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The expression of keratins K5 and K14 is restricted to the basal layers of the healthy epidermis, whereas
the expression of K6 and K17 is induced in response to proliferative and inflammatory signals, respec-
tively. The control of keratin expression occurs primarily at the transcriptional level. We studied the
effects of transcription factors of the AP-1 and NF-«kB families on the expression of those four keratin
genes. We chose AP-1 and NF-«B proteins because they are activated by many extracellular signals,
including those in hyperproliferative and inflammatory processes. DNA constructs expressing the tran-
scription factors were, in various combinations, cotransfected with constructs containing keratin gene
promoters and the CAT reporter gene into HeLa cells or keratinocytes. We found that the K5 and K14
promoters, which are coexpressed in vivo, are regulated in parallel by the cotransfected genes. Both were
activated by the c-Fos and c¢-Jun components of AP-1, but not by Fral. On the other hand, the NF-«xB
proteins, especially p65, suppressed these two promoters. The K17 promoter was specifically activated by
c-Jun, whereas the other transcription factors tested had no significant effect. In contrast, the K6 promoter
was very strongly activated by all AP-1 proteins, especially by the c-Fos + c¢-Jun and Fral + c-Jun
combinations. It was also strongly activated by the p65 NF-«B protein. AP-1 and NF-«B acted synergisti-
cally in activating the K6 promoter, although the AP-1 and the NF-«B responsive sites could be separated
physically. These results suggest that the interplay of AP-1 and NF-«B proteins regulates epidermal gene
expression and that the activation of these transcription factors by extracellular signaling molecules brings
about the differential expression of keratin genes in epidermal differentiation, cutaneous diseases, and
wound healing.

NF-«B

Keratins Transcriptional control AP-1

THE epidermis is composed of 10-20 layers of
keratinocytes. In the normal epidermis, basal ker-
atinocytes proliferate whereas the suprabasal ones
cease to divide and terminally differentiate (6).
This normal process of epidermal differentiation
is altered in hyperproliferative conditions of the
skin such as wound healing, psoriasis, and squa-
mous cell carcinoma, when keratinocytes become
activated (14). Activated keratinocytes are hyper-
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proliferative, migratory, and respond to and pro-
duce proinflammatory cytokines and growth fac-
tors, including IL-1, TNF-a, EGF, and TGF-«
(14).

Among the markers of keratinocyte differentia-
tion is the expression of the different keratins, the
intermediate filament proteins of the cytoskele-
ton, which contribute to the strength and structure
of epithelial cells (26). There are more than 30
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identified keratin proteins, each encoded by its
own gene. In the healthy epidermis, basal keratin-
ocytes express K5.and K14, whereas suprabasal,
differentiating keratinocytes express K1 and K10.
However, in suprdbasal keratinocytes of the hy-
perproliferative epidermis, the expression of Kl
and K10 is suppressed and replaced by that of K6
and K16. Thus, the expression of K6 and K16
marks keratinocyte activation (11,26). In certain
inflammatory processes, especially those charac-
terized by the presence of Th-1 type lymphocytes,
the K17 keratin is also expressed (13).

Regulation of keratin expression occurs primar-
ily at the transcriptional level (23). Signals from
the extracellular environment initiate enzymatic
cascades, which lead to the activation of transcrip-
tion factors. Activated transcription factors then
regulate gene expression by diverse mechanisms
that include binding to specific DNA sequences
and interaction with other transcription factors or
nuclear receptors. They can also induce the ex-
pression of additional regulatory factors as well as
differentiation or hyperproliferation specific pro-
teins.

Perhaps the most widely studied regulated tran-
scription factors are those belonging to the AP-1
and NF-«kB families (30). AP-1 is a nuclear tran-
scription complex composed of dimers encoded by
the fos and jun families of proto-oncogenes (1).
Whereas Fos proteins only heterodimerize with
members of the jun family, Jun proteins may het-
ero- or homodimerize with both Fos and other
Jun proteins. AP-1 activity is induced by growth
factors such as serum, EGF, and TGF-«, cyto-
kines such as IL-1 and TNF-«, as well as tumor
promoters such as TPA and UV light (1,12).

In the epidermis, AP-1 regulates cell growth,
differentiation, and transformation (2,5,24,25).
However, the expression of individual AP-1 pro-
teins in epidermal layers is a controversial issue
that awaits resolution. Certain authors find c-Fos
in lower layers of the epidermis (2,8,31) whereas
others do not find any c-Fos (24), which agrees
with the lack of epidermal phenotype in fos
knockout mice (25). The differing results could
be explained by varied different epitopes of the
antibodies used, or functional redundancy of Fos
family members. Be that as it may, it is clear that
the AP-1 proteins in keratinocytes can regulate
positively the expression of differentiation mark-
ers (15,16,22) and may convey calcium- and PKC-
dependent signals (24,31).

The NF-«B family includes the proteins pé6S5,
p50, and c/Rel, which both homo- and heterodim-
erize among themselves (20). Activation of these
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proteins is not dependent upon new protein syn-
thesis; rather, they are stored in the cytoplasm
bound to inhibitory proteins, such as I«xB. Inflam-
matory processes that induce IxB phosphorylation
and degradation result in the release, nuclear
translocation, and activation of the NF-x<B com-
plex. Signaling by EGF, TNF-«, and IL-1 acti-
vates NF-«<B (4). NF-«B proteins interact with
AP-1 and other transcription factors, such as NF-
IL6 (18,28).

