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Stem cell factor (SCF) is the pleiotropic ligand for the tyrosine kinase receptor, c-kit.
Ligand and receptor are usually expressed in different cell types, and binding of SCF
to c-kit promotes cell proliferation, differentiation, and recruitment of progenitor cells
in various biologic systems. However, the localization of these two molecules in cells of
the oral cavity has not been systematically examined. We investigated the expression of
SCF and c-kit in human dental pulp (HDP) cells as well as in human gingival fibro-
blasts (HGF). Both alternatively spliced isoforms of SCF were detected (through
reverse transcription—polymerase chain reaction) in RNA obtained from the two cell
types. Western analysis established that both cell types express SCF and/or c-kit,
whereas flow cytometry demonstrated distinct cell populations expressing only the
ligand (SCF), only the receptor (c-kit), or co-expressing the two. HDP cultures showed
higher soluble SCF (sSCF) production associated with faster cell growth, as compared
with HGF cultures. In both cell types, however, sSCF levels appeared to increase as a
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Stem cell factor (SCF, steel factor, kit ligand) is an
important hematopoietic growth factor, which binds to
and activates c-kit (CD117), a tyrosine kinase III receptor
and product of the c-kit proto-oncogene (1). SCF exists
in two alternatively spliced variants, differing in one exon
(exon 6) (Fig. 1A) (2). The transcript that includes exon
6 encodes a transmembrane protein that can be cleaved
proteolytically to produce a soluble molecule (sSCF) (3)
that readily dimerizes (4). The transcript lacking exon 6
encodes a protein that translocates to the plasma mem-
brane (mSCF) that may also serve as a ligand for c-kit
(Fig. 1B). sSCF can activate different signaling pathways
from mSCF, resulting in distinct biologic responses (5).
SCF binding to c-kit induces receptor autophosphoryla-
tion and inititiation of a signaling cascade involving the
phosphatidylinositol-3 (PI-3) Kinase/Akt and/or the
Ras-mitogen-activated protein (MAP) kinase pathways
(6). At least two variants of the c-kit receptor have been
identified, differing only in four amino acids, which can
be present or absent at the juxtamembrane portion of the
extracellular domain of the receptor (6). Furthermore,
c-kit can be cleaved by several proteases (7), and the
resulting soluble c-kit receptor can have a strong inhibi-
tory effect on SCF bioactivity (8).

Typically, SCF and c-kit are expressed by different
cells in the same microenvironment. SCF is secreted by
bone marrow stromal cells and supports hematopoietic
cell survival and proliferation. This SCF role is partic-

ularly important in mast cell growth and differentiation.
A similar SCF/c-kit interplay has also been identified in
other tissues, where cell recruitment and differentiation is
necessary (2). Interestingly, several cell types have been
shown to co-express SCF and c-kit, including human
mast cells (9), mouse fetal oocytes (10), and human
melanocytes (11). However, the majority of studies
exploring the expression of the c-kit receptor and its
ligand indicate a possible association of the co-expres-
sion with neoplastic transformation, primarily in epi-
thelial tissues (11-13). Furthermore, ectopic expression
of c-kit in NIH 3T3 fibroblasts induces tumorigenesis
(14). Recently, c-kit expression was demonstrated in
human adult dental pulp cells that originate develop-
mentally from the mesenchyme (15). Other cells of
mesenchymal origin are known to express SCF, inclu-
ding fibroblasts from the oral mucosa (16). The goal of
this study was to explore the pattern of expression of
c-kit and SCF isoforms in fibroblast-like cells derived
from human gingiva and dental pulp.

Material and methods
Materials

All tissue culture reagents were purchased from Mediatech/
Cellgro (Herndon, VA, USA), other chemicals from Sigma
Diagnostics (St Louis, MO, USA), and plasticware from
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Fig. 1. Stem cell factor (SCF) isoforms and their interaction
with c-kit. (A) SCF can exist either in a membrane-bound form
or in a soluble form, the latter produced by proteolytic clea-
vage. Both forms can bind to c-kit, inducing its dimerization
and intracellular signaling. The c-kit receptor contains five
extracellular immunoglobulin-like domains (green circles),
which are involved in ligand binding and receptor dimerization,
as well as two intracellular tyrosine kinase domains (black
squares), which initiate signal transduction. (B) Structural
organization of the soluble and transmembrane forms of hu-
man SCF. The two transmembrane isoforms of SCF (SCF,4g
and SCF,y) differ in one exon (exon 6), which contains the
primary proteolytic cleavage site, indicated by the arrow.
Cleavage at this site generates the soluble form of SCF. The
25-amino acid signal peptide sequence (orange) and the
hydrophobic transmembrane domain (black) are also shown.

