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Expression of the carcinoma-associated keratin K6 
and the role of AP-1 proto-oncoproteins
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The normal pattern of keratin expression in epidermis is altered in carcinomas as well as in non- 
malignant diseases such as psoriasis and wound healing. Under these circumstances, the transcrip
tion of differentiation-specific keratins K1 and K10 is suppressed, whereas the activation- and 
hyperproliferation-associated keratins K6 and K16 are induced. Very little is known regarding 
transcriptional regulators involved in this switch. To investigate the nuclear factors that participate 
in regulation of expression of the K6 gene, we have characterized the binding sites for nuclear 
proteins on the promoter DNA of the K6 gene by gel retardation assays and site-specific deletion 
mutagenesis. We found four nuclear protein binding sites in the K6 gene promoter. Two are near 
the TATA box, but their ability to bind HeLa or keratinocyte nuclear extracts is independent of 
the TATA box-binding protein complex. The third binding site is a large palindrome. The sequences 
of these three sites do not correspond to any described target sequences for characterized tran
scriptional factors. The fourth is an AP-1 site, the target sequence for the proto-oncoproteins fos 
and jun. All four sites are independent of the previously characterized epidermal growth factor- 
responsive element, EGF-RE. These findings suggest that there may be two parallel pathways of 
induction of K6 transcription. One proceeds through the EGF-RE, which may be involved in non- 
malignant hyperproliferation processes; the other, through the AP-1 site and the fos-jun proto
oncoproteins, may be related to induction in malignant processes.

Carcinomas are by far the most common of 
human neoplasms, representing fully one- 

third of all malignancies (Silverberg and Lu- 
bera, 1989). Epidermal basal cell and squamous 
cell carcinomas arise by a multistep process that 
can be reproduced in vitro in a murine model 
(Yuspa et al., 1992). For example, expression 
offos and ras oncogenes is sufficient for the trans
formation of epidermal keratinocytes (Green- 
halgh et al., 1990). A characteristic of epider
mal carcinomas is the alteration of patterns of 
gene expression due, at least in part, to onco
genes activated during carcinogenesis.

Among the markers of epidermal carcino
mas are keratins K6 and K16. These keratins 
are not found in normal epidermis. However, 
they are expressed in diseases associated with 
hyperproliferation —not only carcinomas, but 
also wound healing and psoriasis—where they 
generally replace keratins K1 and K10 in the 
suprabasal layers (Weiss et al., 1984). In healthy 
tissue, K6 and K16 are found in the outer root 
sheet of the hair follicle (Heid et al., 1988), fungi
form and filiform papillae of the tongue (Ren- 
trop et al., 1986), and developing mammary 
epithelium (Smith et al., 1990). When cells of
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stratified epithelial origin are placed in culture, 
they rapidly induce synthesis o f these keratins 
(Schweitzer et al., 1984; Roop et al., 1987; 
Schermer et al., 1989; Surya et al., 1990).

Expression o f an oncogene in the epidermis 
o f  transgenic mice resulted in hyperplasia and 
induction o f the K6 keratin (Wilson et al., 1990). 
Interestingly, the human genome contains two 
closely related genes for K6 keratin. They seem 
to be co-expressed, but the significance o f the 
gene duplication is presently unknown (Tyner 
et al., 1985). An epithelium-specific enhancer 
has been identified upstream from the bovine 
K6 gene (Blessing et al., 1990). The regulators 
shown to induce specifically the transcription 
o f K6 are EGF and TGFa (Jiang et al., 1993). 
On the other hand, retinoic acid and thyroid 
hormones, through the action o f their recep
tors, can suppress the expression o f the K6 pro
moter (Tomic et al., 1990).

In this report we focus specifically on the 
molecular components that regulate expression 
o f the K6 keratin gene. We pay special attention 
to the sequences potentially regulated by on
cogenes because o f the association o f K6 ex

pression with carcinomas. We have found four 
specific protein-DNA interactions in the K6 pro
moter. Two proteins bind to adjacent sites imme
diately upstream from the TATA box. The third 
binding site constitutes a large palindrome. The 
fourth is an AP-1 site, which is recognized by 
fos and jun proto-oncoproteins (Franza et al., 
1988; Rausher et al., 1988). We show below that 
AP-1 protein is important for K6 expression 
in keratinocytes, thus demonstrating function
ality o f the AP-1 protein in the epidermis and 
providing a link between carcinogenesis and 
altered gene expression in human carcinomas.

