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Human bronchial smooth muscle cells in culture produce stem
cell factor
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ABSTRACT: A mast cell infiltration of the bronchial smooth muscle layer has been
reported in patients sensitized to common allergens. Stem cell factor (SCF) is a
chemotactic and survival factor for mast cells. SCF is expressed as a soluble (sSCF)
and a membrane-bound (mSCF) form, after alternative splicing of the exon encoding
the proteolytic cleavage site. SCF expression by human bronchial smooth muscle cells
in culture was evaluated, comparing it to that of human lung fibroblasts in culture.

sSCF released in the culture supernatant was assessed by an enzyme-linked immu-
nosorbent assay. Total SCF messenger ribonucleic acid (mRNA) was measured by
competitive polymerase chain reaction (PCR) after reverse transcription. Expression
of the two forms of SCF mRNA was assessed by PCR, with primers spanning the
alternatively spliced exon.

Smooth muscle cells produced sSCF (21.9�2.6 pg.mL-1), although at lower levels
than fibroblasts (35.9�3.5 pg.mL-1); the expression of total SCF mRNA was also at
lower levels than in fibroblasts (8.6�0.2 and 19.0�2.0 amol.fmol glyceraldehyde
3-phosphate dehydrogenase complementary deoxyribonucleic acid-1, respectively).
However, smooth muscle cells expressed proportionally more (1.7-fold) mSCF mRNA
than did fibroblasts.

In conclusion, this study shows that bronchial smooth muscle cells express stem cell
factor, with a relatively high expression of membrane-bound stem cell factor. This
might be related to the presence of mast cells within the bronchial smooth muscle
layer, i.e. at the site of bronchoconstriction, with possible implications in the patho-
physiology of asthma.
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Stem cell factor (SCF), also called Kit ligand, steel fac-
tor, and mast cell growth factor, is the ligand of the c-kit

proto-oncogene product [1]. SCF is expressed in two
forms, soluble (sSCF) and membrane-bound (mSCF), af-
ter alternative splicing of the sixth exon, which encodes a
proteolytic cleavage site [2]. This protein is a pluripotent
growth factor involved in the early stages of haematopoi-
esis and in the development and function of other cell
types, including germ cells and melanocytes. It is also an
important growth factor for human mast cells [3]: in vitro
it induces proliferation and differentiation of immature
mast cells from bone marrow CD34+ progenitor cells [4];
it is involved in mast cell survival by inhibiting their ap-
optosis [5]; and it is a potent chemotactic factor for mast
cells [6]. SCF also induces mast cell hyperplasia in vivo
after subcutaneous administration in humans [7]. It might
therefore be involved in many diseases associated with a
local increase in the number of mast cells, such as asthma
[8, 9]. SCF is produced by various cells of the bronchial
mucosa, including bronchial epithelial cells [10] and
bronchial fibroblasts [11].

Recently, mast cell infiltration of the smooth muscle lay-
er of bronchi in patients sensitized to common allergens
has been reported [12]. SCF expression has previously

been reported in aortic [13] and myometrial [14] smooth
muscle cells. This study investigated whether SCF is also
expressed by human bronchial smooth muscle cells in
culture, and compared this expression to that of human
lung fibroblasts in culture.

Methods

Cell culture

Commercially available human bronchial smooth mus-
cle cells in primary culture (Clonetics Corp., San Diego,
CA, USA) and human lung fibroblasts derived from mac-
roscopically normal human lung tissue by the explant
technique were cultured as previously described [15, 16].
Smooth muscle cells and fibroblasts were characterized
by immunocytochemistry using, respectively, an anti-
smooth muscle a-actin antibody (Sigma Chemical Co., St
Louis, MO, USA), and an anti-fibroblast monoclonal
antibody (5B5) that reacted with the b-subunit of prolyl
4-hydroxylase (Dako, Trappes, France). The state of fi-
broblasts was also characterized by their absence of smo-
oth muscle a-actin expression.
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Fibroblasts and smooth muscle cells at passage 5±7
were cultured in the same standardized condition to allow
comparison of SCF expression between the two cell ty-
pes. Culture medium contained DMEM/F12 supplemented
with 10% foetal calf serum (FCS), 50 U.mL-1 penicillin,
and 50 mg.mL-1 streptomycin, until confluence. Quies-
cence was induced by reducing the FCS content to 0.3%
for 24 h. Cells were cultured further in fresh medium
containing 0.3% FCS for 24 h. Supernatants were removed
and stored at -708C until assayed for sSCF levels by an
enzyme-linked immunosorbent assay (ELISA), and cells
were used for ribonucleic acid (RNA) extraction. The same
cell cultures were used for the ELISA and polymerase
chain reaction (PCR) measurements.

