Cellular & Molecular Immunology (2016) 13, 47-56
© 2014 CSl and USTC. All rights reserved 1672-7681/14 $32.00

www.nature.com/cmi

RESEARCH ARTICLE

Interleukin-1 beta induces the expression and production
of stem cell factor by epithelial cells: crucial involvement of
the PI-3K/mTOR pathway and HIF-1 transcription complex

Rafal W Wyszynskil’3, Bernhard F Gibbs'?>, Luca Varani?, Daniela Iannotta? and Vadim V Sumbayev1

Potential crosslinks between inflammation and leukaemia have been discussed for some time, but experimental evidence
to support this dogma is scarce. In particular, it is important to understand the mechanisms responsible for potential
upregulation of proto-oncogenic growth factor expressions by inflammatory mediators. Here, we investigated the ability of
the highly inflammatory cytokine interleukin-1 beta (IL-1p) to induce the production of stem cell factor (SCF), whichis a
major hematopoietic growth factor that controls the progression of acute myeloid leukaemia upon malignant
transformation of haematopoietic myeloid cells. We found that human IL-1 induced the expression/secretion of SCF in
MCF-7 human epithelial breast cancer cells and that this process depended on the hypoxia-inducible factor 1 (HIF-1)
transcription complex. We also demonstrated a crucial role of the phosphatidylinositol-3 kinase (Pl-3K)/mammalian
target of rapamycin (mTOR) pathway in IL-1p-induced HIF-1a accumulation in MCF-7 cells. Importantly, mTOR was also
found to play arole in IL-1g-induced SCF production. Furthermore, a tendency for a positive correlation of IL-1p and SCF

levels in the plasma of healthy human donors was observed. Altogether, our results demonstrate that IL-1p, which
normally bridges innate and adaptive immunity, induces the production of the major haematopoietic/proleukaemic
growth factor SCF through the PI-3K/mTOR pathway and the HIF-1 transcription complex. These findings strongly
support a cross-talk between inflammation and acute myeloid leukaemia.
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INTRODUCTION
Stem cell factor (SCF) is a cytokine produced by epithelial/
endothelial cells and fibroblasts which plays a crucial role in
haematopoiesis, melanogenesis and leukaemia progression.' It
is recognized by the Kit receptor, also known as CD117,%?
which is expressed in different types of non-differentiated hae-
matopoietic cells including myeloblasts and promonoblasts.'
Importantly, human myeloid leukaemia cells and mast cells
continue expressing the Kit receptor and their proliferation is
upregulated by SCF.'™ Increased expression of SCF during
inflammatory responses could explain the promotion of exist-
ing leukaemic processes.

Recent evidence demonstrated that expression of the SCF
gene is directly regulated by the hypoxia-inducible factor 1
(HIF-1) transcription complex.* HIF-1 is a heterodimeric

complex containing constitutive beta and inducible alpha sub-
units. HIF-1a is a limiting factor which determines activation
of the HIF-1 transcription complex. This complex controls cel-
lular adaptation to low oxygen availability (hypoxia).” Recent
observations have also revealed that innate immune responses
induced by pathogen-associated molecular patterns and inflam-
matory cytokines trigger HIF-1 activation in immune cells via
differential mechanisms.®™® HIF-1 is crucial for cellular adapta-
tion to inflammatory stress since it controls glycolysis, angio-
genesis and cell adhesion on the genomic level.” In theory, this
mechanism could be responsible for triggering inflammatory
activation of SCF production in the target cells.

It was recently reported that exposure of human lung-
derived fibroblasts to the highly inflammatory cytokine inter-
leukin-1 beta (IL-1B) leads to SCF expression.'®™'? It was also
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found that this process is controlled by the transcription factor
NE-kB.!"!'2 However, there is still a lack of experimental evi-
dence regarding the biochemical mechanisms responsible for
controlling SCF production induced by inflammation and
IL-1B in particular. The potential mechanisms of inflammatory
expression of SCF therefore still need further elucidation.

Here, we report that IL-1B induces the production of SCF in
MCEF-7 human epithelial breast cancer cells. This process
depends on IL-1B-induced HIF-lo accumulation/HIF-1
activation. HIF-1 activity due to stimulation of the cells with
IL-1 was comparable with exposure to classic HIF-1 inducers,
such as hypoxia, cobalt chloride and the proteasomal inhibitor
MG-132. IL-1B-induced SCF production in MCEF-7 cells was
attenuated by silencing HIF-1o. expression using specific
siRNA. Using pharmacological inhibitors we also demon-
strated a crucial role for the phosphatidylinositol-3 kinase
(PI-3K)/mammalian target of rapamycin (mTOR) pathway
in IL-1B-induced HIF-1a accumulation in MCF-7 cells. An
important role of mTOR in the translation of SCF mRNA
upregulated by the HIF-1 transcription complex was also
shown. Finally, a tendency for a positive correlation of IL-1
and SCF levels in plasma of healthy human donors was
observed.