M aterials and m ethods 

DNA constructs

The plasmid pK6CAT was obtained by subclon
ing 381 bp o f the K6 promoter into pGCAT C 
vector upstream from the chloramphenicol ace
tyl transferase (CAT) bacterial reporter gene 
(Jiang et al., 1991). DNA subfragments were PCR- 
amplified using DNA primers synthesized on 
a Pharmacia Gene Assembler Plus (Jiang et al.,

Kpnl

iKpnlJ

Xbal ^ > Site t0 be de,eted P8tl

—L— m _ ^ " H
Xbal

^  First round of PCRs

"fud

\ Cut with Xbal 
Ligation

Patl

Kpnl

i Second round of PCRs 

a ja m  f i h i

i
Cut with Kpnl, Patl

Figure 1. The strategy to create 
internal deletions. Half-headed 
arrows represent the oligonu
cleotides used as primers in 
PCR. The restriction sites Pst 
I, Kpn I, and Xba I contained 
in the oligonucleotides are in
dicated. The products o f the 
first round o f PCR, after appro
priate restriction and ligation, 
serve as a template for the sec
ond round. For details see 
Materials and Methods.
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1991). To make internal deletions, we used two 
rounds o f PCR. This procedure replaces the 
site to be deleted by an Xba I site (Fig 1). Se
quences o f the oligonucleotides used are 
presented in Table 1. Control plasmids pSV2CAT 
and pRSVZ have been described previously 
(Jiang et al., 1990).

Probes and competitors for gel 
retardation assays
PCR products were purified by electroelution 
after separation on 1.5% agarose gel. DNA se
quences to be used as probes were digested with 
Xba I restriction enzyme to provide a 3' recessed

end and then end-labeled with Klenow frag
ment and [a32P]dCTP (40 pCi per reaction). Ra
diolabeled probes were purified by gel filtration 
using Sephadex G50 columns (Excellulose GF5; 
Pierce). Small DNA fragments (<50 bp) were 
synthesized in the oligonucleotide synthesizer 
(Table 1). Those to be used as probes were de
signed to contain 5' overhangs for [a32P]dCTP 
end-labeling. Double-stranded fragments were 
generated by annealing the two complementary 
strands in 10 mM Tris, 1 mM EDTA, 150 mM 
NaCl. Synthetic AP-1 consensus DNA was pur
chased from Stratagene (Stratagene Hot Foot 
Kit).

Table 1. List of oligonucleotides.
All oligonucleotides are indicated in the 5' to 3' orientation. F: forward; R: reverse. Restriction sites: X: Xba I; P: Pst I; K: Kpn I.

Oligonucleotides used in the PCR reactions

— 131XF T T T T C T  AG A T T  C C A G G A C T A G G G C  
-8PR  T T T C T G C A G G  AG A T G  AG A G G G C T T  
-251XF T T T T C T A G A A T T T T G C C C T G A C T A  
-131 PR T T T C T G C A G A G G T G A G C T T G C A G G  
-381XF T T T T C T A G  A C  A C T  C A G G G C A T T G T  
-251 PR T T T C T G C A G T G T T C C T G C C T C C A G  
-44PR T T T C T G C A G  A G G C G  AG A G G G A G G  A 
-87X F T T T T C T A G  A T  A C T G G A G T C C G  A T T  
-100PR T T T C T G C A G T G G A G A G C A T G G G C T
— 151 XF T T T T C T A G A T C C C A A C C T G C A A G C  
-161XF T T T T C T  AG A G C C C A G C C C T T  C C A  A 
-171XF T T T T C T A G  A T  A T T T G T A A A G C C C A  
-181XF T T T T C T A G  A T G  A A T  C T C A C T A T T T  
-191XF T T T T C T  AG A A A T G  C AG G T  C T G  A A T  
-201 XF T T T T C T A G A C T T T T G T A A T A A T G C  
-211XF T T T T C T A G  A T  A T T T C A T A A C T T T T  
-281 XF T T T T C T A G  A AG A T  C T C C A G T C A A A  
-221 PR T T T C T G C A G C A T T T T T C G C T T C C T  
-211 PR T T T C T G C A G  A C C G  AG A T T G C  A T T  T

