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SUMMARY

Environmental signals, such as growth factors and cytokines, modulate the activity of nuclear transcrip-
tion factors, thus regulating gene expression. This regulation is of particular importance in skin where a
large variety of signals, especially in activated keratinocytes associated with disease states or wound
healing, stimulate new gene expression in keratinocytes. In this study, we used electrophoretic mobility-
shift assays (EMSA) to define the changes in DNA binding activity of transcription factors in such acti-
vated keratinocytes. Normal human epidermal keratinocytes were grown in a serum-free medium and
treated with 10% fetal calf serum, EGF, TNFa or Oncostatin M (OsM) for different periods of time. Whole-
cell extracts, without purification of the nuclei, were prepared and combined with a series of *-P-labeled
synthetic oligonucleotide probes containing consensus binding sequences for the transcription factors
AP1, NFkB, C/EBPf3, and Sp1. Serum activates all four transcription factors in keratinocytes; TNFa acti-
vates AP1, NFkB and C/EBPf3, but not Sp1, whereas EGF activates AP1 and NFkB, but not C/EBP3 or
Sp1. On the other hand, OsM specifically activates Sp1. The activation of transcription factors is tran-
sient, usually reaching a peak 20 to 60 minutes after stimulation and returning to the basal level after two
hours. We conclude that different signaling pathways are activated in response to various extracellular
signals. This orchestrates the activity of transcription factors on the promoters of regulated genes in
epidermis thus determining the levels of gene expression.

Introduction

mechanical barrier is expanded into a more active pro-

Epidermis, our first line of defense from environ-
mental injury, consists predominantly of keratinocytes,
which form a multilayered protective sheet. In healthy
epidermis, basal keratinocytes proliferate, while the
supra basal ones cease to divide and terminally differ-
entiate forming an impermeable protective layer called
stratum corneum (1-3). This passive protective role of a

tective role when the skin is injured and the keratino-
cytes become activated. Keratinocytes respond to in-
jury by releasing and reacting to a large number of pro-
tein signaling molecules, growth factors and cytokines,
which are both paracrine signals that alert the internal
immunologic defenses and autocrine signals that acti-
vate keratinocytes (4-7).
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Activated keratinocytes are migratory and hyper-
proliferative due, in part, to the induction of expres-
sion of cytoskeletal, cell surface and secreted proteins
that are not found in the healthy, differentiating epider-
mis (8-11). Examples of activation-induced proteins are
keratins K6 and K16, ICAM-1 and fibronectin (12-15).
The induction of their expression occurs primarily at
the level of transcription initiation, but the regulatory
mechanisms by which extracellular signals affect tran-
scription in keratinocytes have not been extensively
studied. The signals that affect transcription factors and
cause activating, hyperproliferative and inflammatory
responses in keratinocytes are growth factors and
cytokines produced by several skin cell types, includ-
ing keratinocytes. Signals from the extracellular envi-
ronment are received by the cell surface receptors that
initiate enzymatic cascades, usually of protein phospho-
rylation, which lead to the activation of transcription
factors (16,17). Activated transcription factors then regu-
late gene expression by several mechanisms that include
binding to specific DNA sequences and interaction with
other transcription factors or nuclear proteins.

Perhaps the most widely studied transcription fac-
tors are those belonging to the AP1 and NFKB families.
AP1 is a nuclear transcription complex composed of
dimers encoded by the fos and jun families of proto-
oncogenes (18). Whereas the Fos proteins only
heterodimerize with members of the Jun family, the Jun
proteins may either homo- or heterodimerize with both
Fos and other Jun proteins. AP1 activity can be induced

<

Figure 1. The effect of serum addition on AP1,
NFkB, C/EBPf3 and Sp1.

