in

Figure 5. Involvement of the PI3 K/AKT signaling pathway in hypoxia. Western blot analysis of phosphorylated AKT and whole AKT1
and their expression in LAD2 mast cells. Cells were deprived of SCF for 72 hours. Then, protein isolates were collected after
30 minutes of preincubation with wortmannin (250 nM) or LY-294,002 (5 μM) and 1 hour in 21% (Normoxia) and 1% (Hypoxia)
oxygen. CTRL, control (untreated cells); DMSO, cells preincubated with 0.05% DMSO; WORT, cells preincubated with 250 nM
wortmannin; LY, cells preincubated with 5 μM LY-294,002.
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comparison to the results obtained in 21% oxygen, con-
ditions 1% and 5% were used interchangeably as hypoxia.
Cells were washed three times and resuspended in
StemPro-34 containing 0.1% BSA. LAD2 mast cells were
seeded and cultured for 1 hour in normoxic or hypoxic
conditions at a density of 50 000 cells/100 μL/well in
separate 96-well plates (Nunc, Thermo Fisher Scientific).
Plates were precoatedwith 25 µg/mL FN (Sigma-Aldrich),
laminin, vitronectin, collagen type I–IV (Merck
Millipore) or 0.1/1/5/10 µg/mL RGD peptide (Cell
Guidance Systems), washed three times with HBSS,
blocked for 3 hours at 37°C with 5% BSA and washed
three times with StemPro/0.1% BSA before the adhesion
assay. For studying short-term hypoxia, some of the nor-
moxic cells were taken to hypoxia for only 1 hour of
adhesion. To determine the percentage of adherent cells,
we modified the Acid Phosphatase Assay Kit (Abcam,
ab83367) protocol. The principle of the test is to measure
the activity of acid phosphatase, which is an enzyme
present in the lysosomes of most human cells [47]. This
activity is evaluated by measuring OD 405 nm of a yellow
product, para-nitrophenol (pNP), resulting from the
hydrolysis of para-nitrophenylphosphate (pNPP). The
modifications were made to adapt the method to perform
the entire test on a 96-well plate, bypassing the prepara-
tion of individual samples in the tubes. Adherent cells
were directly lysed on the plate, and to improve the
process we supplemented assay buffer with 0.1% Triton
X-100. Each sample contained 50 000 cells and the results
are presented as a percentage of adhering cells. We
washed away non-adherent cells three times with
StemPro-34/0.1% BSA and performed all remaining
steps in normoxic conditions. Adherent cells were lysed
with 80 μL of assay buffer supplemented with 0.1% Triton
X-100 per well. Reference samples were initially prepared
in a U-bottom 96-well plate and then transferred to wells
in test plates. Next, we added 50 μL of 5 mM pNPP
dissolved in assay buffer/0.1% Triton X-100 per well.
The plates were incubated for 1 hour at 25°C in the
dark. The reaction was stopped by adding 20 μL of stop
solution per well, and the OD 405 nm was measured. The
percentage of adherent cells was calculated on the basis of
total cell lysates. For studying the effects of 100/250/
500 µg/mL RGDS peptide (Tocris Bioscience), 10 μg/mL
anti-α5β1 integrin (Novus Biologicals) and inhibitors,
cells were pretreated for 5 (peptide) and 30 (antibody/
inhibitors) minutes before performing the adhesion assay.
The list of inhibitors and final concentrations used are
presented in Table 1 and Figure 4 in the Results section.
Inhibitor concentrations were selected on the basis of
literature data. For wortmannin and LY-294002, concen-
trations 250 nM and 5 µM, respectively, were selected
from a series of 8 dilutions.

FACs

Cells were fixed in normoxic (21% O2) or hypoxic (1% or
5% O2) conditions for 5 minutes in 500 μL of flow cyto-
metry fixation buffer (R&D Systems) and washed in stain
buffer containing BSA (BD Pharmingen). Cells were
resuspended in 100 μL of stain buffer and incubated for
45 minutes without antibodies or with nonspecific fluor-
escence labeled antibody (Mouse IgG1 κ Isotype Control-
Alexa Fluor 647, BD Pharmingen) at 1:20 dilution, with
fluorescence labeled antibody against integrin α5 (Mouse
Anti-Human CD49e-Alexa Fluor 647, BD Pharmingen)
at 1:20 dilution, with primary nonspecific antibody
(Purified Rat IgG2a κ Isotype Control, BD Pharmingen)
at 1:25 dilution or with primary antibody against integrin
β1 (Purified Rat Anti-Human CD29, BD Pharmingen) at
1:25 dilution followed by incubation for 45 minutes with
fluorescence labeled secondary antibody (Goat Anti-Rat
Ig-FITC, BD Pharmingen) at 1:50 dilution. Cells were
washed with stain buffer and resuspended in 1 mL of
stain buffer. Flow cytometry was performed using the
BD LSRFortessaTM (BD Biosciences).