Corning/Costar (Corning, NY, USA), unless listed other-
wise.

Tissue culture

Human gingival fibroblasts (HGF) were obtained from the
American Type Culture Collection (HGF-1, CRL-2014;
ATCC, Manassas, VA, USA) and maintained in Dulbecco’s
modified Eagle’s medium, supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Invitrogen, Carlsbad,
CA, USA) and 4 mM L-glutamine. HGF cells were used at
passages 5—7. Human dental pulp (HDP) cells were obtained
from intact extracted teeth, as previously described (17),
using a protocol approved by the Tufts-New England
Medical Center Institutional Review Board. At confluence,
the cells were trypsinized and propagated until passage 2.
WS1 human skin fibroblasts and FSF human foreskin
fibroblasts were a gift from Dr Theodora Danciu (Harvard
School of Dental Medicine, Boston, MA, USA) and were
cultured under the same conditions as HGF cells. The latter
two are non-transformed cell lines with high proliferative
potential, deriving from fetal (WS1) or newborn (FSF) tis-
sue. Cells used for reverse transcription—polymerase chain
reaction (RT-PCR) or western analysis were seeded in
10 cm dishes and cultured until confluent. For flow
cytometry, cells were seeded in T75 flasks and cultured for

10-14 d. For enzyme-linked immunosorbent assay (ELI-
SA), cells were seeded in six-well plates at a density of
10* cm™ and cultured for 17 d. At each time point, cells
were trypsinized, stained with Trypan blue, and counted in a
hemacytometer.

Alkaline phosphatase activity

Adherent cells were lysed with 1% Triton-X-100 in Tris-
buffered saline. Alkaline phosphatase (ALP) activity was
measured in the cell lysates, as previously described (18).
Enzymatic activity was expressed in pmoles para-ni-
trophenol (pNP) min™" per mg of protein.

RT-PCR

RNA was extracted from cells using the TOTALLY RNA
kit, followed by DNAse digestion with DNA Free (Ambion,
Austin, TX, USA). ¢cDNA was synthesized using the
Amplitag Gold RNA PCR Core kit (PE Biosystems, Foster
City, CA, USA). Approximately 1 pug of RNA was reverse
transcribed in a 20 ul reaction volume. SCF amplification
was performed using a pair of oligonucleotide primers
(GGATGACCTTGTGGAGTGCG, sense; GCCCTTGT-
AAGACTTGGCTG, antisense), designed to include exon
6. Two amplified fragments are expected with this set of
primers, one at 416 bp, reflecting the exon 6(+) transcript,
and one at 330 bp, reflecting the exon 6(—) transcript (19).
PCR amplifications were performed using reagents from the
Amplitaq Gold RNA PCR Core kit (PE Biosystems) in a
volume of 25 ul, containing 2.5 ul of cDNA. Amplification
of SCF ¢cDNA was achieved by an initial incubation for
10 min at 95°C, followed by 35 cycles with the following
profile: 1 min at 94°C, 1 min at 56°C, and 1 min at 72°C
using the Mastercycler Personal Thermocycler (Eppendorf
Scientific, Westbury, NY, USA). An aliquot of the reaction
mixture was analyzed on a 1.5% agarose gel, stained with
ethidium bromide and the ultraviolet (UV)-illuminated
image was captured digitally with a CCD camera (UVP,
Upland, CA, USA).