Consensus elements for AP1, NFkB, C/EBP[3
and Sp1 were used in EMSA as radioactive
probes with protein extracts of cells treated
with 10% fetal calf serum for 5 minutes to two
hours. Extracts from untreated cells are marked
with O. These bands were shown to be specific
by a combination of specific competitors and
antibodies. Competition with the cognate DNA
eliminates the specific binding in lanes marked
C. The nonspecific bands are usually due to an
artifact present in whole cell extracts, but
absent from nuclear extracts (data not shown).
Antibodies to specific transcription factors are
present in lanes marked S; the arrow marks the
specific retarded bands. Note that the antibo-
dies can either cause appearance of a new
band (C/EBPb and Sp1), or a disappearance of
a band, on occasion failing to have an effect.
The pictures of all electrophoretic mobility shift
assays are representative of two or more
experiments performed with different batches
of keratinocytes.

by growth factors such as serum, EGF, and TGFa,
cytokines such as IL-1 and TNFa, as well as tumor pro-
moters, such as TPA and UV light (18-20). While such
inducers cause de novo synthesis of Fos, Jun is acti-
vated by mitogen-activated protein kinases, particularly
ERKs and JNKs (19,21,22). In the epidermis, AP1 regu-
lates cell growth, differentiation and transformation (23-
20).

The NFKB family includes proteins p65, pS0 and c/rel,
which both homo- and heterodimerize amongst them-
selves (27). Activation of these proteins is not depen-
dentupon new protein synthesis. Rather, they are stored
in the cytoplasm bound to the inhibitory protein, IKB.
The inflammatory processes that induce IKB phospho-
rylation and degradation results in the nuclear translo-
cation and activation of the NFKB complex. Signaling
by EGF, TNFa and IL-1 result in activation of NFKB
(28,29). In epidermis NFKB, particularly p65, regulates
transcription of activation-specific markers, including
ICAMT1 and keratin K6 2. Conversely, genetic ablation
of IKB leads to constitutive activation of NFKB, which
causes severe and widespread skin inflammation (30).
NFKB proteins interact with AP1 and other transcrip-
tion factors, such as C/EBP (31,32).

Transcription factor C/EBP (also known as NF-IL6
or LAP) belongs to a family of several C/EBP proteins
and has been originally characterized as the transcrip-
tion factor responsible for IL-1 mediated induction of
the IL-6 gene (33). Its activity is enhanced by the phos-
phorylation induced by extracellular signals (34,35). The
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Figure 2. TNFa causes nuclear translocation of the NFkB transcription factor.

Keratinocytes grown on coverslips were starved without growth factors overnight, then treated
with TNFq, and at time points fixed and stained with a p65-specific antibody. Note that at the later
time points the NFkB proteins appear to leave the nucleus and reenter the cytoplasm.

function of C/EBPp in epidermis is not clear. C/EBP[3
interacts with many other transcription factors, such as
the glucocorticoid receptor, Myc and RB protein (36-
39) and, importantly for the studies presented here, with
AP1 and NFKB (20,31,40-42). In these interactions, C/
EBPB modulates the expression of a wide variety of
genes in many cell types.

One of the first transcription factors to be purified
and cloned, Sp1, also belongs to a gene family (43,44).
The mechanisms that modulate Sp1 function are not
known, although members of the family seem to an-
tagonize one another. Sp1 interacts with other transcrip-
tion factors, such as NF1 and Ets, which often have ad-
jacent or overlapping binding sites in DNA (45-47).
Importantly, Sp1 can multimerize while bound to DNA,
thus looping out sequences between Spl sites and
bringing additional factors into proximity of each other
(48). This process seems important for expression of
keratin genes (49). Sp1 proteins have been implicated

in regulation of epidermal differentiation and Sp1 sites
are present and functional in genes expressed in the
epidermis (50).

To determine the molecular changes that convey the
extracellular signals to the transcriptional machinery in
healthy and hyperproliferative conditions in human
epidermal keratinocytes, we grew these cells in culture
and treated them with a selection of signaling agents.
Specifically, we used serum because it is a rich source
of many growth factors and cytokines, TNFa, because
it initiates cutaneous inflammation, EGF because it is a
strong mitogen for keratinocytes (6), and OsM, because
it is an immunomodulator. We followed the course of
activation, or deactivation, of AP1, NFKB, C/EBP[3 and
Sp1 transcription factors in response to these extracel-
lular signals using electrophoretic mobility shift assays
(EMSA).

We found that different signaling agents activate dif-
ferent and specific sets of transcription factors. For ex-
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ample, serum activated all transcription factors tested.
TNFa activated AP1, NFKB and C/EBP[3, while EGF, the
proliferative agent, activated AP1 and NFKB. Interest-
ingly, Sp1 was not activated by the proinflammatory and
mitogenic signals, but was activated by OsM. Thus, the
extracellular signals orchestrate the activation of tran-
scription factors in human epidermal keratinocytes and
thus coordinate the levels of gene expression.