Promoters of the keratin genes contain binding
sites for the AP-1 and NF-«B transcription com-
plexes (5,7,19,21). AP-1 and NF-«B are induced
by many agents that regulate keratin genes and
control epidermal processes that alter keratin ex-
pression. Therefore, using cotransfection experi-
ments, we have examined the transcriptional con-
trol of keratin genes by AP-1 and NF-«B proteins.
We focused our attention on four keratin genes,
K5 and K14, because they are expressed in the
basal layer of the healthy epidermis, and K6 and
K17 because they are expressed in hyperprolifera-
tive and inflammatory conditions. We found char-
acteristic and different patterns of keratin gene
regulation by AP-1 and NF-«B proteins, patterns
that explain, in part, the differential expression of
keratin genes in basal and activated keratinocytes.

MATERIALS AND METHODS
DNA Constructs

The constructs containing keratin gene promot-
ers have been described previously (11). The
lengths of the keratin DNA are shown in Fig. 1.
Deletions of the K5 promoter were prepared by
Ohtsuki (21). Deletions of the K6 promoter were
prepared by M. Komine (submitted), using PCR
and a common proximal oligonucleotide K6R in
conjunction with distal primers (Table 1). The
proximal primer contains a Sa/l, whereas the dis-
tal primers contain a BamHI restriction site, both
with three additional nucleotides to facilitate the

K5 228 >[CAT]
ke E2—o[CAT]

K14 2300 e R
' /450 'm
K17 =————>{CAT]

FIG. 1. Constructs containing keratin gene promoters. The
arrows represent the promoters, drawn roughly to scale, with
their lengths in base pairs shown above the arrows. Each pro-
moter is linked to the CAT reporter gene (boxes).
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TABLE 1
SEQUENCE OF THE NF-«xB AND THE AP-1
CONSENSUS OLIGONUCLEOTIDES

K6R TTTGTCGACCATGGTTCCAGAGATGAGAG
D268 TTTGGATCCAACTTCATGAATT

D193 TTTGGATCCACTAAAGGAAGCGAAA

D180 TTTGGATCCAAAAATGCAATCTCGG

D172 TTTGGATCCAATCTCGGTATTTCAT

D139 TTTGGATCCAGGTGTGAATCTCAC

DI11 TTTGGATCCAGCCCTTCCCAAC

NF-xB  AGTTGAGGGGACTTTCCCAGGC

AP-1 CTAGTGATGAGTCAGCCGGATC

digestion. The constructs expressing AP-1 pro-
teins, c-Fos, c-Jun, and Fral, were a gift from E.
Ziff, those expressing NF-xB proteins, p65, p50,
and c/Rel from A. Beg (3). DNA encoding these
transcription factors was linked to a RSV pro-
moter. E. coli-containing plasmids were grown to
stationary phase in LB and the plasmids were puri-
fied using maxi-preps (Promega).

Cells and Transfection

HeLa cells were grown in Dulbecco’s Modified
Eagles Medium (DMEM) supplemented with 10%
calf serum and were incubated at 37°C in a 5%
CO, atmosphere. Subconfluent cultures were
maintained in 100-mm dishes by periodically split-
ting cells with a solution of 0.25% trypsin in
Hank’s Balanced Salt Solution (JRH Biosciences).
They were cotransfected with pK5-CAT, pKé-
CAT, pKI14-CAT, pK17-CAT, and pRSVZ-83-
GAL, as well as with constructs expressing c-Fos,
c-Jun, Fral, p6S5, p50, and ¢/Rel, using the trans-
fection protocol described previously (9,29).
Briefly, the cell cultures were split into 2.5-ml
wells and grown to 15-30% confluency 16 h later.
DNA constructs were diluted in 100 ul of water.
First 25 ul of 2 M CaCl,, then 125 ul BES-buffer,
pH 695 (50 mM N-bis 92-hydroxyethyl-2-
aminoethanesulfonic acid, 250 mM NacCl, 1.5 mM
Na,HPO,), was added drop by drop. The transfec-
tion mixture was then incubated at room tempera-
ture for 10-15 min before being added to the cells.
Final concentrations of keratin promoter DNAs
were 0.8 ug/ml for pK5-CAT and pK14-CAT, 1.0
pg/ml for pK6-CAT, and 1.5 pug/ml for pK17-
CAT as well as for the KS and K6 deletions. The
constructs expressing the transcription factors
were always added in a 1:3 ratio relative to the
keratin promoter constructs. In addition, 0.3 ug/
ml of pRSVZ was added into each transfection.
For each well 250 ul of DNA solution was added
to 2.25 ml of the growth medium. Cells were incu-
bated with the transfection solution for 12 h, when
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fresh medium was added. Forty-eight hours fol-
lowing transfection, the cells were washed with
phosphate-buffered saline and harvested by
scraping.