-201 PR T T T C T G C A G G T T A T G A A A T A C C G A  
-191 PR T T T C T G C A G T A T T A C A A A A G T T A T  
-181 PR T T T C T G C A G A C A C C T G C A T T  A T T  A 
-171 PR T T T C T G C A G A G T G A G A T T  C A C  A C C  
-271 PR T T T C T G C A G  A C  TG G  AG A T  C T  C A G C  
-291 PR T T T C T G C A G  A AG AG T A T T C T C A A T  
-311 PR T T T C T G C A G  A AG T T G G  A A T T  A G T C  
-331 PR T T T C T G C A G C T T  C A G C  A A A G G T T  C 
-331XF T T T T  C T A G  AG A C  A G T G  A C T  A A T T C  
-311XF T T T T  C T A G  A T  C A T G  A A T T G  AG A A T  
-381 KF T T T G G T A C C C  A C T  C A G G G C A T T G T  
-211XR T T T T  C T A G  A A C C G  AG A T  T G C  A T  T T  
-191XF T T T T C T A G A A A T G C A G G T G T G A A T  
-331XR T T T T  C T A G  A C T  T C A G C A A A G G T T C  
-134XR T T T T C T A G A T G A G C T T G C A G G T T G  
-99X F T T T T  C T A G A T A T A T A A G C T G C T A C  
-115XR T T T T C T A G A G G G C C C T A G T C C T G G  
-115XF T T T T C T A G A C A G C C C A T G C T C T C C  
-108XR T T T T  C T A G  A A T G G G C T G G G C C C T  A

Oligonudeotides used as probes or competitors

-331 to -311 5'G A C  A G T G  A C T  A A T T C C
A C T G  A T T  A A G G T T G A  A5'

-211 to -191 5 'G G T A T T T C A T A A C T T T T G T A
A A G T  A T T G A A A A C A T T  A T G G 5 '

-131 to -8 9  5 'T T C C A G G A C T A G G G C C C A G C C C A T G C T C T C C A T A T A T A
C T G  A T  C C C G G G T  C G G G T  A C G A G A G G TA TA TA TTC G A C 5 '

-1 2 6  to -8 9  5'GG A C T  A G G G C C C  A G C C C  A T G C  T C T  C C A T  A T  A TA
T C C C G G G T  C G G G T  A C G  AG A G G T A T A T A T T C G A C 5 '

-1 2 0  to -8 9  5 'G G G C C C A G C C C A T G C T C T C C A T A T A T A
G T  C G G G T  A C G  AG A G G T  A T  A T  A T T C G  AC5'

-1 1 5  to -8 9  5 'C A G C C C A T G C T C T C C A T A T A T A
G T  A C G  AG A G G T  A T  A T  A T T  C G A C 5 '

-131 to -9 9  5 'T T  C C A G G A C T  A G G G C C C  A G C C C  A T G  C T C
C T G  A T  C C C G G G T  C G G G T  A C G A G A G G TA 5'

5 'C T  A G T G  A T G  A G T  C A G C C G G  A T  C 
G A T C A C T A C T C A G T  C G G C C T  AG 5'

AP-1
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Cells and transfections

All DNA used in transfections was purified 
through two CsCl-ethidium bromide equilib
rium gradient centrifugations.

HeLa cells were maintained in Dulbecco- 
modified Eagle’s medium (DMEM) supple
mented with 10% calf serum. The transfection 
procedure o f Chen and Okayama (1987) was 
slightly modified (Jiang et al., 1990 and 1991).