Materials and methods

Cell Culture and Preparation of Cell Extracts

Human epidermal keratinocytes, a generous gift
from Dr M. Simon, were derived from newborn fore-
skins obtained at circumcisions. The epidermis that re-
mained after most of the dermis was surgically removed,
incubated for 4 x 30 minutes at 37°C with constant stir-
ring in a 1:1 solution of 0.1 % trypsin containing 5 mM
glucose and phosphate-buffered saline pH 7.4 (PBS)
with 50 mM EDTA. At the end of each incubation, cells
obtained by centrifuging (800 x g, 5 min) were plated
onto a 1/3 confluent layer of y-irradiated 3T3 cells and
grown in a modified culture medium made up of three
parts of DMEM and one part of Ham’s F-12 medium,
supplemented with 5 % fetal bovine serum, adenine
(18 mM), penicillin (100 units/mbD), streptomycin (100
He/mD), hydrocortisone (0.4 pg/mb), insulin (5 pg/mb),
EGF (10 ng/mlD and cholera toxin (1.2 pM). A week
later, the keratinocytes were removed using the trypsin-
EDTA solution described above. After the keratinocyte
cultures were expanded one more time on g-irradiated
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3T3 cells in medium containing serum, the 3T3 cells
were removed by incubation with PBS containing 5 mM
EDTA for 10 minutes. A 10 % DMSO (v/v) keratinocyte
suspension was made, without the 3T3 feeder cells, and
frozen in liquid nitrogen in small vials. For the experi-
ments, the keratinocytes were thawed and grown in a
serum-free defined keratinocyte growth medium
supplemented with recombinant EGF (5 ng/mD and 5
Hg/ml of bovine pituitary extract in the absence of feeder
cells. After two 1:4 passages, cells were starved for at
least 16 hours by changing the medium to keratinocyte
basal medium (KBM), which is a serum-free keratino-
cyte growth medium without EGF and other growth
factors. The keratinocytes were then stimulated with
either 10 % fetal calf serum, EGF (100 ng/mD, TNFa (50
ng/ml), or OsM (25 ng/ml). At time periods ranging
between 5 min and 4 hrs after addition of the stimu-
lants, the keratinocytes were washed once with PBS,
harvested by scraping into 1.5 ml of PBS, pelleted by
centrifugation (800 x g, 5 min) and the pellets washed
twice with PBS. Cells were disrupted in 50 Ml of extrac-
tion buffer (20 mM HEPES, pH 7.8, 450 mM NaCl, 0.4
mM EDTA, 0.5 mM DTT, 25 % Glycerol, 0.5 mM PMSF)
by four cycles of freezing in liquid nitrogen, followed
by thawing in a 37°C water bath. The clear supernatant
obtained after centrifugation (2000 x g, 10 min) was
aliquoted and stored at -70°C.

Ham’s F-12 medium, DMEM, EGF, bovine pituitary
extract, adenine, penicillin, streptomycin, hydrocorti-
sone, insulin, cholera toxin, keratinocyte serum-free
growth medium, keratinocyte basal medium and
okadaic acid were purchased from Gibco BRL. The fe-
tal bovine serum was from HyClone, while TNFa and
OsM were obtained from Intergen.

Electrophoretic Mobility Shift Assays (EMSAs)

Whole cell extracts were prepared from keratino-
cytes at specified time points after treatment with growth
factors and cytokines, as described previously (51-52).
About 10 pg protein of the extracts was incubated for

Figure 3. The effect of TNFa addition on the four
transcription factors.

The conditions were equivalent to those in Fig. 1.
Note the relatively sharp peak of NFkB activation
from 20 to 60 min. The C/EBP binding probe in
this particular gel derives from the K6 keratin
gene promoter and contains four tandem
C/EBPJ binding sites. The smearing seen at the
60 min time point is due, in part, to overloading.
Multiple C/EBP proteins are evident, probably
due to several proteins binding to the clustered
C/EBP sites.
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Figure 4. The time course of activation of the
EGF receptor.

Keratinocytes were starved for 16 hours, then
treated with EGF and harvested at indicated
time points. Proteins were separated on
acrylamide gels, transferred to nitrocellulose
sheets and reacted with a phosphotyrosine-
specific antibody. Note that the EGF receptor-
sized band, arrow, is not visible at all in extracts
harvested before the addition of EGF. The
phosphorylation is prominent after 1 minute,
peaks after 10 to 15, and recedes after an hour.