Cells were disrupted in an extraction buffer
(250 mM sucrose, 10 mM Tris 7.8) with four
freeze-thaw cycles and the transfection efficiency
was measured by B-galactosidase assays (11).
Briefly, 10 ul of each cell extract was incubated in
microtiter wells with 160 ug O-nitrophenyl-3-p-
galactosidase (Sigma) dissolved in 190 ul buffer
(66 mM Na,HPO,, 33 mM NaH,PO,, 40 mM mer-
captoethanol, 2 mM MgSO,, and 0.1 mM MnCl,).
The reaction mixture was incubated at room tem-
perature until an obvious yellow color developed.
To stop the reaction 100 ul of 1 M Na,CO, was
added to each well. OD was measured at 420 nm.
CAT protein concentration was measured using
an ELISA kit, as described by the manufacturer
(Boehringer-Mannheim).

Normal human foreskin epidermal keratino-
cytes, a generous gift from M. Simon, were grown
in a defined keratinocyte growth medium (Gibco),
in 60-mm plates. This medium was supplemented
with cholera toxin, thyroid hormone, insulin,
EGF, and bovine pituitary extract. After two pas-
sages, at 80% confluency, the cells were switched
to basal medium. The basal medium lacks the sup-
plements. This medium was removed after 2 h and
a solution containing plasmid DNA with 1% Poly-
brene was added to the cells; 8 ug of pK5-CAT
and pK14-CAT, 10 pg of pK6-CAT, 15 ug of
pK17-CAT as well as of the K5 and K6 deletions
were added to each plate. The transcription fac-
tor-expressing constructs were added in a 1:3 ratio
relative to the keratin promoter constructs and 3
ug of p-RSVZ was added to each plate. The total
volume of the DNA solution added per plate was
1 ml. Six hours later, this solution was aspirated
off and the cells were shocked with 28% DMSO in
DMEM for 3 min. The cells were washed three
times with PBS and incubated with fresh basal
medium for 24 h. Harvesting of keratinocytes and
assays for 8-galactosidase and CAT were done as
described above.

All transfections were performed two to four
times, each time in duplicate plates, and the aver-
age CAT values were normalized by calculating
the ratio of CAT concentration to 3-galactosidase
activity.

Electrophoretic Mobility Shift Assays

The cell extracts were prepared from keratino-
cytes treated for indicated times with EGF or IL-1,
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as described previously (17,19). The extracts were
incubated in binding buffer containing 100 mM
Tris, pH 7.8, 0.5 M NaCl, 5 mM DDT, 25 mM
MgClI2, 5% glycerol, and 0.5 mM EDTA with or
without unlabeled competitor for 15 min on ice
in the presence of 1.8 ng/ml of poly(dl-dC). The
probes, end-labeled with [y-32P]JATP using T4poly-
nucleotide kinase (80,000 cpm), were added and
the binding solutions incubated for 30 min on ice.
The sequence of the NF-kB and the AP-1 consen-
sus oligonucleotides are shown in Table 1. The
protein-DNA complexes were separated from the
free probe by electrophoresis on 5°70 polyacryl-
amide gel (29:1 acrylamide:bisacrylamide) in 1x
TBE buffer. Dried gels were autoradiographed for
12-40 h at -70°C . The identity and specificity of
the bands has been confirmed using nonspecific
probes (Sp-1 consensus oligonucleotide and irrele-
vant segments from keratin promoters) and in su-
pershift assays using antibodies (Santa Cruz).

RESULTS

AP-1 and NF-kB Activities Can Be Induced
in Keratinocytes

To determine whether AP-1 and NF-kB activi-
ties respond to extracellular stimuli in epidermal
keratinocytes, we treated these cells in culture with
EGF or IL-1, prepared protein extracts and com-
pared them with the extracts of untreated cells as
controls in electrophoretic mobility shift assays.
Using the AP-1 consensus sequence as a probe, we
found that EGF addition induces a strong increase
in AP-1 binding activity within the first hour (Fig.
2). Later, this activity wanes. Using the NF-kB
probe, we found that the addition of IL-1, but not
of EGF, increases the binding activity (Fig. 2). In
both cases the binding is specific, because it can be
eliminated using the same, unlabeled probe and
supershifted using corresponding antibodies (L.
R. and W. Long, data not shown). The faster mi-
grating band (Fig. 2, asterisk) is an artifact of
whole-cell extract preparation. It is not found in
nuclear extracts.

Transcriptional Regulation of the
K5 Keratin Gene

To elucidate the transcriptional regulation of
K5 keratin gene expression, constructs expressing
the AP-1 proteins c-Fos, c-Jun, and Fral as well
as the NF-kB proteins p65, p50, and c/Rel were
cotransfected with the K5-CAT construct (Fig. 3).

MAET AL.
AP1 nfkb
EGF
— 05 1 2 C — IL-1 EGF C

FIG. 2. AP-1 and NF-kB activities are induced by EGF and
IL-1, respectively. Electrophoretic mobility shift assays using
AP-1 (left) and NF-kB (right) sequences as DNA probes. Kera-
tinocyte extracts were prepared from untreated cultures (—),
or cultures treated with EGF for 0.5, 1, and 2 h (left panel) or
with IL-1 or EGF for 1h (right panel). Competitor DNA was
added to show specificity (c). Arrows point to specific bands,
those affected by corresponding antibodies (not shown). The
asterisks mark nonspecific bands, present in whole-cell but not
nuclear extracts.