RT-qPCR

LAD2 mast cells were cultured for 72 hours in normoxic
(21% O2) or hypoxic (1% O2) conditions. Total RNA was
isolated using TRI Reagent (Sigma-Aldrich) according to
the manufacturer’s protocol. Next, 5 μg of total RNA was
converted to cDNA with the Maxima First Strand cDNA
Synthesis Kit for RT-qPCR (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The expression
of genes encoding all integrins in samples from normoxia
and hypoxia was measured using the LightCycler 480
Probes Master mix kit (Roche) in a 384-well plate accord-
ing to the manufacturer’s protocol. Reaction conditions
were as follows: initial denaturation at 95°C for 5 minutes;
45 cycles of 95°C for 10 seconds, 55°C for 10 seconds, and
72°C for 20 seconds; melting curve at 95°C for 30 seconds,
72°C for 45 seconds, and 97°C; and cooling at 40°C for
15 seconds. Three housekeeping genes (HPRT1, HMBS,
RPL13A) were used as internal controls. Data were ana-
lyzed and shown as relative gene expression using the
ΔΔct method. HPRT1, HMBS, RPL13A primer sequences
were taken from the work of Vandesompele et al. [48].
Integrin and PI3K primer sequences were published else-
where: ITGA1, ITGA5, ITGA7, ITGA8, ITGA9, ITGA11,
ITGAV, ITGB1, ITGB3, ITGB4 [49], ITGA2 [50], ITGA3
[51], ITGA4 [52], ITGAE [53], ITGB2 [54], ITGB5
[55], PIK3CA [56], PIK3CB [57], PIK3CD, PIK3R3 [58],
PIK3R1 [59], PIK3R4 [60], PIK3C2B [61]. Other
sequences were design using Primer3 software [62] or
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PrimerBlast [63]. Primer sequences are presented in
Table 2.

Western blot analysis

Cells were cultured for 72 hours without SCF and pre-
treated with 0.05% DMSO, 250 nM wortmannin or 5 μM
LY-294002 for 30 minutes, and incubated for 1 hour in
normoxic (21% O2) or hypoxic (1% O2) conditions. Next,
cells were washed in ice-cold PBS and lysed with ice-cold
RIPA buffer with 2 X cOmplete™ Mini EDTA-free
Protease Inhibitor Cocktail (Roche) for 30 minutes.
Protein concentrations were estimated using the Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. Equal amounts of
protein (25 μg) were analyzed on NuPAGE™ 4–12% Bis-
Tris Protein Gels (1.5 mm, 10-well) (Thermo Fisher
Scientific) followed by protein transfer to nitrocellulose
membranes according to the NuPAGE® Bis-Tris Gel
Instruction Booklet (Invitrogen). Membranes were
blocked in Tris-buffered saline containing 0.1% Tween

20 (TBST) and 5% skimmed milk for 1 hour at room
temperature. Next, membranes were immunoblotted
with the primary antibodies AKT1 and AKT phospho
Ser473 (GeneTex) at a 1:1000 dilution overnight at 4°C.
Blots were washed and incubated with the horseradish
peroxidase-conjugated secondary antibody goat anti-
rabbit IgG (Abcam) at a 1:5000 dilution for 1 hour at
room temperature. Antibodies were diluted in TBST/5%
skimmed milk. Next, the membranes were washed and
incubated with SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific)
for 5 minutes in the dark. Reactive protein signals were
visualized with the G-BOX Chemi IR6 system and
GeneSys software (Syngene). As a reference, the blots
were stripped and immunoblotted with β-actin antibody
at a dilution of 1:100.

Statistical analysis

All data are presented as the mean ± SEM. Statistica
(version 13.1) was used to perform statistical analysis.

Table 2. Human-specific primer sequences.
Gene Forward primer Reverse primer Amplicon Ref.