15 minutes on ice in the presence or absence of a 100-
fold molar excess of an unlabeled competitor (double
stranded synthetic oligomers) with 1.6 pg poly dI.dC (a
nonspecific competitor), 2 % polyvinyl alcohol and bind-
ing buffer (20 mM Tris HCI, pH 7.6, 5 mM MgCl,, 100 mM
NaCl, 10 % Glycerol, 1 mM DTT and 0.1 mM EDTA).
Double stranded oligomers were labeled using T4 poly-
nucleotide kinase and (yP*)-dATP, and used as probes
after purification through spin-columns. The sequences
of the oligomers used are listed in Table 1. The labeled
probes (50,000 cpm per lane) were added to the cell ex-
tracts and the incubation continued for an additional 30
minutes on ice. To separate the bound complexes from
the free probe, we used a 5 % native polyacrylamide gel
(29:1 = acrylamide:bis-acrylamide) run in TBE buffer at
200 V for two hours. The gels were dried and exposed
overnight to XAR-5 film at -70°C with intensifying screens.
All EMSAs were done at least twice with two different
batches of cell extracts and separately labeled probes.

The poly dI.dC and polyvinyl alcohol were pur-
chased from Pharmacia Biotech, while the T4 polynucle-
otide kinase and the consensus double stranded oligo-
mers were from Promega. The C/EBPf3 sequence from
keratin K6 promoter was synthesized in the Kaplan
Comprehensive Cancer Center Core Facility. Spin col-
umns were from Clontech Lab. Inc., x-ray film and in-
tensifying screens from Kodak and the radioactive la-
bel from Amersham.

Western Blotting

Keratinocytes were grown as described above. At
their third passage, at 80% confluence, keratinocytes
were incubated with KBM for 16 hours to starve the
cells of growth factors, and then treated with EGF (100
ng/ml). At various time intervals, cells were harvested
by scraping, washed twice with PBS and the cell pellet
was resuspended in 100 Yl of the lysis buffer (2 % SDS,
10 % Glycerol, 10 mM Tris HCl, pH 6.8). The cells were
lysed by ultrasonication for 30 seconds using an ultra-
sonic homogenizer sonicator (Cole-Parmer Instrument
Co.) and boiling for 10 minutes. Aliquots of the super-
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natant obtained after centrifugation (2000 x g, 10 min)
were stored at -70°C. Protein content was determined
using the Bradford reagent (Perkin-Elmer). Equal
amounts of total protein were resolved by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(10 % geD) and electrophoretically transferred to nitro-
cellulose at 8 V for one hour. After blocking the mem-
branes for one hour at room temperature on an orbital
shaker with 5 % nonfat dry milk in Tris-buffered saline
with 0.1% Tween (TBS-T), the blots were washed thrice
(10 min each time) with TBS-T and incubated at 4°C
with 1:1000 dilution of the anti-phosphotyrosine anti-
body. Blots were washed 16 hours later with TBS-T (3 x
10 min) and incubated at room temperature with 1:1000
dilution of anti-rabbit immunoglobin-horseradish per-
oxidase linked antibody for two hours. The chemilu-
minescence ECL reagent was used to develop the blots
after washing the membranes (3 x 10 min) with TBS-T.
The phosphotyrosine antibody was purchased from
Transduction Lab, while the anti-rabbit immunoglobu-
lin-horseradish peroxidase-linked antibodies and the
ECL reagent were from Amersham.

Table 1. Oligonucleotides used as probes in
EMSA.

Oligomer Sequences (both strands).

AP1 CGCTTGATGAGTCAGCCGGAA
GCGAACTACTCAGTCGGCCTIT

NFkB AGTTGAGGGGACTTTCCCAGGC
TCAACTCCCCTGAAAGGGTCCG

Spl ATTCGATCGGGGCGGGGCGAGC
TAAGCTAGCCCCGCCCCGCTAG

C/EBP Cons. TGCAGATTGCGCAATCTGCA

ACGTCTAACGCGTTAGACGT
K6 GACTAAAGGAAGCGAAAAATGCAATCT
GGTATTTCATAACTTTTGTAA

CTGATTTCCTTCGCTTTTTACGTTAGAGCC
ATAAAGTATTGAAAACATT
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Immunofluorescence Staining.