SCF ELISA

Immunoreactive sSCF was quantified by a sensitive EL-
ISA procedure as previously described [16], using a cap-
ture anti-human SCF monoclonal antibody (clone 13306.6;
R&D Systems Europe, Abingdon, UK), and a biotinylat-
ed detection anti-human SCF polyclonal antibody (R&D
Systems Europe), revealed by Extravidin1±horseradish
peroxidase (Sigma) and a 3,3',5,5'-tetramethylbenzidine
liquid substrate system (Sigma).

Extraction of total RNA and reverse transcription

Total RNA was extracted using TriReagentTM (Molecu-
lar Research Center, Cincinnati, OH, USA), and reverse
transcribed using ribonuclease (RNase) H minus-Moloney
leukaemia virus reverse transcriptase, as previously de-
scribed [16].

Quantification of total SCF complementary deoxyribo-
nucleic acid by competitive PCR

An aliquot (1 mL) of a 1:20 dilution of the reverse
transcription (RT) product was amplified by PCR in 16
PCR buffer (50 mM KCl, 10 mM Tris±HCl, pH 8.3)
containing 1.5 mM MgC12, 0.2 mM deoxyribonucleoside
triphosphate (dNTP), 10 pmol of each primer (sense
primer: 5'-TGGATAAGCGAGATGGTAGT-3'; antisense:
5'-TTTTCTTTCACGCACTCCAC-3') and 2 U Taq de-
oxyribonucleic acid (DNA) polymerase (Promega, Madi-
son, WI, USA) in a 50 mL final volume, for 40 cycles (60 s
at 948C, 30 s at 508C, and 60 s at 728C), in the presence of
increasing amounts of SCF competitor complementary
DNA (cDNA; 0.02, 0.04, 0.08, 0.2, 0.4 and 0.8 amol) [16].
SCF competitor cDNA has been constructed using a PCR
strategy [16], amplifying SCF cDNA with primers (anti-
sense primer described above, sense composite primer:
5'-sense primer-CTTCGTGACAAGTTTTCAAA-3') le-
ading to a 25 base pair (bp) deletion in the SCF cDNA
sequence.

Quantification of glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) cDNA by competitive PCR was used to
normalize results. An aliquot (1 mL) of a 1:200 dilution of
the RT product was amplified by PCR in 16 PCR buffer
containing 2.5 mM MgCl2, 0.2 mM dNTP, 20 pmol of
each primer (sense: 5'-GGTGAAGGTCGGAGTCAACG-
GA-3'; antisense: 5'-GAGGGATCTCGCTCCTGGAA-
GA-3') and 1 U Taq polymerase in a 50 mL final volume,
for 30 cycles (60 s at 968C, 60 s at 608C, and 60 s at 728C),
in the presence of increasing amounts of GAPDH com-

petitor cDNA (0.04, 0.08, 0.2, 0.4, 0.8 and 2 amol).
GAPDH competitor cDNA was constructed by PCR using
primers (antisense primer described above, sense compo-
site primer: 5'-sense primer-CCAGGGCTTTTAACTCT-
GG-3') leading to a 25 bp deletion in the GAPDH cDNA
sequence [16].

Expression of the two forms of SCF messenger RNA

PCR amplification was performed with primers span-
ning the alternatively spliced sixth exon (sense primer: 5'-
TGGATAAGCGAGATGGTAGT-3'; antisense: 5'-AGC-
CACAATTTACACTTCTT-3') to generate a 627-bp for
sSCF cDNA, and a 544-bp PCR product for mSCF cDNA,
as previously described [16]. An aliquot (1 mL) of a 1:20
dilution of the RT product was amplified by PCR in 16
PCR buffer containing 2.5 mM MgCl2, 0.1 mM dNTP, 10
pmol of each primer, and 1U Taq polymerase in a 50 mL
final volume, for 40 cycles (60 s at 948C, 30 s at 558C,
and 60 s at 728C).