Normal human epidermal keratinocytes 
(HEK) were purchased from Clonetics and 
grown in defined serum-free keratinocyte me
dium (Gibco) supplemented with epidermal 
growth factor and bovine pituitary extract pro
vided by the manufacturer. Cells were expanded 
through two 1:4 passages before transfection. 
Subconfluent cultures were transfected at 80% 
confluency using polybrene and DMSO shock 
as previously described (Jiang et al., 1991). Forty- 
eight hours after transfection, cells were washed 
twice with phosphate-buffered saline and har
vested by scraping. The sonic disruption com
bined with freeze-thaw cycles as well as the (3- 
galactosidase and CAT assays procedures have 
been described (Jiang et al., 1991). Relative CAT 
activity values represent the promoter activities 
corrected for the efficiency o f transfection.

Nuclear extracts
Nuclear extracts from HeLa cells were prepared 
according to the method o f Dignam et al. (1983). 
For the preparation o f the nuclear extracts o f 
keratinocytes, the same method was modified 
as follows. Pelleted cells (5 minutes, 3,000 rpm, 
4°C) were resuspended in 2 volumes o f buffer 
containing 1.5 mM MgCl2, 10 mM KC1, 0.5 mM 
DTT, 10 mM Hepes, pH 7.9, and then broken 
by 20 to 30 strokes o f a B pestle in a glass Dounce 
homogenizer. The resulting nuclei were pelleted 
by 17,000 rpm centrifugation in SW41 rotor at 
4°C, resuspended in 3 ml o f buffer containing 
420 mM NaCl, 225 mM EDTA, 1.5 mM MgCl2, 
25% glycerol, 20 mM Hepes, 0.5 mM DTT, 1 
Hg/ml pepstatine A, 0.5 \iglml leupeptin, 1 mM 
benzamidine, and 0.5 mM PMSF. Nuclei were 
broken by 15 to 20 strokes o f the B pestle in 
a Dounce homogenizer and gently stirred at 4°C 
for 30 minutes. Cell debris was removed by 
16,500 rpm centrifugation at4°C (SW41). Clear 
supernatant was dialyzed against 1 liter o f buffer 
containing 200 mM EDTA, 100 mM KC1, 20% 
glycerol, 0.5 mM DTT, 20 mM HEPES, and the

same concentrations o f protease inhibitors as 
above, for 5 hours at 4°C.

Gel retardation

Approximately 7 ng HEK or HeLa nuclear ex
tract were first incubated 15 minutes on ice with 
or without a 200-fold molar excess o f double- 
stranded DNA used as an unlabeled competitor 
in binding buffer containing 2 |ig poly(dl-dC), 
10% glycerol, 5 mM MgCl2, 1 mM DTT, 100 mM 
NaCl, 20 mM Tris-HCl, pH 8, 2% polyvinyl al
cohol, 0.1 mM EDTA, and 4 mM spermidine. 
Then 15,000 cpm o f 32P-labeled PCR-amplified 
DNA probe or 80,000 cpm o f oligonucleotide 
probe were added and incubated for an addi
tional 15 minutes on ice. Double-stranded salm
on sperm DNA fragmented by sonication was 
used as a nonspecific competitor (Maniatis et 
al., 1982). Probe bound to nuclear protein was 
resolved from free probe through a 4% poly
acrylamide gel (acrylamide:bis-acrylamide = 
29T). After drying, gels were autoradiographed 
overnight at -  70°C on XAR 5 film (Kodak) with 
intensifier screens.

Supershift assays were run as described above 
with different amounts o f affinity-purified an
tiserum added at the beginning o f the first in
cubation. Antibody directed against fos family 
members (Vosatka et al., 1989) was generously 
supplied by Dr. E. Ziff (New York University 
Medical Center).

Results

Sequence of the K6 gene promoter region

The sequence o f the K6 promoter region avail
able for study contains 381 bp upstream from 
the translation start site (Fig. 2). Although rel
atively short, this segment contains several im
portant regulatory elements, including cell type- 
specific and hormone-responsive factors (Jiang 
et al., 1991; Tomic et al., 1990). Perusal o f this 
sequence allowed identification o f a TATA box 
and an AP-2 site (Leask et al., 1991). Our earlier 
study (Jiang et al., 1993) demonstrated the pres
ence o f an epidermal growth factor-responsive 
element (EGF-RE) that did not correspond to 
any sequence o f eukaryotic transcription reg
ulatory sites previously described (Faisst and 
Meyer, 1992).