Human keratinocytes were grown on coverslips.
Prior to the addition of TNFa (50 ng/ml), keratinocytes
were starved for 16 hours in KBM. At different time
points, cells were fixed with 4 % paraformaldehyde in
PBS for 20 minutes at room temperature. This was fol-
lowed by three washes with PBS and then permea-
bilization of the cells using methanol for 6 minutes at -
20°C. After one hour incubation at 37°C with 1:500 di-
luted p65 polyclonal antibody, cells were washed thrice
with PBS and treated with 1:200 diluted anti-rabbit im-
munoglobulin-fluorescein isothiocyanate conjugate for
one hour at 37°C. After three washes with PBS, the cov-
erslips were mounted, observed under the microscope
and photographed. The p65 antibody was purchased
from SantaCruz Biotechnology, Inc., and the anti-rab-
bit immunoglobulin-fluorescein isothiocyanate conju-
gate was from Sigma.

Results

Serum activates AP1, NFKB, C/EBP and Sp1 tran-
scription factors.

Serum contains a complex mixture of various sig-
naling molecules, growth factors, cytokines, hormones
and vitamins, and is expected, therefore, to activate a
large number of transcription factors. Indeed, we find
that the addition of serum to keratinocytes activated AP1,
NFKB, C/EBPf and Sp1 proteins (Fig. 1). The factors
were activated to various extents and with different ki-
netics. The fastest and most pronounced was the acti-
vation of AP1, which could be observed after 5 min,
reached the peak at one hour and persisted for at least
another hour. In EMSA using the AP1 consensus se-
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quence as a probe and whole cell extracts, two bands
are visible. The slower moving one is the true AP1 band
because it was completely competed by the addition of
the specific probe, lane C, but not by a nonspecific com-
petitor (not shown). This band can also be reduced in
intensity using a c-Jun specific antibody (e.g., in Fig. 5),
although we find the effects of the antibody variable.
The faster moving band is not specific and present in
whole cell extracts, but not nuclear extracts. It can be
reduced using any nonspecific competitor, including
salmon sperm DNA, but not with poly dI.dC (M.B., not
shown). Note that this band is observed with all labeled
probes (Fig. 1). The intensity of the nonspecific band
varies from preparation to preparation and therefore
cannot be used as a measure of uniformity of loading
the gels.

The NFKB activation was rather weak and delayed,
seen after one to two hours. The activation of NFKB is
more difficult to see because of the relatively strong
nonspecific band. The activation of C/EBP proteins
was relatively delayed, observable after 20 min, and
reached a plateau after 90 min. Again, multiple C/EBP
binding bands are visible, the slowest one being C/EBP3
supershifted by the antibody in lane S (arrow in Fig. 1).

There are three proteins that bind the Sp1 consen-
sus sequence. All three were activated in parallel (Fig.
1. Only the top one is supershifted using an Sp1 spe-
cific antibody, note the disappearance of the top band
and the appearance of a new, even slower moving band
in lane S. The two lower bands may be due to Sp2 and
Sp3, members of the Sp1 family. The earliest increase
in the Sp1 binding activity was observed after 5 min
and the bands grew steadily stronger throughout the
two-hour progression of the experiment (Fig. 1).

TNFa activates AP1, NFKB and C/EBPf, but not Sp1.

The signal transduction initiated by TNFa is very
complex and after binding of the ligand to the receptor,
it branches into a delta of cascades including ceramide
production, PKCC activation, IKB degradation and JNK
phosphorylation. Transcription factors AP1, NFKB,
C/EBP and others have been seen activated by TNFaQ.
Focusing on NFKB, we first examined the time course
of its nuclear translocation in keratinocytes. To this end,
keratinocytes were grown on glass cover slips and, af-
ter addition of TNFaq, fixed and stained with an anti-
body specific for the p65 component of NFKB. We found
that the addition of TNFa causes nuclear translocation
of NFKB visible at 20 min, the protein is completely
nuclear at 40 min, but by 60 min it begins to leave the

Figure 5. The effect of EGF addition on the four
transcription factors.

The conditions were equivalent to those in Fig.
1. Note that AP1 is activated very strongly, while
the activation of NFkB is relatively weak and
delayed.
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Figure 6. Oncostatin M activates the Sp1
transcription factor.

The time course of Sp1 activation shows the
strongest activity after 90 to 120 min.

nucleus and reenter the cytoplasm, which continues at
the 90 min time point (Fig. 2).