MATERIALS AND METHODS

Materials

RPMI-1640 medium, foetal calf serum and supplements,
DOTAP transfection reagent, rapamycin, LY294002, rottlerin
and other pharmacological inhibitors were purchased from
Sigma (Suffolk, UK). Maxisorp microtitre plates were obtained
from Nunc (Roskilde, Denmark). Mouse monoclonal antibo-
dies to HIF-1a,, mTOR and B-actin as well as rabbit polyclonal
antibody against phospho-S2448 mTOR were obtained from
Abcam (Cambridge, UK). Goat anti-mouse and goat anti-rab-
bit fluorescence dye-labelled antibodies were purchased from
Li-Cor (Lincoln, NE, USA). ELISA-based assay kits for the
detection of SCF and IL-1B were purchased from R&D
Systems (Abingdon, UK). Human recombinant IL-1f and
SCF were produced by Dr Varani (Bellinzona, Switzerland).
All other chemicals were of the highest grade of purity and
commercially available.

Expression of IL-1B and SCF

IL-1P was expressed in Escherichia coli Rosetta-gami cells
with a pET21 vector (Novagen, Schaffhausen, Switzerland)
and purified by ammonium sulfate precipitation followed by
ion exchange and size exclusion chromatography. Human
SCF protein was produced in E. coli and purified following
published protocols.”® As a final step for the production of
both proteins , possible endotoxin contaminants were fur-
ther removed by ionic exchange chromatography. The
expressed proteins did not contain any contaminants and
displayed biological activity comparable to that observed
using commercially available IL-1f and SCF (obtained from
R&D Systems). The quality of the purified proteins was also
verified by NMR spectroscopy and mass spectrometry.
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MCE-7 breast cancer cells and THP-1 human myeloid cells
MCF-7 human breast adenocarcinoma cells and THP-1 human
leukaemia monocytic macrophages were obtained from the
European Collection of Cell Cultures (Salisbury, UK). Cells
were grown in RPMI 1640 media supplemented with 10%
foetal calf serum, penicillin (50 IU/ml) and streptomycin sul-
phate (50 pg/ml). MCF-7 cells were used as the main model
since, physiologically, breast cancer epithelial cells constantly
interact with a large number of premature blood cells. They
express IL-1 receptor type I and are capable of releasing SCF
and therefore are considered as an excellent model to inves-
tigate the biochemical mechanisms of IL-1B-induced SCF pro-
duction.

Whole-cell extracts were prepared using 0.05 M Tris lysis
buffer containing 150 mM NaCl, 5 mM ethylenediamine tetra-
acetate, 0.5% nonidet-P 40 and 1 mM phenylmethylsulfonyl
fluoride (supplied immediately before use).

Transfer of HIF-1a siRNA into MCF-7 cells

We used a HIF-1a-specific siRNA (target sequence: ugu gag
uuc geca ucu uga u dtdt) localized at position 146 bases down-
stream of the HIF-la start codon.”' This is a recognized
HIF-1a-specific siRNA sequence which demonstrates high spe-
cificity to HIF-1ao mRNA and has been successfully employed
before.?"** Transfection into MCF-7 cells was performed using
DOTAP reagent according to the manufacturer’s protocol. The
knockdown efficiency observed was 56% % 9%.

Human plasma from healthy donors

Buffy coats were purchased from the UK National Health
Service Blood and Transplant Service and were originally
acquired from healthy blood donors undergoing routine blood
donation following ethical approval (NHS-REC ref. number:
07/Q1206/3). Blood plasma was obtained during routine
Ficoll-density separation of leukocytes and erythrocytes and
subjected for measurement of SCF and IL-1 by ELISA.

Western blot analysis

Intracellular HIF-1a and SCF levels were determined using
Western blot analysis and B-actin staining was employed to
assess equal loading, as previously described.” Li-Cor
(Lincoln, NE, USA) goat secondary antibodies, conjugated
with fluorescent dyes, were used according to the manufac-
turer’s protocol in order to visualize the proteins of interest
using the Li-Cor Odyssey imaging system. Quantitative ana-
lysis of Western blot data was performed using Odyssey Image
Studio Lite 3.1 software and values were normalized against
respective -actin expressions.