Western analysis

All reagents were purchased from Invitrogen, unless stated
otherwise. HGF, HDP, WSI1, and FSF cell cultures were
lysed in Radio-Immunoprecipitation Assay (RIPA) buffer,
and 10 ug of protein lysate was loaded onto 10% Bis-Tris
gel (for SCF) or 3-8% Tris-acetate (for c-kit). The gels were
transferred to polyvinylidene difluoride (PVDF) mem-
branes, which were incubated with goat polyclonal antibody
raised against human SCF (R & D Systems, Minneapolis,
MN, USA), diluted 1 : 500, followed by a horseradish
peroxidase-labeled secondary antibody diluted 1 : 10,000
(CalBiochem-Novabiochem, San Diego, CA, USA). The
primary anti-c-kit antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was diluted 1 : 700, followed by
application of a secondary antibody (CalBiochem-Novabi-
ochem), diluted 1 : 10,000. Antibody binding was detected
using a commercially available chemiluminescent system
(Roche Diagnostics, Indianapolis, IN, USA) and the signal
was captured and digitized with a CCD camera (UVP). For
the blocking study, recombinant human SCF (R & D Sys-
tems) was incubated with anti-SCF immunoglobulin at five-
fold excess. The blocking peptide of c-kit (Santa Cruz
Biotechnology) was incubated with anti-c-kit immuno-
globulin at seven-fold excess.



Flow cytometry

All fluorochrome-conjugated antibodies were purchased
from BD Biosciences (Rockville, MD, USA). Anti-SCF
immunoglobulin and isotype control for SCF were pur-
chased from R & D Systems. HDP or HGF cells were
trypsinized and quickly resuspended at a concentration of
3 % 10°~107 cells ml™! in phosphate-buffered saline (PBS)
containing 5% FBS; 100 ul aliquots were used for anti-
body incubations. For SCF detection, cells were incubated
with an antihuman SCF monoclonal antibody (30 ul per
10° cells), followed by an antimouse IgG fluorescein
isothiocyanate (FITC)-conjugated secondary antibody
(10 ul per 10° cells). For c-kit, cells were incubated with
an allophycocyanin (APC)-conjugated antihuman c-kit
monoclonal antibody (30 ul/10® cells). In order to identify
any cells that co-expressed the receptor and ligand,
sequential incubations of the same sample with all three
antibodies (anti-SCF, FITC-conjugated anti-IgG, APC-
conjugated anti-c-kit) were performed. Non-specific bind-
ing was assessed through the use of isotype-negative
controls, added at the same concentrations. Fluorescence
was measured using a FACS Aria three-laser cell sorter
(BD Biosciences, San Jose, CA, USA). Approximately 10°
cells were measured from each sample. Experiments were
repeated at least three times for each cell type and data
from one representative experiment are presented. In order
to provide comparable results between experiments, a
threshold of fluorescence intensity was established in each
experiment, so that >297% of cells in the unstained and/or
isotype-control groups were below this threshold. In HGF
cells, however, the threshold for FITC fluorescence (anti-
SCF) was set at >294% owing to autofluorescence of these
cells at the respective wavelengths. This background
fluorescence was subtracted from the experimental value to
yield the true percentage of SCF- and/or c-kit-positive
cells. As, in most cases, fluorescence for unstained cells was
slightly higher than that for the isotype controls, unstained
values were used as background.

ELISA

sSCF from HGF and HDP supernatants was quantified
using a commercially available ELISA kit (R & D Systems).
The absorbance (A4) was measured at 450 nm using a
microplate reader (Dynex, Chantilly, VA, USA). The values
were plotted against a standard curve of recombinant hu-
man SCF and normalized to cell number.

Results
HGF and dental pulp cells express both SCF isoforms

In order to explore whether HGF and HDP express
SCF, and also to distinguish between the two SCF iso-
forms, RT-PCR was performed using a set of primers
flanking exon 6. Both HGF and HDP cells showed a
strongly staining band at 416 bp (sSCF) and a weaker
band at 330 bp (mSCF), indicating expression of the two
alternatively spliced transcripts (Fig. 2). The difference
in intensity between the two bands has been previously
reported and probably reflects a difference in amplifica-
tion efficacy of the two transcripts by the same primer set