Gel shift experiments using NFKB consensus se-
quence concur with these results: specific bands are
visible after 5 min, are very strong at 20 and 40 min, the
DNA binding activity peaks at 60 min and then wanes,
being much weaker at 90 min after the addition of TNFa
(Fig. 3). The discrepancy between the two approaches,
at 5 min, could be because we used whole cell extracts
for the gel shift experiments, rather than nuclear ex-
tracts. The NFKB proteins can bind DNA as soon as they
are released from the IKB inhibitor, in transit from the
cytoplasm into the nucleus. At present, we do not know
why the NFKB band appears as a doublet, possibly be-
cause multiple members of the family are activated by
TNFa. We note that the bottom member of the doublet
is supershifted by the p65 specific antibody.

When the cells are grown in the presence of EGF,
normal component of the keratinocyte culture medium,
the AP1 is already activated and there was no further
activation by TNFa (see below and data not shown).
The cells had to be pre-incubated without EGF for 16
hours in order to observe the effect of TNFa. Under
these conditions, we saw a sustained activation of AP1
by TNFa (Fig. 3).

The C/EBP binding activity gets induced with a simi-
lar time course to that of NFkB (Fig. 3). In the experi-
ment shown in Fig. 3, we used, instead of the consen-
sus C/EBP DNA sequence, a naturally occurring C/EBP
binding sequence found in the human K6 keratin gene
promoter. This sequence contains a set of three C/EBP3
binding sites and confers regulation by co-transfected
C/EBPR to the K6 keratin gene (14,15). The increase in
C/EBP binding activity is observed after 5 min grows
for 60 min and after that wanes.

In contrast to the three transcription factors described
above, the Spl activity remains only weakly affected
by TNFa between 40 and 60 min and then slowly re-
turning to the basal level. This results shows that not all
transcription factors are activated by TNFa with same
kinetics or intensity, i.e., its effects are specific.

The cytokine IL-1 is also a proinflammatory cytokine
and the effects of IL-1 are to a large extent similar to
those of TNFq, since the two cytokines activate some
common branches of the signaling pathways (28). We
tested the effects of IL-1 on activation of NFKB and C/
EBPf transcription factors in keratinocytes, at a single
time point, 40 min, when the effects of TNFa are quite
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prominent. We found that the effects of IL-1 parallel the
effects of TNFaq, in that IL-1activates both NFKB and C/
EBPp transcription factors (data not shown).

EGF activates AP1 and NFKB, but not C/EBPf and Sp1.

The initial step of EGF signaling, binding to the re-
ceptor, causes the receptor to dimerize, activate its cy-
toplasmic tyrosine kinase domain and phosphorylate a
set of tyrosines in the cytoplasmic domain of the recep-
tor itself. This self-phosphorylation reaction occurs very
rapidly and its function is to assemble a set of phospho-
tyrosine binding proteins at the plasma membrane,
which initiates the cytoplasmic signal transduction path-
way (16). To examine the time course of the initial step
in EGF-mediated signal transduction, we used an anti-
body specific for the phosphorylated form of the EGFR
in Western blotting (Fig. 4). We found that cells starved
for EGF have virtually undetectable amounts of phos-
phorylated EGFR. However, we observed the phospho-
rylation of EGFR within one minute after EGF addition.
The phosphorylation peaks at 10-15 min and then de-
cays over the one hour period that we followed it.

The signal transduction cascade proceeds through
a series of protein phosphorylation steps that activate
the AP1 transcription factors, inter alia (19). Indeed,
we found strong and specific activation of AP1 binding
activity culminating at one hour and getting weaker
subsequently (Fig. 5). EGF also activates the NFKB tran-
scription factors, but this occurs more slowly. Interest-
ingly, the level of C/EBP binding activity remains unaf-
fected by EGF, demonstrating that EGF effects on AP1
and NFKB are specific. The Sp1 activity is also not sig-
nificantly affected by the addition of EGF (Fig. 5).