Detection of HIF-1 DNA-binding activity

HIF-1 DNA-binding activity was analysed using the method
previously described.” Briefly, a 96-well Maxisorp microtitre
plate was coated with streptavidin and blocked with BSA;
2 pmol/well biotinylated 2 hypoxia responsive element
(HRE)-containing oligonucleotide were then immobilized by
1 h incubation at room temperature. After washing five times



with TBST buffer (10 mM Tris-HCI, pH 8.0, 150 mM NaCl,
0.05% Tween-20), the plate was incubated for 1 h with 20 pl/
well of cell lysate at room temperature. Following a washing
step (five times with TBST buffer), the plate was then incubated
with mouse anti-HIF-1a antibodies (1:1000 in TBS plus 2%
BSA). After 1 h incubation at room temperature, the plate was
washed (five times with TBST buffer) and incubated with HRP-
labelled rabbit anti-mouse IgG (1:1000) in TBST buffer. After
further extensive washing with TBST, bound secondary anti-
bodies were detected using the peroxidase reaction (orthophe-
nylenediamine/H,0,). Reactions were quenched after 10 min
with an equal volume of 1 M H,SO, and colour development
was measured in a microplate reader (absorbance at 492 nm).

Detection of phospho-52448 mTOR in cell lysates

We employed an ELISA assay to analyse mTOR 52448 phos-
phorylation as described before.” Briefly, plates were coated
with mouse anti-mTOR, blocked with 1% BSA, and cell lysates
were then added to the wells and kept at room temperature for
at least 2 h under constant agitation. After extensive washing
with TBST buffer, anti-phospho-52448 mTOR antibodies were
added and the plate was incubated for 2 h at room temperature
(with constant agitation). After washing 5 times with TBST
buffer the plate was then incubated with 1: 1000 HRP-labelled
goat anti-rabbit IgG in TBST buffer and, after extensive
washing with TBST, bound secondary antibodies were detected
by the peroxidase reaction (orthophenylenediamine/H,0,).

a b
0 1000 -
8 800 - *
© *
2 600 -
2 400 :
(uj 200 - * i No detectable amounts of SCF were
@ AL . I produced by THP-1 cells
S 250 1 5
g ‘g’ 150
3 200 1 8
& 150 ® 100
© i ®©
meO I I fa 50
8 501 @
T L
I 0 I 0
HIF-To—s [ = & HIF-1o— [ e e |
. EEEEEEE) -
IL-1B[ng/ml], 0051 2 4 8 16 IL-1B[ng/ml], 0 1 2 4 8 16

Figure 1 IL-1p induces SCF production and HIF-1a accumulation in
MCF-7 cells in a concentration-dependent manner. (a) MCF-7 cells
were exposed to increasing concentrations of IL-1p for 24 h followed
by detection of SCF release and HIF-1a accumulation. (b) THP-1
human myeloid leukaemia cells were treated in the same way and were
used as a negative control cell line which does not produce SCF.
Western blot data show one representative experiment of three that
produced similar results and were quantitatively analysed.
Quantitative data are shown as mean values=*s.d. of at least three
individual experiments; *P<0.01 vs. control. HIF, hypoxia-inducible
factor; SCF, stem cell factor.
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Reactions were quenched after 10 min with an equal volume
of 1 M H,S0O, and colour development was measured using a
microplate reader (absorbance at 492 nm).

Measurement of HIF-1a and SCF mRNA levels by
quantitative real-time reverse transcription polymerase
chain reaction (qQRT-PCR)

Total RNA was isolated using a GenElute mammalian total RNA
miniprep kit. After decontamination (the kit (Sigma) was used
according to the manufacturer’s protocol) we performed a HIF-
loo mRNA RT-PCR in accordance with the manufacturer’s pro-
tocol. Quantitative RT-PCR was then performed using the fol-
lowing primers: HIF-1a, 5'-CTCAAAGTCGGACAGCCTCA-
3’, 5'-CCCTGCAGTAGGTTTCTGCT-3'; SCF, 5'-ACTGACT-
CTGGAATCTTTCTCAGG-3', 5'-GATGTTTTGCCAAGTCA-
TTGTTGG-3'; actin, 5'-TGACGGGGTCACCCACACTGTGC-
CCATCTA-3', 5'-CTAGAAGCATTTGCGGTCGACGA-TGG-
AGGG-3'.>* Reactions were performed using a LightCycler
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Figure 2 |L-1pB-induced SCF production by the MCF-7 cells is a time-
dependent process. MCF-7 cells were exposed to 8 ng/ml IL-1 for
different periods of time followed by analysis of intracellular HIF-1a
and SCF accumulation (Western blot) and SCF release (ELISA).
Western blot data show one representative experiment of three which
demonstrated similar results and were quantitatively analysed.
Quantitative data are shown as mean values=s.d. for n=3; *P<0.01
vs. control. HIF, hypoxia-inducible factor; SCF, stem cell factor.
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480 RT-PCR system and respective SYBR Green I Master kit
(Roche, Burgess Hill, UK). Analyses were performed according
to the manufacturer’s protocol and values representing HIF-1a.
and SCF mRNA levels were normalized against those of actin.
We also performed a contamination control and, following
decontamination, samples were immediately subjected to quan-
titative RT-PCR.