PCR products analysis

PCR products (15 mL) were denatured (998C, 10 min) in
the presence of 50% deionized formamide, and resolved by
electrophoresis on denaturating 50% urea±17% forma-
mide±polyacrylamide (10% for competitive PCR; 6% for
the two forms of SCF messenger RNA (mRNA) gels in
parallel with a 100 bp DNA ladder (Life Technologies,
Cergy, Pontoise, France)). Gels were stained with ethidium
bromide, digitalized under ultraviolet light using a high
performance CCD camera (Cohu Inc., San Diego, CA,
USA), and analysed using the public domain NIH Image
program [16].

For determination of SCF cDNA, ratios of PCR prod-
ucts of SCF to SCF competitor cDNAs and GAPDH to
GAPDH competitor cDNAs were calculated for each con-
centration of competitor, and plotted against the concen-
tration in order to calculate the initial concentrations of
SCF and GAPDH cDNAs at ratios equal to 1. Results were
expressed as amol SCF cDNA.fmol GAPDH cDNA-1.

To analyse the expression of the two forms of SCF
mRNA, the ratio of mSCF/sSCF and the proportion of
mSCF over total SCF PCR products were calculated.

Statistical analysis

All results are expressed as means�SEM for the number
of experiments. Comparisons of the expression of SCF
protein and mRNA between smooth muscle cells and fi-
broblasts were made with the nonparametric Mann±Whit-
ney U-test. A p-value <0.05 was considered significant.

Results

Expression of SCF protein and mRNA by human smooth
muscle cells

Smooth muscle cells produced immunoreactive soluble
SCF. Figure 1a shows that sSCF production by smooth
muscle cells is lower than fibroblasts cultured in the same
conditions (21.9�2.6 and 35.9�3.5 pg.mL-1, respectively,
n=10, p<0.05). Total SCF mRNA was also expressed at
lower levels by smooth muscle cells than by fibroblasts
(SCF cDNA: 8.6�0.2 and 19.0�2.0 amol.fmol GAPDH
cDNA-1, respectively, n=5, p<0.05) (fig. 1b).
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Expression of both forms of SCF mRNAs by human
bronchial smooth muscle cells

Smooth muscle cells expressed both of the mRNAs that
encode SCF (fig. 2a), with a predominance of the long
transcript encoding sSCF, and only a small amount of the
short transcript which encodes mSCF. As compared to
fibroblasts, smooth muscle cells produced a higher pro-
portion of mSCF mRNA than did fibroblasts (6.3�0.2%
and 3.7�0.2% of total SCF mRNA, for smooth muscle
cells and fibroblasts, respectively, n=5, p<0.01) (fig. 2b).

Discussion

This study reports evidence that a mast cell growth
factor, SCF, is produced by human bronchial smooth mus-
cle cells in culture. Recently, the hypothesis of functional
interactions between mast cells and the smooth muscle in
asthma has been reinforced by reports that bronchi from
patients sensitized to common allergens show mast cell
infiltration of the smooth muscle layer [12]. SCF plays a
role in the regulation of mast cell development, survival,
reactivity, and function in health and disease, both in vitro
and in vivo [3], and may be particularly relevant to the

pathophysiology of asthma [17]. The concentrations of
SCF that were measured in the supernatants of smooth
muscle cells in the present study are compatible with a
chemotactic effect on mast cells, occurring in vitro at SCF
doses as low as 10 ng.mL-1 [6]. Hence, this finding raises
the possibility of SCF production by smooth muscle cells.
Such an expression in the smooth muscle layer of sen-
sitized patients, which needs to be addressed further,
might be related to the recruitment and survival of mast
cells infiltrating the smooth muscle layer of sensitized
bronchi, as shown recently [12].