Although cotransfection of c-Fos and c-Jun indi-
vidually led to only a twofold increase of the K5
promoter activity, simultaneous cotransfection of
c-Fos and c-Jun produced a strikingly synergistic
response of approximately 12-fold. Fral, another
member of the Fos family, suppressed K5 activity
twofold. However, simultaneous cotransfection
of Fral and c-Jun did not produce a response sig-
nificantly different from that of c-Jun alone.

In contrast, the NF-kB proteins had a weakly
suppressive effect on the K5 promoter (Fig. 3B).
p65 individually and in combination with p50 or
with both p50 and c/Rel suppressed K5 activity
threefold. Overexpression of either p50 or c/Rel
individually downregulated the K5 promoter two-
fold. Furthermore, when p65 and p50 were co-
transfected with c-Fos and c-Jun, NF-kB sup-
pressed the inductive activity of the c-Fos and
c-Jun AP-1 dimer and reduced K5 activity to base-
line levels (Fig. 3C).

The full-length K5-CAT construct contains 900
bp of the K5 promoter. To determine the DNA
regions responsive to AP-1 and NF-kB, we trans-
fected two K5 promoter deletions, K5-D560 and
K5-D300, containing 560 and 300 bp of the K5
promoter, respectively, with c-Fos, c-Jun, p65,
and p50. Whereas both the full-length and the K5-
D560 construct were responsive to both AP-1 and
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FIG. 3. Regulation of the K5 keratin gene promoter. Con-
structs containing the K5 promoter were cotransfected with
constructs expressing (A) AP-1 proteins, (B) NF-xB proteins,
and (C) both, into HeLa cells. The level of expression of the
KS promoter-CAT construct was designated as 1. Each trans-
fection was performed two to four times, always with duplicate
plates.

NF-«B, construct K5-D300 was regulated only by
AP-1 activity, demonstrating the loss of NF-«xB
regulation (data not shown). Therefore, the region
of K5 responsive to NF-«B is located between 560
and 300 bp upstream of the start codon, whereas
the region responsive to AP-1 is located within the
proximal 300 bp.
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Regulation of the K14 Keratin Gene

We examined the effects of the same transcrip-
tion factors upon the regulation of K14, which is
usually coexpressed with K5. The AP-1 proteins
c-Fos and c-Jun induced the K14 promoter four-
and threefold, respectively (Fig. 4A). As with K5,
simultaneous overexpression of c-Fos and c-Jun
produced a synergistic, ninefold upregulation.
The K14 promoter activity did not respond to Fral
and the K14 response to the combination of Fral

A

FOLD REGULATION

K14  FOS JUN FOS+JUN FRA FRA+JUN

2 FOLD REGULATION

15

K14 Pes P50 PE5+P50 C/REL ALLS

c

10

FOLD REGULATION

K14 FOS+JUN PS5+P50 ALL FOUR

FIG. 4. Regulation of the K14 keratin gene promoter. K14
promoter-CAT construct was coexpressed as in Fig. 1 with (A)
AP-1 proteins, (B) NF-xB proteins, and (C) both.
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and c-Jun was similar to the response to c-Jun
alone.

Although the K14 promoter was not regulated
by the NF-«B proteins p50 and c/Rel, the p65 pro-
tein suppressed K14 promoter activity threefold.
Overexpression of p65 with p50 or with p50 and
¢/Rel suppressed the K14 promoter approximately
twofold (Fig. 4B). However, when c¢-Fos, c-Jun,
p65, and p50 were cotransfected simultaneously,
the effects of the AP-1 proteins were dominant
(Fig. 4C). The responses of the K5 and K14 kera-
tin genes to AP-1 and NF-«B proteins were strik-
ingly similar, reflecting the coexpression of these
two keratins in vivo. The only significant differ-
ence, the response to all four cotransfected tran-
scription factors, although reproducible, may de-
pend on the relative amounts of the overexpressed
proteins.

Both K5 and K14 responded similarly to both
AP-1 and NF-«B in keratinocytes as well (Fig. 5).
Both promoters were induced by AP-1 proteins
and suppressed by NF-«xB proteins. However, in
keratinocytes, the responses to these transcription

A

FOLDREGULATION .

KS FOS  JUN FOS+JUNpES+p50 ALL 4

FOLD REGULATION

K14 FOS  JUN FOS+JUNpE5+p50 ALL 4

FIG. 5. The responses of K5 and K14 are attenuated in kera-
tinocytes. Constructs containing (A) K5 and (B) K14 promoters
were ¢otransfected into keratinocytes with the AP-1 and NF-xB
constructs. Compared to the results in Figs. 3 and 4, the regula-
tion in keratinocytes is similar, but weaker.
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factors were attenuated. This is perhaps due to
incomplete activation of these proteins by the sig-
nal transduction pathways. In HeLa cells, which
are transformed, the signal transduction pathways
are more active, perhaps sufficiently to activate
fully the transfected transcription factors.

Regulation of the K17 Keratin Gene

We examined the effects of the same transcrip-
tion factors upon the regulation of the K17 kera-
tin, which is usually expressed in inflammatory
processes. Our previous studies identified the
STAT-1 binding site that confers interferon-vy re-
sponsiveness to the K17 gene (10). The AP-1 pro-
tein c-Jun induced the K17 promoter threefold,
whereas c-Fos and Fral were without effect (Fig.
6A). Simultaneous overexpression of c¢-Fos or
Fral with c-Jun did not affect the response to c-
Jun. Apparently, K17 promoter activity can be
increased by c-Jun, but does not respond to c-Fos
or to Fral.