Detection of SCF, IL-1f and VEGF

SCF, IL-1B and VEGF concentrations in cell culture medium
(supernatants) and human blood plasma (SCF and IL-1() were
analysed by commercial ELISA kits (R&D Systems) according
to the manufacturer’s protocols.

Detection of phosphatidylinositol 3 kinase (PI-3K) activity
PI-3K activity was analysed using an established protocol.**>°
Briefly, cell lysates were incubated for 30 min with 30 pl 0.1 mg/
ml substrate (PI-4,5-diphosphate was used as the substrate in a
form of an emulsion which was prepared using bidistilled
water; sonication for 1 h in a water bath sonicator is recom-
mended) in kinase assay buffer. The latter was prepared from
20 mM Tris (pH 7.5), 100 mM NaCl, 0.5 mM ethylenediamine
tetraacetate, 8 mM MgCl, and 40 pM ATP in a total volume
of 100 pl at 37 °C with constant agitation. Reactions were
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Figure 3 The level of IL-1B-induced HIF-1a accumulation in MCF-7
cells is comparable with those observed for classic HIF-1 activators.
MCF-7 cells were exposed for 4 h to 8 ng/ml IL-1B, hypoxia (3% oxy-
gen), cobalt chloride (100 pM) or MG132 (5 uM) followed by detection
of HIF-1oe accumulation and HIF-1 DBA as outlined in the ‘Materials
and methods’ section. Western blot data show one representative
experiment of three that gave similar results and were quantitatively
analysed. Quantitative data are shown as mean values=s.d. of n=3;
*P<0.01 vs. control. DBA, DNA-binding activity; HIF, hypoxia-indu-
cible factor.
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terminated by adding 1 ml of mixture hexane/isopropanol
(13:7, v/v) and 0.2 ml of a mixture of 2 M KCI/HCl,,
(8:0.25, v/v). Samples were then vortexed and organic phases
were washed with HCI (0.5 ml; 0.1 M). This was followed by
detection of phosphate groups using molybdenum reagent®>*’
containing two parts of 30 g/l (NH4)sMo,0,,, five parts of
H,S0, (140 ml of H,SO, cone was diluted to 900 ml with bidis-
tilled water), two parts of 54 g/l ascorbic acid and one part of
1.36 g/l potassium antimonyl-tartrate.”® In case of very high or
low absorbance, PI-3,4,5-triphosphate was separated by thin-
layer chromatography using silica gel thin-layer chromato-
graphy plates (chromatographic mixture of 2 M acetic acid/
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Figure 4 The HIF-1 transcription complex is crucial for IL-1B-induced
SCF expression in MCF-7 cells. (a) Normal and HIF-1a knockdown
MCF-7 cells were exposed to 8 ng/ml IL-1p for 24 h followed by detec-
tion of intracellular HIF-1a/SCF levels as well as SCF release. (b)
Normal and HIF-1a knockdown MCF-7 cells were exposed to 8 ng/ml
IL-1B for 6 h followed by analysis of HIF-1a. and SCF mRNA levels by
gRT-PCR. Each sample was subjected to a contamination control
through running gRT-PCR immediately after the decontamination pro-
cedure. No response was detected during 55 amplification cycles, indi-
cating that contamination levels were close to zero (and are therefore
not shown in the main figure). Western blot data show one represent-
ative experiment of 3—7 that gave similar results and were quantitatively
analysed. Quantitative data are shown as mean values*s.d. of 3-7
individual experiments; *P<0.01 vs. control; P<0.01 vs. IL-1B treat-
ment. HIF, hypoxia-inducible factor; SCF, stem cell factor.



isopropanol (1:2, v/v) has to be applied) and detected using
molybdenum reagent.