(19).
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Fig. 2. Reverse transcription—polymerase chain reaction (RT—
PCR) exhibiting expression of the exon 6(+) transcript
(416 bp) and the exon 6(-) transcript (330 bp) in human dental
pulp (HDP) (lanes 1-4) and human gingival fibroblast (HGF)
(lanes 5-8) cells. Each lane represents a separate experiment.
Lane 9 is the negative control double distilled water [ddH,O].
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Fig. 3. Western analysis of c-kit (A) and stem cell factor (SCF)
(B) in human gingival fibroblast (HGF), human dental pulp
(HDP), human skin fibroblast (WS1), and human foreskin
fibroblast (FSF) cells. (A ) Top panel: primary immunoreactivity
against the anti-c-kit immunoglobulin can be seen at 110 kDa in
all cell types, which is the expected molecular weight (MW) of the
intact receptor. Secondary bands are detected at lower MWs,
reflecting fragments of the internalized receptor. Bottom panel:
pre-incubation of the antibody with its blocking peptide abol-
ishes all bands, indicating specificity of the reaction. (B) SCF
immunoreactivity is detected at 39 kDa in all cell types, repre-
senting the heavily glycosylated transmembrane isoform (top
panel). Pre-incubation of the anti-SCF immunoglobulin with an
excess of human soluble SCF abolishes the signal (bottom panel).

The two cell types express SCF and c-kit

Western analysis revealed that both cell types express
membrane-associated SCF as well as c-kit (Fig. 3). SCF
immunoreactivity was detected at 39 kDa, which is
consistent with other reports and reflects the molecular
weight of the glycosylated monomer. Incubation of the
anti-SCF immunoglobulin with human SCF prior to
membrane incubation abolished the signal, indicating
specificity of the antibody (Fig. 3A). When an antibody
specific for c-kit was used, a primary band at 110 kDa
was clearly identifiable, representing the full-length
receptor chain (Fig. 3B). However, c-kit immunoreac-
tivity was also detected at lower molecular weights (50,
55, and 60 kDa). Similar bands have been reported in the
literature and probably represent fragments of the
internalized receptor (7). This was further confirmed
when anti-c-kit immunoreactivity was blocked by pre-
incubating the antibody with its immunogen, resulting in
elimination of all bands (Fig. 3B).

Co-expression of the receptor and its ligand is
present in a subset of either cell type

Because the HDP and HGF cultures are heterogeneous,
it is possible that SCF and c-kit are expressed in different
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subsets. To explore the potential co-expression of the
ligand and receptor, we performed FACS analysis using
monoclonal antibodies specific to SCF or c-kit. In both
HDP and HGF cells, three distinct subpopulations were
identified based on antibody reactivity (Fig. 4A,B) —
those expressing SCF alone, those expressing c-kit alone,
and those co-expressing the ligand and the receptor.
Under our culture conditions, the percentage of overall
SCF-positive cells was higher in HDP compared with
HGF (16.7% vs. 5.1%; panel 1), whereas c-kit expression
was similar (19.2% vs. 20.4%; panel II). Most import-
antly, ~10.3% of HDP cells and 5.6% of HGF cells
co-expressed SCF and c-kit (panels III and IV). It should
be noted, however, that HDP cells from different donors
showed considerable variability. We tested five different
primary cultures, where the double-positive populations
ranged from 2 to 15%. Similarly, the ranges for SCF
alone and c-kit alone positive cells were 5-20% and 10—
40%, respectively. HGF cells come from a single source,
so the values from repeated experiments were more
consistent.

Both cell types secrete soluble SCF in culture
supernatants

To elucidate in greater detail the potential of HGF and
HDP cells to secrete SCF, we analyzed conditioned
media, using a commercially available ELISA, over a
period of 2 wk. Although both cell types secreted
measurable amounts of sSCF, HDP cells were much
stronger producers than HGF cells, even when sSCF
values were normalized to cell number (Fig. 5A).
Interestingly, HDP cells also had a much higher prolif-
erative capacity (Fig. 5B). Furthermore, sSCF produc-
tion followed a different pattern in the two cell types: in
HGF cells, sSCF in culture supernatants increased in a
linear pattern over the culture period, whereas in HDP
cells, sSCF showed a steeper increase, peaking midway
through the culture (day 11) and dropping sharply
afterwards. Day 11 seemed to be a key transitional point
in the HDP culture, after which the rate of proliferation
slowed down and alkaline phosphatase (ALP) activity
increased considerably, suggestive of osteogenic differ-
entiation under these culture conditions (Fig. 5B). In
HGF cells, ALP activity was practically negligible.