HPRT 5ʹ-tgacactggcaaaacaatgca-3’ 5ʹ-ggtccttttcaccagcaagct-3’ 94 [48]
HMBS 5ʹ-ggcaatgcggctgcaa-3’ 5ʹ-gggtacccacgcgaatcac-3’ 64 [48]
RPL13A 5ʹ-cctggaggagaagaggaaagaga-3’ 5ʹ-ttgaggacctctgtgtatttgtcaa-3’ 126 [48]
ITGA1 5ʹ-ggccgtagttaaagtgacc-3’ 5ʹ-gtgaatctagggtgacacg-3’ 185 [49]
ITGA2 5ʹ-gggcattgaaaacactcgat-3’ 5ʹ-tcggatcccaagattttctg-3’ 183 [50]
ITGA2b 5ʹ-ggaagctcaggtgtggac-3’ 5ʹ-catcatcttcttccaggggt-3’ 173
ITGA3 5ʹ-ccgagtcaatgtccacag-3’ 5ʹ-gctgggctaccctattcc-3’ 87 [51]
ITGA4 5ʹ-ttccagagccaaatccaagagtaa-3’ 5ʹ-aagccagccttccacataacat-3’ 184 [52]
ITGA5 5ʹ-gagcagaaccatgtgtacc-3’ 5ʹ-caaagtagtcacagctcagg-3’ 181 [49]
ITGA6 5ʹ-cccagatattgcagttggag-3’ 5ʹ-gaatctgagagggaaccaac-3’ 198
ITGA7 5ʹ-gactcactgcactactcagg-3’ 5ʹ-cagctctacctccagttcc-3’ 192 [49]
ITGA8 5ʹ-gagattcggtagtgctatgg-3’ 5ʹ-actccttgcagaacttgg-3’ 168 [49]
ITGA9 5ʹ-actggagaggaggagagg-3’ 5ʹ-ccccaaagctagatacagg-3’ 195 [49]
ITGA10 5ʹ-gtgagagcagcaaagaacc-3’ 5ʹ-cctctccatcatgggactc-3’ 166
ITGA11 5ʹ-catcctgaagacacctaagc-3’ 5ʹ-ctggcattgatctgaacc-3’ 183 [49]
ITGAD 5ʹ-gctgcttttgccagattg-3’ 5ʹ-cttcacagaggccatcttg-3’ 188
ITGAE 5ʹ-ggaacttctatgaaaagtgttttgag-3’ 5ʹ-ctgtcccgaaggtcaaactc-3’ 88 [53]
ITGAL 5ʹ-ggaaggaccctgatgctc-3’ 5ʹ-gcggatgatgtctttggc-3’ 203
ITGAM 5ʹ-gtgaagccaataacgcagc −3’ 5ʹ-tctccatccgtgatgacaac −3’ 137
ITGAV 5ʹ-cagtcccatctcaaatcc-3’ 5ʹ-ctggccctgtataagatagc-3’ 160 [49]
ITGAX 5ʹ-ggtttggagacagcgtgg-3’ 5ʹ-gacatgttcacggcctcc-3’ 166
ITGB1 5ʹ-cggacagtgtgtttgtagg-3’ 5ʹ-cagtgtagttggggttgc-3’ 161 [49]
ITGB2 5ʹ-caacatccagcccatcttc-3’ 5ʹ-gaccacattgctggagtc-3’ 118 [54]
ITGB3 5ʹ-tacaaacacgtgctgacg-3’ 5ʹ-gagtcttggcatcagtgg-3’ 196 [49]
ITGB4 5ʹ-ctgcacctacagctacac-3’ 5ʹ-cacagtacttccagcatagc-3’ 173 [49]
ITGB5 5ʹ-agccagagtgtggaaacacc-3’ 5ʹ-caagcagcttccagatagcc-3’ 105 [55]
ITGB6 5ʹ-caagctgctgtgtgtaagg-3’ 5ʹ-gacagagcccgtcattagg-3’ 139
ITGB7 5ʹ-cagcacagagtttgactaccc-3’ 5ʹ-gcactggtgacagcaaag-3’ 90
ITGB8 5ʹ-ccctcacaatttgtctcagg-3’ 5ʹ-caagtagcttgggctgga-3’ 115
PIK3CA 5ʹ-gctaaagaggaacactgtcc-3’ 5ʹ-ggtactggccaaagattca-3’ 104 [56]
PIK3CB 5ʹ-catcactctctttgcgct-3’ 5ʹ-cctgagcgcctcatcaa-3’ 151 [57]
PIK3CG 5ʹ-gtagaggcaaacatccagc-3’ 5ʹ-tactgaactcaagccacac-3’ 106
PIK3 CD 5ʹ-ccaacctcagcaccatca-3’ 5ʹ-ccgctgtctggttgatg-3’ 114 [58]
PIK3R1 5ʹ-tttgccgagccctataact-3’ 5ʹ-tgcatatactgggtaggctag-3’ 120 [59]
PIK3R2 5ʹ-cgaggaacgcacttggt-3’ 5ʹ-tccactaccacggagca-3’ 135
PIK3R3 5ʹ-ggagattatactttgactttgcg-3’ 5ʹ-ggtgatagtggttaatgagct-3’ 133 [58]
PIK3R4 5ʹ-cagacatcttcacatgcgtc-3’ 5ʹ-tgtcattccctgtgagagc-3’ 115 [60]
PIK3R5 5ʹ-cgctacgtgttgtggtct-3’ 5ʹ-attgttctccagccgcc-3’ 86
PIK3R6 5ʹ-gcactatttccacgccg-3’ 5ʹ-gcagtaaatctcctccagc-3’ 100
PIK3C2A 5ʹ-actcattgcttcaccagtg-3’ 5ʹ-ctcaatccaggtcacagcta-3’ 110
PIK3C2B 5ʹ-ctccctaattccaaggatcag-3’ 5ʹ-tcaatggagcttctttctcc-3’ 74 [61]
PIK3C2 G 5ʹ-cgaccactgtttgggga-3’ 5ʹ-ctgtggtcctcttcatgct-3’ 120
PIK3C3 5ʹ-ggctgcacaacagacatt-3’ 5ʹ-gggataagttccacatctgac-3’ 150
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A paired t-test or repeated measures ANOVA followed
by Dunnett’s or Tukey’s post hoc test was used to
detect statistically significant differences. Significant
differences are declared at P < 0.05. IC50 was deter-
mined using nonlinear regression with variable slope
(four parameters) in GraphPad Prism (version 8.1.2).
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