Analysis of HIF-1a prolyl hydroxylase (PHD) activity

To detect HIF-1a. PHD activity, we used a peptide-based assay
as described before.””*® HIF-1a-free cell lysates were used to
avoid the impact of hydroxylation of intracellular HIF-1o.
Lysates of non-treated and treated THP-1 cells were incubated
for 1 h in 96-well Maxisorp microtitre plates. These plates were
coated with HIF-1a capture antibody and blocked with BSA as
described before.”” Upon completion of the incubation lysates
were used for the PHD activity assay.

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell viability assay
Cell viability was analysed using the Promega (Southampton,
UK) MTS cell viability assay kit according to the manufacturer’s
protocol.

In-cell assay of SCF bound to THP-1 cells

In-cell assays were performed as previously described.*” Cells,
after respective treatments, were centrifuged for 5 min at 300g,
washed with fresh RPMI media containing FCS and anti-
biotics and then exposed to 2 pg/ml anti-SCF antibody for
2 h. This was followed by centrifugation (5 min, 300g) and then
resuspension in media. The cells were then incubated for 2 h
with a fluorescently-labelled dye secondary antibody (Li-Cor,
Cambridge, UK). Following centrifugation and washing, cells
were then transferred into the wells of a 96-well plate which was
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then scanned by the Odyssey machine (Li-Cor, Cambridge,
UK). Results were quantified using Odyssey software.

Statistical analysis

Each experiment was performed at least three times and sta-
tistical analysis was conducted using a two-tailed Student’s
t-test. Differences were considered as significant at P<<0.01.

RESULTS

IL-1P induces SCF production and HIF-1a accumulation in
MCF-7 human epithelial breast cancer cells
We investigated the ability of the highly inflammatory cytokine
IL-1B to induce SCF expression and secretion in MCEF-7
human epithelial breast cancer cells. MCF-7 cells were exposed
to increasing concentrations of IL-1f for 24 h followed by
detection of SCF release and HIF-1a accumulation. It was
found that IL-1f induced both SCF release and HIF-1a accu-
mulation (the optimal concentration of the cytokine was 8 ng/
ml, Figure la). As a negative control, we used THP-1 human
myeloid leukaemia cells which express around 20 molecules per
cell of IL-1P receptor type 1 and do not produce SCF.'>'* THP-
1 cells were exposed to the same concentrations of IL-1f as
MCEF-7 for 24 h. A minor increase in HIF-1o accumulation
was observed (normally, only a very high concentration of
IL-1B could induce HIF-1a accumulation in these cells).'?
No detectable amounts of SCF were produced (Figure 1b).
Using an optimal concentration of IL-1f (8 ng/ml), we next
investigated the dynamics of its downstream effects. We
exposed MCEF-7 cells to the cytokine for 2, 4, 8 and 16 h and
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Figure 5 The PI-3K/mTOR pathway is crucially involved in IL-1B-induced HIF-1o. accumulation in MCF-7 cells. Cells were pre-treated with
inhibitors for 1 h (as indicated) and subsequently exposed to 8 ng/ml IL-1p for 4 h. The procedure was followed by Western blot analysis of
HIF-1o accumulation (a) and detection of PI-3K and HIF-1ae PHD activities as well as phospho-52448 mTOR deposition (b). HIF-1a Western blot
data show one representative experiment of three similar results and were quantitatively analysed. Quantitative data are shown as mean
values=*s.d. of at least three individual experiments; results represent percentage values compared to the control. *P<<0.01 vs. control;
aP<0.01 vs. IL-1B treatment. HIF, hypoxia-inducible factor; mTOR, mammalian target of rapamycin; PHD, prolyl hydroxylase; PI-3K, phospha-

tidylinositol-3 kinase.
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Figure 6 mTOR is crucially involved in IL-1B-induced SCF production.
MCF-7 cells were pre-treated for 1 h with 10 uM rapamycin followed by
4 hexposureto8ng/mlIL-1Bin the absence or presence of 50 uM CoCl,
to maintain HIF-1 activity in the case of mTOR inhibition with rapamy-
cin. HIF-1 DNA-binding activity and S2448 mTOR phosphorylation
were monitored as described in the ‘Materials and methods’ section.
Western blot data show one representative experiment of three that
gave similar results and were quantitatively analysed. Quantitative data
are shown as mean values*s.d. of at least three individual experiments;
*P<0.01 vs. control; #P<0.01 vs. IL-1B. HIF, hypoxia-inducible factor;
mTOR, mammalian target of rapamycin; SCF, stem cell factor.

then studied SCF release and intracellular accumulation as well
as HIF-1a levels, which showed a time-dependent increase in
response (Figure 2).