Activation of Sp1

Transcription factor Spl was activated weaker and
later than the other transcription factors by serum, TNFa,
IL-1 (not shown) and EGF, as presented in the above
experiments. However, although Sp1 seems ubiqui-
tously expressed, the modification of Sp1l activity has
been implicated in regulation of gene expression in
keratinocytes (50). Therefore, we decided to seek for
an extracellular signal that can activate Sp1 preferen-
tially or exclusively from the other three transcription
factors. Surprisingly, we found that the Sp1 activity can
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be increased by the treatment of keratinocytes with OsM
(Fig. 6). This result is surprising because OsM is known
to activate strongly the STAT family members (53). The
increase in Sp1 binding activity due to OsM is slow but
sustained, persisting for two hours. Importantly, OsM does
not seem to affect NFKB, AP1 and C/EBP binding activi-
ties (not shown). The activation of Spl by OsM shows,
on one hand, that Sp1 activity is not a constant, but can
respond to extracellular signals, which implies that regu-
lation of gene expression can proceed through Sp1 sites,
and on the other, that only specific extracellular signals
are capable of activating Sp1. Furthermore, these results
demonstrate that different extracellular signals activate
different subsets of transcription factors and thereby fine-
tune changes in transcription of regulated genes.

Discussion

Using extracellular signals, we show here that dif-
ferent transcription factors are activated by distinct sub-
sets of signals, with specific kinetics. We used serum as
a source of many signaling molecules, TNFa and IL-1
as proinflammatory cytokines, EGF as a mitogen and
OsM as an immunomodulator. Specifically, we find that
AP1 is activated by serum, as well as by EGF and TNFa.
NFKB can be also activated by the same signals, although
TNFa and IL-1 activate NFKB strongly, but serum and
EGF only weakly. On the other hand, C/EBP can be
activated by serum, TNFa, and IL-1, but not by EGF.
These agents activateSp1 transcription factor weakly and
slowly, whereas OsM specifically activates Sp1, not the
other three transcription factors.

Usually, even when two agents activate the same
transcription factor, the timing of activation varies. For
example, AP1 is quickly activated by serum and TNFa,
slowly by EGFE. On the other hand, NFkB is quickly ac-
tivated by TNFa, and more slowly by serum and EGF.
Activation of C/EBP by serum is sustained, but by TNFa
it is transient. Therefore, it appears that individual sig-
naling molecules activate specific subsets of transcrip-
tion factors, each with a characteristic time course, to
affect a specific, fine-tuned modulation of gene expres-
sion. Certain transcription factors can be activated very
quickly, perhaps reflecting the need for quick responses
to epidermal injury. Importantly, the activation of tran-
scription factors is temporary and 2 to 4 hours after the
addition of the extracellular stimulus, their activity returns
to the normal, uninduced levels. It is not clear how deac-
tivation of the transcription factor relates to the long-term
levels of expression of the regulated genes.

Although some of the transcription factors studied
in this work have been implicated in the process of
epidermal differentiation, e.g., Sp1l and the AP1 family,
our result concern the alternative pathway available to
keratinocytes, their activation. In vitro differentiation is
difficult to achieve, and certainly in our culture condi-
tions, growth on plastic, low calcium concentration,
absence of feeder calls and presence of growth factors,
no phenotypic marker of differentiation is apparent. On
the other hand, these conditions are in many ways simi-
lar to the wound healing response when keratinocytes
are required to divide, migrate and respond to extra-
cellular signals.

Multiple transcription factors activated by the extra-
cellular reflect the specificities of the signals transduc-
tion mechanisms that respond to the corresponding
growth factors and cytokines. For example, IL-1, which
is present in healthy epidermis in inactive form (4),
when released autocrinely, activates NFKB and C/EBP[3,
thus initiating keratinocyte activation. Among the char-
acteristics of activated keratinocytes is the production
of TNFa (11), which maintains the two transcription
factors activated. Activated keratinocytes produce
ligands of the EGF receptor that cause activation of AP1,
such as TGFa, amphiregulin and HB-EGF. Interestingly,
all three, IL-1, TNFa and EGF, induce expression of the
same set of keratin genes, albeit through separate path-
ways (14,15,54,55).

In summary, we found that environmental signals,
such as growth factors and cytokines, modulate the ac-
tivity of nuclear transcription factors in keratinocytes, thus
regulating gene expression. This regulation is particularly
important in skin where a large variety of signals appear,
especially in disease states or in wound healing, to stimu-
late new gene expression. Different signaling pathways
are activated in response to diverse extracellular signals,
which orchestrates the activity of transcription factors at
the promoters of regulated genes in epidermis and thus
determines the level of gene expression.
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