Discussion

The SCF/c-kit system plays a role in hematopoesis,
gametogenesis, and melanogenesis by influencing survi-
val, proliferation, and differentiation of stem cells (2). In
most developmental models, the microenvironment
contains separate c-kit(+) and SCF(+) cells, whereas
co-expression of these two molecules has been linked to
neoplastic changes (14). Although co-expression of SCF
and c-kit has been reported in non-neoplastic cells (9,11),
no functional roles for this co-expression have been ad-
dressed. In the present report we establish, for the first
time, the presence of both SCF and c-kit in mesenchymal
cells of the oral cavity and provide evidence of a possible
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Fig. 4. Fluorescence-activated cell sorter (FACS) analysis of
human dental pulp (HDP) (A) and human gingival fibro-
blast-1 (HGF-1) (B) cells for stem cell factor (SCF) and c-kit
expression (panels I-IV). (I) Cells unstained, incubated with
anti-SCF immunoglobulin alone or its isotype control;
parameters set for fluorescein isothiocyanate (FITC) fluores-
cence. (II) Cells unstained, incubated with anti-c-kit immu-
noglobulin alone or its isotype control; parameters set for
allophycocyanin (APC) fluorescence. (III) Unstained cells
analyzed for FITC and APC fluorescence. (IV) Cells
sequentially incubated with anti-SCF and anti-c-kit immu-
noglobulin and analyzed for FITC and APC fluorescence.
The threshold for background fluorescence was set so that
>97% of cells in the unstained or isotype-control groups
were negative (= 94% for anti-SCF binding in HGF cells
owing to autofluorescence). Because, in most cases, the
unstained background values were slightly higher than those
for the isotype controls, the true percentage of positive cells
was calculated by subtracting the unstained group value from
the antibody group value.
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Fig. 5. Soluble stem cell factor (SCF) release in culture sup-
ernatants (A) and proliferation patterns (B) of human dental
pulp (HDP) and human gingival fibroblast (HGF) cells. (A)
Soluble SCF, which had accumulated in culture supernatants
over a 3-d period, was measured using an enzyme-linked im-
munosorbent assay (ELISA) and normalized to cell number.
(B) Cell number of HDP and HGF cultures. Numbers in par-
entheses indicate alkaline phosphatase activity at the specific
time points normalized to total protein (pmoles paranitrophe-
nol min™' per mg of protein). Bars in (A) and (B) reflect the
standard deviation of triplicate wells.

association between SCF production and cell differenti-
ation or aging in vitro.

Expression of SCF in cells of mesenchymal origin has
clearly been established in rodents (20) as well as in
humans (19,21). Human stromal cells constituvely ex-
press both SCF isoforms (21) and can release soluble
SCF in the bone marrow microenvironment (2). Con-
sistent with this pattern, we find that fibroblast-like cells
from the gingiva and dental pulp express both exon 6(+)
and exon 6(-) isoforms of SCF (Figs 2—4) and can pro-
duce soluble SCF (Fig. 5A). Although SCF expression at
the mRNA level has been reported in gingival biopsies
(22), as well as in buccal mucosa fibroblasts (16), no
systematic analysis has been attempted. Given the com-
plex regulatory mechanisms that govern SCF signaling,
identification of the specific isoforms is of paramount
importance. sSSCF and mSCF activate different signaling
pathways after binding to c-kit and may exert distinct
biologic effects (5). The temporal pattern of sSCF pro-
duction in long-term cultures showed some interesting
trends (Fig. 5A). HDP cells appeared to be more robust
producers of SCF compared with gingival fibroblasts.
This difference could be associated with a higher prolif-
erative activity and/or a tendency for differentiation
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along the osteoblastic pathway, as indicated by the sig-
nificantly elevated levels of ALP activity (Fig. 5B). This
is consistent with the reported increase of SCF mRNA
during osteogenic differentiation of mouse bone marrow
stromal cells (23). Alternatively, SCF might serve as a
survival factor and its increase could reflect cell aging in
culture, because it has been reported that fibroblasts
from older individuals release more SCF than their
counterparts from younger subjects (24). Moreover,
HDP cells showed a peak by day 11 and a sharp drop
afterwards, whereas HGF cells showed a gradual in-
crease in SCF levels throughout the culture period.
As HDP cells have the capacity for multilineage differ-
entiation (295), the bimodal pattern of sSCF production
could reflect a phenotypic transition of the cells in cul-
ture, which cannot be monitored by proliferation or
osteogenic markers.