Interestingly, the K17 promoter was not regu-
lated by the NF-«B proteins at all (Fig. 6B). When
c-Fos, c-Jun, p6S5, and p50 were cotransfected si-
multaneously, the effects of the AP-1 proteins
were dominant (Fig. 6C). Note that the results in
Fig. 6 were obtained with keratinocytes.

Regulation of the K6 Keratin Gene Promoter

Each AP-1 protein, including Fral, individu-
ally induced K6 activity in HeLa cells. Both c-Fos
and c-Jun, when overexpressed individually, acti-
vated the K6 promoter twofold. K6 activity in-
creased fivefold when cotransfected with Fral. Si-
multaneous overexpression of c-Jun with either
c-Fos or Fral showed unexpectedly strong syner-
gism and induced the K6 promoter approximately
40-fold (Fig. 7A).

Importantly, the overexpression of the p65
NF-«B protein also resulted in a strong activation
of the K6 promoter (Fig. 7B). Cotransfection of
p65 alone increased Ké activity 45-fold, and co-
transfection with p50 and c/Rel increased it even
more. Neither p50 nor ¢/Rel affected K6 activity
when overexpressed individually. Furthermore,
AP-1 and NF-«B proteins interacted synergisti-
cally, resulting in close to a 10-fold increase in
promoter activity compared to the effects of either
the AP-1 or the NF-«B transcription complex
alone (Fig. 7C). e

Using deletion analysis of the K6 promoter, we
identified the regions responsive to AP-1 and
NF-«B (Fig. 8). Although the Ké promoter con-
tains a consensus NF-«B site and two consensus
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FIG. 6. Regulation of the K17 keratin gene promoter. K17
promoter-CAT construct was coexpressed as in Fig. 1 with (A)
AP-1 proteins, (B) NF-«B proteins, and (C) both. Note that the
induction by c-Jun is insensitive to either ¢-Fos or Fral. Also
note that the NF-«xB proteins do not have a significant effect
on the K17 promoter.

AP-1 sites, deletion of these sequences did not dis-
rupt the induction by the corresponding transcrip-
tion factors. For example, construct K6-D268,
which lacks the NF-«B site, and K6-D193, as well
as the shorter constructs K6-D172 and K6-D139,
which lack both AP-1 sites, were still induced by
the AP-1 proteins 30- to 45-fold. AP-1 regulation
was completely lost in K6-D111 (Fig. 6B). There is
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B
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80
60
40
20
0
Ké Pés PS0 P65+P50 C/REL ALL3
c FOLD REGULATION
400
350
300
250

200
150
100

50

Ké FOS+JUN P65+P50 ALL FOUR

FIG. 7. Regulation of the K6 keratin gene promoter. Ké pro-
moter-CAT construct was coexpressed as in Fig. 1 with
(A) AP-1 proteins, (B) NF-kB proteins, and (C) both. Note
that the scales on the ordinate differ from previous figures,
especially in (C), showing stronger induction and synergistic
effect.

a progressive decrease in NF-«B activity and shift
from induction to suppression as the constructs
become progressively shorter from K6-D193 to
K6-D139 (Fig. 6C). Whereas NF-xkB induced Ké6-
D193 close to 60-fold, K6-D180 was induced less
than 20-fold, K6-D172 CAT activity was not af-
fected, and in K6-D139 it was even suppressed 10-
fold by NF-«kB. Thus, the AP-1 responsive and the
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A _NFB
TCAGGGCATT GTCGATAAAC AGCCTAGCAT

AP-1
GCAGAACCTT TGCTGAAGAC AGTGACTAAT TKMC‘I‘I’CA TGAATTGAGA
D268

AP-2
ATACTCTTAT TGTGCTGAGA TCTCCAGTCA AAGCTGGAGG CAGGAACATT

AP-1
TTGCCCTGAC TAAA GAAAAATGCA ATCTCOGTAT TTCATAACTT
D193 D180 . AD172

TTGTAATAAT GCAGGTGTGA ATCTCACTAT TTGTAAAGCC CAGCCCYTCC
AD1%9 AD111
CAACCTGCAA GCTCACCTTC CAGGA‘ETAGG GCCCAGCCCA TGCTCTCCAT
TATA -t B}
ATATAAGCTG CTACTGGAGT CCGATJCCTC GTCCTGCTTC TCCTCCCTCT

5
CGCCTCCAGC CTCTCACACC TCTCCTAAGC CCTCTCATCT CTGGAACC ATG

FOLD REGULATION

e 28 8s2g®

Keé D268 D183 D172 D139 D111
- mFOS+JUN

FOLD REGULATION

K6, D268 D193 D180 D172
2 EPE5+P50

D139

F1G. 8. Mapping the AP-1- and NF-«B responsive sites in the
K6 promoter. (A) The sequence of the.K6é promoter. Consensus
binding sites for NF-xB, AP-1, AP-2, and TBP transcription
factors are indicated. Triangles mark the sites of deletions con-
structed. (B) Cotransfection of c-Fos and c-Jun with the dele-
tion constructs localizes the AP-1 responsive region between
bp 111 and 139. (C) Cotransfection of p65 and p50 with the
deletion constructs localizes the NF-xB responsive region be-
tween bp 139 and 193. Construct D172 is partially responsive
to NF-xB. Note that construct D139, although fully responsive
to AP-1, no longer responds to NF-«B.