We then asked whether the observed IL-1B-induced HIF-1a.
accumulation is comparable with exposure to classical HIF-1a-
inducing stimuli such as hypoxia (3% oxygen), cobalt chloride
(100 M) and the proteasomal degradation inhibitor MG-132
(5 uM). We found that both HIF-1o accumulation and HIF-1
DNA-binding activity induced by IL-1p were indeed compa-
rable to those observed upon exposure of MCF-7 cells to ‘clas-
sic stimuli’ (Figure 3).

The HIF-1 transcription complex is crucial for IL-1f-
induced SCF expression in MCF-7 cells

To investigate the role of HIF-1 in IL-1B-induced SCF expres-
sion in MCEF-7 cells, we used normal and HIF-1a knockdown
MCE-7 cells. We found that, in HIF-1a knockdown cells, IL-13

Cellular & Molecular Immunology

was not able to induce SCF protein expression and release upon
24 h of exposure to 8 ng/ml IL-1B (Figure 4a). Importantly,
qRT-PCR analysis demonstrated that 6 h of exposure of MCE-7
cells to 8 ng/ml IL-1f increased both HIF-1oe and SCF mRNA
levels. Both types of upregulation were attenuated in HIF-1a
knockdown MCEF-7 cells (Figure 4b).

The PI-3K/mTOR pathway, but not HIF-1¢ PHD, is involved
in IL-1p-induced HIF-1a accumulation and SCF expression
We investigated the mechanisms which support IL-1B-induced
HIF-1o accumulation in MCF-7 breast cancer cells. Cells were
pre-treated with pharmacological inhibitors of intracellular sig-
nalling enzymes which could be involved in mTOR activation
(30 uM 1LY294002, a PI-3K inhibitor, or 0.1 mM Rottlerin, a
PKC5 inhibitor) for 1 h and compared to the mTOR inhibitor
rapamycin (10 pM). This was followed by 4 h of exposure to IL-
1B (8 ng/ml). We observed that LY294002 and rapamycin, but
not rottlerin, attenuated IL-1p-induced HIF-1a accumulation in
MCEF-7 cells suggesting crucial involvement of the PI-3K/mTOR
pathway (Figure 5a). This is consistent with previous observa-
tions in other cell types.'® Importantly, a significant increase in
PI-3K activity and phosphorylation of mTOR at S2448 were
observed in MCF-7 cells treated with IL-1P. PI-3K activation
was attenuated by LY294002 but not by rapamycin, while
mTOR $2448 phosphorylation was attenuated by both inhibitors
(Figure 5b). No changes were observed in HIF-1o. PHD activity
under any conditions, suggesting that HIF-1a prolyl hydroxyla-
tion is not affected by any of the above treatments (Figure 5b).
Subsequently, analogous experiments were performed using
1 mM N-acetylcystein (an antioxidant), 10 pM PD098059 (an
inhibitor of the extracellular signal-regulating kinase, ERK) and
100 M N-monomethyl-arginine (NMMA; a nitric oxide
synthase inhibitor). However, neither of these agents reduced
IL-1B-induced HIF-1a accumulation (data not shown) suggest-
ing that redox/NO-dependent mechanisms and the ERK path-
way are not involved in this process.

We also investigated whether mTOR is only directly
involved in IL-1B-induced HIF-1a accumulation or whether
it also contributes to the translation of SCF. For this purpose,
we pre-treated MCF-7 cells with 10 pM rapamycin followed by
4 h exposure to 8 ng/ml IL-1p in the absence or presence of
50 uM CoCl, to maintain HIF-1 activity in the case of inhibi-
tion of mTOR with rapamycin. HIF-1 DNA-binding activity
and S2448 mTOR phosphorylation were monitored (Figure 6).
The presence of CoCl, prevented HIF-1 inactivation caused
by rapamycin, but did not prevent the attenuation of IL-1f3-
induced SCF intracellular accumulation and release (Figure 6).
This suggests that mTOR is also involved in SCF production. It
is important to mention that traces of SCF were detected in the
cells cotreated with CoCl, and rapamycin alone, while SCF was
not detectable in the cells stimulated with IL-1p in the presence
of CoCl, and rapamycin. This is most likely due to a high
dependence of the cells on glycolysis during inflammatory
stimulation (with IL-1B in our case).” Glycolysis depends on
both HIF-1-controlled transcription and mTOR-induced
translation processes. Therefore, glycolysis was limited upon