To determine the sites that actually bind nu
clear proteins, we divided the promoter region
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- 3 8 1 CACTCAGGGC ATTGTCGATA AACAGCCTAG CATGCAGAAC CTTTGCTGAA

- 3 3 1 GACAGTGACT AATTCCAACT TCATGAATTG AGAATACTCT TATTGTGCTG
AD1 AP2 i

- 2 8 1 AGATCTCCAG TCAAAGCTGG AGGCAGGAAC Ia t t t t g c c c t GACTAAAGGA

- 2 3 1 AGCGAAAAAT GCAATCTCGG TATTTCATAA CTTTTGTAAT iAATGCAGGTG
PAL EGF-RE

- 1 8 1 TGAATCTCAC TATTTGTAAA GCCCAGCCCT TCCCAACCTG CAAGCTCACC

- 1 3 1 TTCCAGGACT AGGGCCCAGC CCATGCTCTC CATATATAAG CTGCTACTGG

- 8 1 AGTCCGATTC
B

CTCGTCCTGC
A

TTCTCCTCCC TCTCGCCTCC AGCCTCTCAC

- 3 1 ACCTCTCCTA AGCCCTCTCA
1

TCTCTGGAAC
i

CATG_____

-381 HI -251 ll
A

-131
A  A ' ■— Ji--------- A — --------------!------ ______ M

1--------- w —
AP1 PAL

W  W
B A

Figure 2. Nucleotide sequence 
o f the promoter o f the human 
K6 gene. Nucleotides are num
bered from the translation ini
tiation codon (underlined). 
The TATA box is in boldface, 
and the protein-DNA binding 
sites described in Results are 
doubly underlined. The two 
other binding sites described 
previously, AP-2 (Leask et al., 
1991) and EGF-RE (Jiang et al.,
1993) sites, are overlined. The 
three fragments o f the K6 pro
moter region used as probes 
in gel retardation experiments 
(I, II, and III) are schematically 
represented at the bottom of 
the figure. The translation start 
site is indicated by an arrow. 
The protein binding sites de
scribed in this study are indi
cated by ovals.

into three segments, radiolabeled each one, and 
used them in gel retardation assays. As sources 
o f binding proteins, we used nuclear extracts 
o f HeLa cells and normal HEK. We chose these 
two epithelial cell types because HEK express 
K6 in culture, whereas HeLa cells do not (Moll 
et al., 1982). Correspondingly, the K6 gene pro
moter was active when transfected into HEK, 
but not HeLa cells (Jiang et al., 1991).

All three DNA segments o f the K6 promoter 
bound specific nuclear proteins. The protein 
binding sites were localized using competitors 
o f various lengths. We also compared the pat
terns o f gel retardation obtained with nuclear 
extracts o f HeLa cells to those o f keratinocytes. 
Finally, we identified the sites precisely by using 
short, synthetic, double-stranded oligonucleo
tides as probes in the gel retardation assay.

The function o f each protein binding site 
was determined by creating a specific, internal 
deletion from each site in the K6 promoter. The 
mutant DNAs were cloned upstream o f the CAT 
reporter gene and transfected into HEK and 
HeLa cell cultures.

The two TATA box-proximal binding sites
Using fragment I (bp -131 to -8 )  as a probe, 
we observed a difference between the nuclear 
extracts from HeLa cells and those from ker
atinocytes. Four retarded bands were observed

with HeLa, while only three were apparent with 
HEK extracts (Fig. 3A). We do not know whether 
the difference is due to a cell type-specific pro
tein or to artifacts such as proteolysis.