NF-«B responsive sites can be separated from one
another: the NF-«B responsive sites are between
139 and 193, whereas the AP-1 responsive sites are
between 111 and 139. Interestingly, these segments
do not contain obvious binding sequences for
NF-«B and AP-1 proteins.

MA ET AL.

DISCUSSION

Transcription factors of the AP-1 and NF-«B
families differentially regulate epidermal keratin
genes. All four keratin genes—KS5, K6, K14, and
K17 —are strongly induced by the AP-1 proteins,
with subtle differences. The NF-xB proteins, on the
other hand, strongly induce the K6 keratin gene,
suppress KS and K14, but leave K17 unaffected.

The regulation of the transfect@gi promoters cor-
relates well with the known features of regulation of
endogenous keratin genes by the extracellular signals
and the intracellular signaling pathways (Fig. 9).
Wounding of the skin releases prestored IL-1, which
triggers activation of the NF-«B proteins and conse-
quently induction of K6 keratin expression. In con-
trast, the AP-1 proteins have been implicated in epi-
dermal differentiation and consequently regulation
of the K5 and K14 keratin genes. However, in hy-
perproliferative conditions, activation of the EGF
receptor pathway triggers strong activation of the
AP-1 proteins (11), which synergize with the NF-xB
proteins in induction of K6 keratin expression. Inde-
pendently of these signaling pathways, interferon-y
activates STAT-1 and consequently induces the ex-
pression of K17 (10,13). AP-1 and NF-«xB do not
affect this regulation.

The induction of K5 and K14, the basal layers-
specific keratins, by AP-1 proteins correlates well
with the suggested role for AP-1 proteins in regu-
lating gene expression in keratinocyte differentia-
tion, in particular for the negative regulation of
the AP-1 transcriptional activity in differentiating
keratinocytes (24). The negative regulation may be
due in part to induction of Fral in the suprabasal
layers. KS and K14 are induced by c-Fos + ¢-Jun,
which predominates in the basal, but much less by
Fral + c-Jun in the suprabasal cells (Figs. 3 and
4). In c-Fos knockout mice (25) there is no epider-
mal phenotype. The role of c-Fos in the basal lay-

Extracellular
signal  EGF IL-1 IFNy
(+) (+) (+)
. 2 A 7
Transcription
Factor AP1 NFkB STAT1
(Fq;]J_un) (p65)
)] (¢ (N (+)
Keratin Gene

VY,
Expressed K6 K5/K14 K17
FIG. 9. Scheme of regulation of keratin genes by extracellular
signals. Arrows with (+) signs indicate activation, whereas
those with (—) indicate suppression. Note the cross-talk be-
tween EGF/AP-1 and IL-1/NF-«B in regulation of the K6
gene, and the independence of the K17 gene regulation.
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ers may be accomplished by an understudy from
the same family. Alternatively, the level of expres-
sion of K5 and K14 in the basal layer, even in
the absence of c-Fos, may be sufficient to prevent
major changes in phenotype.

In contrast, Fral does not affect the induction
of K17 by Jun (Fig. 6). This correlates well with
the exclusive suprabasal expression of K17 in in-
flammatory dermatoses. Therefore, in suprabasal
keratinocytes, Fral may suppress the c-Fos + c-
Jun-dependent expression of the basal keratins,
K5 and K14, but permit the c-Jun-dependent ex-
pression of K17. Even more dramatic is the role of
Fral in K6 keratin expression, where Fral by it-
self, and even more with c-Jun, is a strong inducer
(Fig. 7). The role of AP-1 proteins in regulating
keratin gene expression is quite complex: in the
basal layer c-Fos and c-Jun induce the expression
of K5 and K14; in the differentiating cells, as Fral
replaces c-Fos, KS and K14 are suppressed, K6 is
induced, whereas K17, which responds to c¢-Jun
alone, remains unchanged.

At present we cannot explain the dominant ef-
fect of NF-«B over c-Fos and c¢-Jun in regulating
K5 and the exact reverse in regulating K14, Al-
though these results are reproducible, they may
depend very much on the relative concentrations
of the cotransfected proteins, which we plan to
examine in the future.

The AP-1 proteins are clearly just one of the
components of keratin gene regulation, evidenced
for example by the lack of expression of K17 and
K6 in the basal layers. These two keratin genes are
suppressed in the basal layer by hitherto unidenti-
fied mechanisms and, conversely, induced only
when needed in suprabasal cells. Our previous
work identified transcription factor STAT-1 as the
primary inducer of K17 in inflammatory dermato-
ses associated with the Th-1 type lymphocytes and
cytokines (10,13). Here we identify NF-«kB pro-
teins as strong inducers of K6 and show that they
synergize with the AP-1 proteins.

NF-«B proteins are activated by a large number
of stimuli, including viruses, bacterial products,
mitogens, cytokines, UV and ionizing radiation,
and chemical and oxidative stress (27). Many of
these are associated with cutaneous induction of
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K6 keratin expression. Some of these also activate
AP-1 proteins. We were particularly impressed by
the synergistic effects of AP-1 and NF-«B, the ef-
fect that may cause very rapid and copious pro-
duction of K6 keratin in activated keratinocytes.