R

IL-1p induces expression and production of SCF
RW Wyszynski et al

N

IL-1R

b 250 .
@ 200
é “’E 150
g2 100 a
2 50
€ lm [ ]
200 *
Z23 150 a
3=
£§ 100
gz 50
0
L 500 *
35 400
2E 300 a
338 200 h
2z 100 I
I3
Rl |

(%]
(@]
l

IL-p
Ant-SCF - - +

|
+
+

4 LB ot
R HBY 4

m

-« -

In-cell assay
'

Antibody--»,
(4
SCF
A K )
) SCF
N Kit =~ &
\ \
1 1
e -+
+ \ nall B + \
i IL-1R By s i

MCF-7 cells

800
700
600
500
400
300
200 -
100

R? = 0.5265

SCF (pg/ml)

T T T 1
200 300 400 500

IL-1B (pg/ml)

0 100

Figure 7 IL-1B and SCF crosslinks using an in vitro coculture system and human plasma in vivo. (@) MCF-7 cells were cocultured with THP-1 cells
ataratioof 3: 1. Cocultures were exposed to 8 ng/ml IL-1p for 24 h in the absence or presence of 2 ug/ml human SCF neutralizing antibody which
was added 30 min before IL-1B. (b) MTS cell viability and in-cell assay of SCF binding to THP-1 cells and VEGF release as outlined in Materials and
Methods. (c) IL-1B and SCF levels were analysed in the plasma of ten healthy human donors by ELISA. Correlation analysis was performed using MS
Excel software. Imaging data show one representative experiment of three that gave similar results and were quantitatively analysed. Quantitative
data are shown as mean values=s.d. of at least three individual experiments; *P<0.01 vs. control; ?P<0.01 vs. IL-1B. MTS, 3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; SCF, stem cell factor.

costimulation of the cells with IL-1f and rapamycin, thus redu-
cing the energy potential of the cells. As shown in our previous
reports, this effect downregulates the expression of growth fac-
tors/cytokines.” ™

The effects observed are reproducible in a cell coculture system. We
sought to reproduce the effects described above in a coculture
model containing SCF producing cells (MCF-7 cells) and mye-
loid cells expressing the Kit receptor (THP-1 cells). Cells were
cocultured at a ratio of three MCF-7 cells to one THP-1 cell and
exposed to 8 ng/ml IL-1f for 24 h with or without 2 pg/ml SCF
neutralizing antibody (R&D Systems, Abingdon, UK) which was
added 30 min prior to IL-1p. After 24 h THP-1 cells and medium
were subjected to further analysis. Equal amounts of cells from
each treatment were analysed for the presence of SCF on their
surface using an in-cell assay. The levels of VEGF released (as a
biological response of THP-1 cells to treatment with SCF’) were
analysed in the medium using ELISA (Figure 7a). SCF was
detected on the surface of THP-1 cells when IL-1 was present
in the coculture. This effect was reduced by the SCF neutralizing
antibody (Figure 7b). Using MTS assays we found that, in the

presence of IL-1f, THP-1 cells significantly proliferated more
rapidly, an effect which was also reduced by the SCF neutralizing
antibody. VEGF levels in the cell culture medium where higher in
cocultures containing IL-1B, but they were significantly lowered
by the presence of SCF (Figure 7b). This experiment confirms
our basic conclusions reported above.

IL-1P and SCF levels positively correlate in human plasma in
vivo

We measured the levels of IL-1 and SCF levels in the plasma of
healthy human donors as outlined in the section on ‘Materials
and methods’. A clear tendency for a positive correlation
between the levels of IL-1B and SCF was observed (Figure 7c)
and could be considered as an indirect confirmation in vivo of
the effects which we observed using cells in vitro.

DISCUSSION

While an association between inflammation and oncogenesis has
long been appreciated, there is comparatively little experimental
evidence to actually support this concept.'”'® It is, however,
of considerable importance to establish whether inflammatory
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mediators are able to upregulate the expressions of proto-onco-
genic growth factors and elucidate the mechanisms involved.
Although IL-1p is known to induce SCF production by human
lung-derived fibroblasts'®'' the mechanisms have not been
resolved except for the involvement of NF-kB transcription fac-
tor in the upregulation of SCF mRNA levels.'®"'> However, it has
been shown that the SCF gene contains hypoxia-responsive ele-
ments in its promoter region* and we demonstrated that IL-1B
(as well as other inflammatory stimuli) activates the HIF-1 tran-
scription complex which is also an upstream regulator of SCF
production.* Furthermore, NF-kB is known to promote non-
hypoxic upregulation of HIF-1 on a transcriptional level, and
thus could actually crosslink the two pathways. Because of this,
we aimed to study the role of the HIF-1 transcription complex
and associated pathways in IL-1B-induced SCF production.