Although c-kit expression is often associated with cells
of neuroectodermal origin (2), its presence in cells of
mesenchymal origin is equivocal. Mouse fibroblasts are
considered to lack c-kit (14), a characteristic also
reported for bone marrow stromal cells from mouse (26)
and human (19). In contrast, c-kit expression has been
reported in mouse mesenchymal progenitor cells (27) and
activated human mesenchymal stem cells (28). Further-
more, a subpopulation of murine mesenchymal stem
cells, capable of differentiation along the fibrogenic,
osteogenic, chondrogenic or adipogenic pathways,
responded to exogenous SCF stimulation with increased
proliferation (29). In a recent report, LAINO et al. isola-
ted a c-kit* /CD35" /CD45 cell population from human
adult dental pulp that can produce a bone-like tissue
in vitro (15). The presence of c-kit in dental pulp cells
could be attributed to the ectomesenchymal origin of
these cells (15). Originating from human pulp tissue
without any subcloning, these cultures are heterogene-
ous, but the cell origin is clearly mesenchymal with no
evidence of hematopoietic or ectodermal contamination
(17). It is possible that pulp cells with pericytic or myo-
fibroblastic characteristics could account for c-kit
expression, as has been reported in other tissues (30). The
developmental origin of HGF cells could also account
for their c-kit expression. However, our two fibroblast
control cell lines (WS1 and FSF) also expressed c-kit
(Fig. 3), thus supporting the inference that c-kit expres-
sion in human cell types is more widespread, compared
with mouse.

The most striking finding is the presence of distinct
subpopulations in both HDP and HGF that co-express
the ligand and its receptor (Fig 4A,B). Co-expression of
SCF and c-kit has been reported in osteosarcoma cells
(31), where an autocrine loop promoting cell prolifer-
ation was proposed. Our cells do not show evidence of
any neoplastic transformation, therefore the possible role
of any autocrine signaling requires further study. Inter-
estingly, HDP cultures had a higher proportion of SCF-
positive cells than the HGF cultures (Fig. 4A,B, panel 1),
which corroborated the ELISA findings (Fig. 5A). The
flow cytometry results for SCF should be interpreted
with caution, because the epitope recognized by the anti-
SCF immunoglobulin is found in the cleavable part of
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the molecule. Therefore, it is possible that cells contain-
ing the exon 6(+) isoform could have been counted as
negative if sSSCF had already been cleaved at the time the
assay was performed. Our experimental design does not
allow distinction of exon 6(+) and exon 6(-) cells.
Finally, the variability in SCF and c-kit reactivity be-
tween cultures from different subjects is an expected
finding. In addition to donor variability, expression of
SCF and/or c-kit might be influenced by the proliferation
and/or differentiation status of the individual cultures.

Given the potential autocrine or paracrine activity of
SCF, the functional role of c-kit in pulp and gingival
fibroblastic cells becomes a point of interest. Signaling
through c-kit is known to be very important for cell
survival and differentiation; however, cleavage of the
plasma membrane-associated receptor by proteases
releases a soluble fraction, which has the ability to
bind SCF and modulate its bioactivity (8). This seems
to be the case with human endothelial cells, which
express a cleavable, high-affinity c-kit receptor that
apparently fails to respond to exogenous SCF stimu-
lation (32). Co-expression and possible cleavage of
SCF and c-kit can result in a complex autocrine/
paracrine regulatory system, which merits further
exploration.

In summary, this is the first systematic report in which
SCF and c-kit expression is studied at the transcrip-
tional, translational, and post-translational level in cells
of mesenchymal origin. Furthermore, we provide evi-
dence implicating a possible role for SCF and c-kit in
oral tissue homeostasis. Future studies will aim to
explore the mechanism of action of the SCF/c-kit path-
way in these cells.
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