Interestingly, the p65 protein component of
NF-«B seems to be the predominant activator of
K6, whereas p50 and c/Rel seem less active. This
holds true for K5 and K14 as well, but importantly
the effects of NF-xkB on K5 and K14 are suppress-
ive. Although the suppressive effects are not very
strong (threefold), they may help to switch the
keratin expression when keratinocytes become ac-
tivated. The suppressive effect on K5 and K14 ex-
pression contrasts with the case of K17, which is
completely unaffected by NF-xB proteins.

In summary, keratin gene expression is regu-
lated by the intricate dance of the transcription
factors activated in different cell types. Specifi-
cally, in the basal layer keratins K5 and K14 are
expressed in part due to the members of the AP-1
family. As the cells differentiate, Fral + c-Jun
replaces the c-Fos + c-Jun set and K5 and K14
are no longer expressed. If the keratinocytes are
activated (e.g., as in psoriasis or wound healing),
the p65 NF-«B protein is activated, which inhibits
K5 and K14 expression, but greatly induces K6.
In inflammation, IFN-y activates STAT-1, which
with c-Jun induces K17. Obviously, these are just
the preliminary results; the entire process of kera-
tin gene expression regulation is more complicated
and probably many other transcriptional factors
play important roles that have to be elucidated.

ACKNOWLEDGEMENTS

Our research is supported by National Insti-
tutes of Health grants AR30682, AR39176,
AR40522, AR41850, and DK16636, and the NYU
Skin Disease Research Center Grant AR39749.
Special thanks go to Dr. M. Komine for introduc-
ing us to the system and V. Milisavljevic for the
gel shift assays. We thank Drs. A. Beg and E.
Ziff for gifts of constructs and M. Simon for the
keratinocytes. We also thank Dr. T. Kaneko for
cell extracts, and members of our laboratory for
advice, reagents, and encouragement.

REFERENCES

1. Angel, P.; Karin, M. The role of Jun, Fos and the
AP-1 complex in cell-proliferation and transforma-
tion. Biochim. Biophys. Acta 1072:129-157; 1991.

2. Basset-Seguin, N.; Demoly, P.; Moles, J. P.; Tes-
nieres, A.; Gauthier-Rouviere, C.; Richard, S.;
Blanchard, J. M.; Guilhou, J. J. Comparative anal-
ysis of cellular and tissular expression of c-fos in

human keratinocytes: Evidence of its role in cell
differentiation. Oncogene 9:765-771; 1994.

3. Beg, A. A,; Baldwin, A. S., Jr. Activation of multiple
NF-kappa B/Rel DNA-binding complexes by tumor-
necrosis factor. Oncogene 9(5):1487-1492; 1994.

4. Beg, A. A.; Finco, T. S.; Nantermet, P. V.; Bald-
win, A., Jr. Tumor necrosis factor and interleu-



370

10.

1.

12.

15.

16.

17.

kin-1 lead to phosphorylation and loss of I kappa B
alpha: A mechanism for NF-kappa B activation.
Mol. Cell. Biol. 13: 3301-3310; 1993.

. Bernerd, F.; Magnaldo, T.; Freedberg, I. M.; Blu-

menberg, M. Expression of the carcinoma-
associated keratin K6 and the role of AP-1 proto-
oncoproteins. Gene Expr. 3:187-199; 1993.

. Blumenberg, M. Keratinocytes: Biology and differ-

entiation. In: Arndt, K. A.; Le Boit, P. E.; Robin-
son, J. K.; Wintroub, B. U., eds. Cutaneous medi-
cine and surgery. Philadelphia: W. B. Saunders
Co.; 1994:58-74.

. Casatorres, J.; Navarro, J. M.; Blessing, M.; Jor-
cano, J. L. Analysis of the control of expression and

tissue specificity of the keratin 5 gene, characteristic
of basal keratinocytes. Fundamental role of an AP-1
element. J. Biol. Chem. 269:20489-2096; 1994.

. Fisher, C.; Byers, M. R.; ladarola, M. J.; Powers,

E. A. Patterns of epithelial expression of Fos pro-
tein suggest important role in the transition from
viable to cornified cell during keratinization. Devel-
opment 111:253-258; 1991,

. Jiang, C. K.; Connolly, D.; Blumenberg, M. Com-

parison of methods for-transfection of human epi-
dermal keratinocytes. J. Invest. Dermatol. 97:969-
973; 1991.

Jiang, C. K.; Flanagan, S.; Ohtsuki, M.; Shuai, K.;
Freedberg, I. M.; Blumenberg, M. Disease-
activated transcription factor: Allergic reactions in
human skin cause nuclear transcription of STAT-91
and induce synthesis of keratin K17. Mol. Cell.
Biol. 14:4759-4769; 1994.