We used three competitors to map the bind
ing sites. One corresponds to fragment I itself, 
and the two others divide the fragment into 
thirds. As competitors 1 (-131 to -8 )  and 2 
(-131 to -  87) abolish the binding, whereas com
petitor 3 ( -  87 to -  8) does not, we deduced that 
the binding sites are within the distal third, 
nucleotides -131 to -8 7  (Fig. 3A). The gel shift 
assay using the corresponding oligonucleotide 
probe (-131 to -8 9 ) showed that these 42 bp 
are able to bind nuclear proteins from HeLa 
cells or HEK (Fig. 3B). Only two major pro
tein-DNA complexes were observed with both 
cell types extracts, which means that the longer 
fragment can bind additional proteins that the 
42 bp probe cannot. Each o f the two bands is 
occasionally associated with a higher-mobility 
satellite band (open arrows in Fig. 3B). The sat
ellites are not present in all preparations. Their 
intensities vary, and we suspect that they con
tain proteolytic derivatives o f the two major 
bands.

The two complexes observed could be due 
either to two different protein binding sites, or 
to two different complexes binding to the same 
site. To resolve this question and characterize 
the binding sites within the 40 bp oligonucle-
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Figure 3. The binding sites in fragment I. A. Gel retardation o f fragment I using either HeLa or HEK nuclear 
extracts. The PCR-engineered DNA probe and the unlabeled competitors are schematically represented at the bot
tom o f the figure. Black arrows show the bands which comigrate with extracts from both cell types. The open arrow 
shows the additional band observed with HeLa extract only. B. Gel retardation o f a synthetic 40 bp oligonucleotide 
( -1 3 1  to -8 9 ) . Comparison o f the binding o f HEK and HeLa nuclear extracts shows that the pattern observed 
with both extracts is similar. The right panel shows mapping results using the unlabeled oligonucleotide competi
tors identified at the bottom. Note that site A  is competed by all oligonucleotides, including competitor 5, which 
lacks the TATA box. Site B is completely competed by oligonucleotide 2 and 5, partially by 3, and not competed 
at all by 4. The proteins binding onto sites A  and B are therefore independent o f each other and also o f the TATA 
box-binding proteins. Open arrows mark satellite bands, which are not observed consistently. NS: nonspecific DNA.

otide probe, we designed several shorter, syn
thetic oligonucleotide DNA fragments corre
sponding to various portions o f this probe 
(Fig. 3B). Because the TATA-box sequence is in
cluded within the 3' portion o f the 40 bp probe 
(positions -9 8  to -92 ), we wanted to deter
mine first whether either o f the two bands was 
due to binding o f  the TFIID protein complex 
to the TATA box (Nakajima et al., 1988). There
fore, we designed an oligonucleotide missing 
the TATA box (-131 to -9 9 ) and used it as a 
competitor in a gel retardation assay. This oligo
nucleotide was able to abolish both protein- 
DNA complexes, which means that both are due 
to proteins binding to sites other than the TATA 
box.

The mapping experiments on the 40 bp oli

gonucleotide probe that follow led us to iden
tify, in fact, two different protein binding sites, 
both independent o f each other and indepen
dent o f the TATA box. Competition o f the two 
protein-DNA complexes reveals that compet
itor -126  to -8 9  is able to abolish both com
plexes. The competitor -120 to -8 9  allows 
partial formation o f the upper complex but 
abolishes the lower one. Competitor -115 to 
-8 9  does not compete at all with the upper 
complex yet abolishes the lower one. Therefore, 
one o f the two protein binding sites, the one 
we call site A, is located within the sequence 
CAGCCCATGCTCTCCAT between nucleotides 
-115 to -99. The other one, site B, is located 
within the sequence GGACTAGGGCCC between 
nucleotides -126  to -115. Oligonucleotides
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Figure 4. Determination o f the protein binding site in fragment II. A. Schematic representation o f the PCR- 
engineered DNA used as probes or unlabeled competitors to map the protein binding site in fragment II. Oligo
nucleotide probe 9 (-211 to -191) is used in C. B. Gel retardation o f fragment II using HeLa nuclear extract. 
Arrows indicate the specific, stars the nonspecific bands. The numbers correspond to the competitors described 
in A. NS: nonspecific competitor. C. Oligonucleotide probe 9 binds proteins from HeLa and HEK nuclear extracts. 
The binding was competed by the same unlabeled oligonucleotide. Note the differences in pattern between nuclear 
extracts o f the two cell types.

comprising these two sequences retain the abil
ity to bind nuclear proteins from HeLa or HEK 
extracts (data not shown).