A second interesting feature of these results is the
quantitative difference in the amounts of the mSCF mRNA
expressed by smooth muscle cells and fibroblasts. sSCF
mRNA was the predominant transcript, as reported for
several other cell types, including lung fibroblasts [18].
However, smooth muscle cells, although producing lower
amounts of total SCF than fibroblasts, expressed propor-
tionally more mSCF mRNA (1.7-fold). Such a difference,
if also observed at the protein level, might have important
functional consequences. The two forms of SCF may
indeed have different functions, as suggested by studies
of homozygous mice for the Steel±Dickie allele. These
mice produce biologically active sSCF, but no mSCF, and
present a profound deficiency of mast cells [19]. These
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Fig. 2. ± Human bronchial smooth muscle cells (hBSMC) and human
lung fibroblasts (hLF) in culture express both forms of stem cell factor
(SCF) messenger ribonucleic acid. Confluent quiescent cells were cul-
tured for 24 h in 0.3% foetal calf serum-containing DMEM/F12. Total
ribonucleic acid (RNA) was extracted and reverse transcribed, and com-
plementary deoxyribonucleic acids (cDNAs) were amplified by poly-
merase chain reaction (PCR) using primers leading to 627 and 544 base
pair (bp) products for soluble SCF (sSCF) and membrane-bound SCF
(mSCF) cDNAs, respectively. a) PCR products were resolved by gel
electrophoresis. b) The density of each band was analysed, and ratios of
mSCF cDNA to sSCF cDNA are presented. **: p<0.01 compared with
the ratio obtained from fibroblasts (n=5). Horizontal bars represent the
means.
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Fig. 1. ± Stem cell factor (SCF) protein and messenger ribonucleic acid
(mRNA) expression by human bronchial smooth muscle cells (hBSMC)
and human lung fibroblasts (hLF) in culture. Confluent quiescent cells
were cultured for 24 h in 0.3% foetal calf serum-containing DMEM/
F12. a) Immunoreactive soluble SCF (sSCF) levels were assessed in the
culture supernatant by a sandwich enyme-linked immunosorbent assay.
*: p<0.05 compared with sSCF released by fibroblasts (n=10). b) Total
RNA was extracted and reverse transcribed, and SCF complementary
deoxyribonucleic acid (cDNA) was quantified by competitive polymer-
ase chain reaction. Results were normalized to reduced glyceraldehy-
dephosphate dehydrogenase (GAPDH) cDNA. *: p<0.05 compared with
SCF cDNA levels obtained from fibroblasts (n=5). Horizontal bars
represent the means.
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results suggest that mSCF is more important than sSCF
for the in vivo development of mast cells. mSCF also acts
as an adhesion molecule for mast cells [20]. Because
smooth muscle cells produce proportionally more mSCF
mRNA, and presumably protein, than do fibroblasts, the
contacts between mast cells and smooth muscle cells
within the bronchial wall might be particularly intimate
and lead to more sustained interaction.

Moreover, a local production of SCF by bronchial
smooth muscle may also play some role in the local ac-
tivation of mast cells [12]. SCF indeed activates mast cells
in isolated human bronchi [21], and greatly enhances an-
tigen-induced activation of human lung mast cells in vitro
[22, 23]. Moreover, in allergen-challenged sensitized
mice, an increased SCF production contributes to mast
cell activation, since its blockade decreases it [17]. If an
increased expression of SCF occurs in the airways of
asthmatic patients, then local SCF production by smooth
muscle cells in the bronchus might help potentiate mast
cell activation at the site of bronchoconstriction.

In conclusion, human bronchial smooth muscle cells in
culture produce stem cell factor messenger ribonucleic acid
and protein, and proportionally more membrane-bound
stem cell factor messenger ribonucleic acid than human
lung fibroblasts. Stem cell factor production by smooth
muscle cells within the bronchus of asthmatic patients,
which now needs to be addressed, might be relevant to the
increased activation of mast cells, and to their increased
number in the smooth muscle layer of sensitized patients
[12]. These findings reinforce the hypothesis that the air-
way smooth muscle has an immune role, orchestrating a
local inflammatory reaction, by recruiting and/or regulat-
ing the functions of infiltrated inflammatory cells at the
site of bronchoconstriction.
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