Jiang, C. K.; Magnaldo, T.; Ohtsuki, M.; Freed-
berg, 1. M.; Bernerd, F.; Blumenberg, M. Epider-
mal growth factor and transforming growth factor
a specifically induce the activation- and hyperpro-
liferation-associated keratins 6 and 16. Proc. Natl.
Acad. Sci. USA 90:6786-6790; 1993,

Klampfer, L.; Lee, T. H.; Hsu, W.; Vilcek, J.;
Chen-Kiang, S. NF-IL6 and AP-1 cooperatively
modulate the activation of the TSG-6 gene by tu-
mor necrosis factor alpha and interleukin-1. Mol.
Cell, Biol. 14:6561-6569; 1994,

. Komine, M.; Freedberg, I. M.; Blumenberg, M.

Regulation of epidermal expression of keratin K17
in inflammatory skin diseases. J. Invest. Dermatol.
107:569-575; 1996.

Kupper, T. S. Immune and inflammatory processes
in cutaneous tissues. Mech. Inflamm. Cutan. Tis-
sues 86:1783-1789; 1990.

Lohman, F. P.; Medema, J. K.; Gibbs, S.; Ponec,
M.; van de Putte, P.; Backendorf, C. Expression of
the SPRR cornification genes is differentially af-
fected by carcinogenic transformation. Exp. Cell
Res. 231:141-148; 1997.

Lu, B.; Rothnagel, J. A.; Roop, D. R. Human ker-
atin 1 is regulated by AP-1 factors and coup-TF
through a composite element [abstract]. J. Invest.
Dermatol. 102:524; 1995. '

Magnaldo, T.; Bernerd, F.; Freedberg, I. M.; Oht-
suki, M.; Blumenberg, M. Transcriptional regula-

19.

20.

21.

22.

23.

24.

25.
26.

27
~regulation and function of NF-kappa B. Annu.

28.

29.

30.

31.

MA ET AL.

tors of expression of K:16, the disease-associated

) keratin’. DNA Cell Biol. 12:911-923; 1993.
. Matsusaka, T.; Fujikawa, K.; Nishio, Y.; Mu-

kaida, N.; Matsushima, K.; Kishimoto, T.; Akira,
S. Transcription factors NF-IL6 and NF-kappa B
synergistically activate transcription of the inflam-
matory cytokines, interleukin 6 and interleukin 8.
Proc. Natl. Acad. Sci. USA 90:10193-10197; 1993.
Milisavljevic, V.; Freedberg, 1. M.; Blumenberg,
M. Characterization of nuclear protein binding sites
in the promoter of keratin K17 gene. DNA Cell
Biol. 15:65-74; 1996.

Miyamoto, S.; Verma, I. M. Rel/NF-kappa B/I
kappa B story. Adv. Cancer Res. 66:255-292; 1995.
Ohtsuki, M.; Flanagan, S.; Freedberg, 1. M.; Blumenb-
erg, M. A cluster of five nuclear proteins regulates keratin
transcription. Gene Expr. 3:201-213; 1993.

Presland, R. B.; Haydock, P. V.; Fleckman, P.;
Nirunsuksiri, W.; Dale, B. A. Characterization of
the human epidermal profilaggrin gene. Genomic
organization and identification of an S-100-like cal-
cium binding domain at the amino terminus. J.
Biol. Chem. 267:23772-23781; 1992.

Roop, D. R.; Krieg, T. M.; Mehrel, T.; Cheng, C.
K.; Yuspa. S. H. Transcriptional control of high
molecular weight keratin gene expression in multi-
stage mouse skin carcinogenesis. Cancer Res. 48:
3245-3252; 1988.

Rutberg, S. E.; Saez, E.; Glick, A.; Dlugosz, A.
A.; Spiegelman, B. M.; Yuspa, S. H. Differentia-
tion of mouse keratinocytes is accompanied by
PKC-dependent changes in AP-1 proteins. Onco-
gene 13:167-176; 1996.

Saez, E.; Rutberg, S. E.; Mueller, E.; Oppenheim,
H.; Smoluk, J.; Yuspa, S. H.; Spiegelman, B. M.
c-fos is required for malignant progression of skin
tumors. Cell 82:721-732; 1995.

Schweitzer, J. Murine epidermal keratins. In: Dar-
mon, M.; Blumenberg, M., eds. Molecular biology
of the skin: The keratinocyte. New York: Academic
Press, Inc.; 1993:33-72.

Siebenlist, U.; Franzoso, G.; Brown, K. Structure,

Rev. Cell Biol. 10:405-455; 1994.

Stein, B.; Baldwin, A., Jr.; Ballard, D. W_; Greene,
W. C.; Angel, P.; Herrlich, P. Cross-coupling of
the NF-kappa B p65 and Fos/Jun transcription fac-
tors produces potentiated biological function.
EMBO J. 12:3879-3891; 1993.

Tomic-Canic, M.; Day, D.; Samuels, H. H.; Freed-
berg, 1. M.; Blumenberg, M. Novel regulation of

_keratin gene expression by thyroid hormone and

retinoid receptors. (submitted).

Ullrich, A.; Schlessinger, J. Signal transduction by recep-
tors with tyrosine kinase activity. Cell 61:203-212; 1990.
Welter, J. F.; Crish, J. F.; Agarwal, C.; Eckert,
R. L. Fos-related antigen (Fra-1), junB, and junD
activate human involucrin promoter transcription
by binding to proximal and distal AP1 sites to medi-
ate phorbol ester effects on promoter activity. J.
Biol. Chem. 270:12614-12622; 1995.