Cellular & Molecular Immunology

SCF is a major haematopoietic growth factor which crucially
controls the progression of acute myeloid leukaemia upon
malignant transformation of hematopoietic cells of myeloid lin-
eage. This cytokine is also responsible for mast cell development
and maintaining the function of mature mast cells of different
phenotypes.'” Given the importance of mast cells in contri-
buting to allergic inflammation, regulation of SCF production
by IL-1P would suggest an important allergo-oncological axis.

In the present study, we employed MCF-7 human breast
cancer epithelial cells which are capable of producing SCF
and express IL-1f receptor type 1, which mediates the intra-
cellular pro-inflammatory reactions induced by this cytokine.
Since pro-inflammatory stimuli, such as IL-1, provoke major
alterations in intracellular signalling networks and cell meta-
bolism, this requires target cells to adapt to inflammatory



stress. This process depends majorly on the activation of the
HIF-1 transcription complex which has over 40 target genes
that control, for example, glycolysis, angiogenesis and cell
adhesion. The promoter region of the SCF gene contains
hypoxia-responsive elements; HIF-1 cognate sequences. We
therefore investigated the effects of IL-1 on SCF expression
and HIF-1o accumulation in MCF-7 cells and found that IL-1§
induces both SCF expression and release as well as HIF-1a
accumulation in a concentration-dependent manner. Eight
ng/ml was found to be the optimal cytokine concentration
and both processes took take place in a time-dependent man-
ner. Importantly, the levels IL-1B-dependent induction of HIF-
lacaccumulation/HIF-1 DNA-binding activity was comparable
with those induced by classic triggers of HIF-1 activation (3%
hypoxia, CoCl, or use of the proteasome inhibitor MG132).

Since the promoter region of the SCF gene contains hypoxia-
responsive elements,* we investigated the role of the HIF-1 tran-
scription complex in IL-1B-induced SCF expression using nor-
mal and HIF-1a knockdown MCEF-7 cells exposed to IL-1p. We
discovered that HIF-1o knockdown cells were unable to upre-
gulate SCF expression and release in response to stimulation
with IL-1f. This was observed on all three levels—transcription,
intracellular protein production and secretion of SCF.

Experiments with enzyme assays and pharmacological inhi-
bitors clearly demonstrated the involvement of the PI-3K/
mTOR pathway in IL-1B-induced HIF-1 activation. Impor-
tantly, HIF-1a prolyl hydroxylation had no input, which is con-
sistent with previous observations in other cell lines.'® However,
attenuation of mTOR activity downregulates the translation of a
number of signalling proteins and SCF might not be an excep-
tion in this case. Experiments with MCF-7 cells, where mTOR
was blocked by rapamycin and HIF-1 was kept active with the
help of CoCl,, demonstrated that mTOR is critical for SCF
production. Experiments with normal and HIF-1o knockdown
MCEF-7 cells confirmed a crucial involvement of HIF-1 in IL-1p-
induced SCF expression, while further experiments also sug-
gested a critical role of mTOR at the translational level. A
summary of these conclusions is outlined in Figure 8.

Our results were verified using a coculture system containing
MCEF-7 and THP-1 cells. It was clearly shown that SCF released
by MCF-7 cells in response to stimulation with IL-1f was
biologically active since it interacted with THP-1 cells and
induced VEGEF release. The fact that all these effects were not
completely attenuated by SCF neutralizing antibody (despite
significant reductions) is possibly due to the fact that each
resting THP-1 cell expresses approximately 20 molecules of
the IL-1 receptor.'* Thus, IL-1B-mediated effects could also
occur in addition to those caused by SCF, which would not
be attenuated by SCF neutralizing antibodies. Additionally, our
results received a partial confirmation in vivo in experiments
with human blood samples where there was a clear tendency for
a correlation between IL-1f3 and SCF levels in plasma.

Altogether, our results demonstrate that the highly inflamma-
tory cytokine IL-1f, which crucially bridges innate and adaptive
immunity, induces the production of the major haematopoietic/
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proleukaemic growth factor SCE. The process depends on the
HIF-1 transcription complex and is controlled by the PI-3K/
mTOR pathway. These observations underline important cross-
links between IL-1B-dependent host immune responses, includ-
ing autoimmune disorders and allergies, and leukaemia
progression as well as haematopoiesis.
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