The large palindromic site PAL
Using the fragment II o f the K6 promoter (-251 
to -131) as a probe and HeLa nuclear extracts, 
we found three specific retarded bands (Fig. 4B). 
Two competitors containing the proximal part 
o f fragment II, -201 to -100 and -211 to -100, 
abolished all the retarded bands. Using a series 
o f competitors encompassing the distal part o f 
fragment II, we found that competitors -281

to -  221 and -  281 to -  211 were not able to com
pete with the binding, but competitors -281 
to -201, -281 to -191, and -281 to -181 abol
ished the retarded bands (data not shown). Inter
estingly, both -281 to -201 and -201 to -100 
competed for the binding, although the two 
competitors have only one base pair in com
mon. Therefore the binding site present in frag
ment II is contained between nucleotides -211 
and -191. The same 20 bp binding sequence 
can be recognized by nuclear proteins from HEK 
extracts (data not shown).

A synthetic oligonucleotide probe corre-
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sponding to these 20 bp was used with both 
HeLa and HEK nuclear extracts, confirming the 
ability o f this sequence to bind nuclear proteins 
o f both cell types (Fig. 4C). The differences in 
the banding pattern may be related to a differ
ence in the binding proteins or to proteolysis 
in one or both o f the extracts.

The sequence o f this binding site, TATTT 
CATAACTTTTGTAATA, is palindromic. It does 
not correspond to any known binding sequence 
(Faisst and Meyer, 1992). If the palindromic 
nature o f this sequence is important for pro
tein binding, we would expect the contacts

between the protein and DNA to be symmet
rical. Indeed, as mentioned above, either half 
o f the palindrome can compete for the bind
ing protein.

AP-1 protein binding site in fragment III

With fragment III (-381 to -251) used as a 
probe and nuclear extracts from HEK, we found 
one major retarded band (Fig. 5B). The map
ping experiment using unlabeled DNA subfrag
ments allowed us to localize the binding site 
within nucleotides -331 to -311 (Fig. 5A andB). 
Comparing the binding ability o f HeLa and

-381 n  111 r\ r\ r\ , pI_____ t ) l ......( 7 " ..... -—1(—) ( ) ...... i i

PROBE

-331
-331 -251

-251

1
2
3
4
5
6

Oo

oJJco

B
l

-331 -311 8 OLIGO PROBE

H eLa H EK
EXTRACT -  ♦ ♦  ♦  -  ♦ ♦  +

-  + + + + + + + + + COMPETITOR - ♦ N8 -  - ♦  N8

-  -  1 2 3 4 5 6 7 NS OLIQO PROBE 8 ♦  ♦ ♦  ♦  ♦  ♦ ♦  ♦

Figure 5. Determination o f the binding site present in fragment III. A. Schematic representation o f the PCR- 
engineered DNA used as probes or unlabeled competitors in the mapping o f binding sites in fragment III o f the 
K6 promoter. Oligonucleotide 8 ( -3 3 1  to -311 ) is used as a probe in C. B. Mapping experiment of fragment III 
using HEK nuclear extract. The competition occurs with competitors 1, 2, 3, 4, and 6, but not 5 and 7. The binding 
site is therefore located between nucleotides -3 3 1  and -3 1 1 . NS: nonspecific competitor. C. Comparison o f HeLa 
and HEK nuclear extracts binding to oligonucleotide probe 8. The competitor is the unlabeled oligonucleotide 
-3 3 1  to -3 1 1 .
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HEK nuclear extracts to fragment III, we found 
that the retarded band migrated to the same 
position with extracts o f both cell types (not 
shown). The ability o f this 20 bp sequence, sep
arated from its DNA context, to bind HeLa or 
HEK nuclear extracts (Fig. 5C) has been demon
strated using the corresponding oligonucleotide 
probe (-331 to -311).

Examination o f this DNA sequence reveals 
in its core close similarity to the consensus rec
ognition element for the AP-1 transcription fac
tor (Faisst and Meyer, 1992) and identity with 
the AP-1 sequence found in the endothelin-1 
gene (Lee et al., 1991). The AP-1 site sequence 
in the K6 promoter, TGACTAA, is located be
tween nucleotides -326  and -320. To test 
whether the binding is due to the AP-1 protein, 
we used increasing amounts o f the AP-1 con
sensus sequence as a competitor. The dose- 
response competition curve showed that an 
amount o f competitor as low as 0.25 ng, 2.5-fold 
molar excess, was able to reduce the intensity 
o f the retarded band significantly (Fig. 6), while 
5 to 10 ng o f the AP-1 consensus competitor 
completely abolished the protein-DNA com
plex. These results strongly support the hypoth
esis that an AP-1 site is contained in the 20 bp 
DNA sequence.

To confirm that the binding protein is indeed 
AP-1, we performed a “supershift” assay. The 
HeLa nuclear extracts were incubated with in
creasing amounts o f fos-specific antiserum, prior 
to addition o f the radiolabeled oligonucleo
tide probe (-331 to -311). Because fos cannot 
bind DNA alone, but only as a dimer with jun 
(Kouzarides and Ziff, 1988), a supershift with 
fos-specific antibody is prima facie evidence o f 
jun binding as well. The intensity o f the orig
inal retarded band observed without the anti
serum decreased progressively when increasing 
amounts o f the antiserum were added (Fig. 7). 
Concomitantly with the disappearance o f the 
retarded band, a new band at an even slower 
mobility appeared, and its intensity increased 
as a function o f the amount o f the antiserum 
added. The ability o f this anti-fos antiserum 
to further retard the migration o f the DNA- 
protein complex indicates that the binding pro
tein contains a member o f the fos family and 
is therefore AP-1.

Transfections and CAT assays
The functional involvement o f each protein 
binding site identified in the K6 promoter was

Figure 6. Identification o f the AP-1 site in fragment III 
o f the K6 promoter. Oligonucleotide probe 8 (see Fig. 
5) used with HeLa nuclear extract reveals only one major 
retarded band (dark arrow), which is completely com 
peted by itself. The star indicates a nonspecific band. 
NS: nonspecific competitor. Increasing amounts o f an 
oligonucleotide containing the consensus AP-1 sequence 
progressively abolished the binding to the probe. 
Amounts of the AP-1 consensus competitor oligonucleo
tide ranged from 0.1 to 25 ng.

assessed according to the strategy described in 
Figure 1, by creating a series o f internal dele
tion mutants. The mutant promoters with spe
cifically deleted binding sites were cloned into 
the pGCAT reporter vector. The relative CAT 
activity o f each construct was compared to that 
o f the wild-type promoter after transfection into 
HEK or HeLa cells (Fig. 8).

As previously described (Jiang et al., 1991), 
the K6 promoter is active only in HEK, not in 
HeLa cells. Accordingly, none o f the mutant con
structs exhibited any CAT activity in HeLa cells 
(data not shown).

Transfection o f constructs with deletions o f 
the TATA box led to undetectable CAT activity. 
Therefore, the presence o f the TATA-box se
quence is essential for basal K6 promoter tran
scription. In constructs missing either site A 
or site B or both, but containing the TATA box, 
the promoter activity was greatly reduced com 
pared to the K6 wild-type, albeit not abolished. 
Although we cannot completely rule out spac
ing effects in these deletions, because the three 
deletions are o f different sizes and therefore 
change spacing differently, it is more likely that 
these sites, which were found to bind nuclear 
proteins independently o f the TATA box, are
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Figure 7. Fos binds to the AP-1 site o f the K6 promoter. 
The gel retardation assay was performed using oligo
nucleotide probe 8 ( -3 3 1  to -3 1 1 ) and HeLa nuclear 
extract. As is also shown in Figure 6, the competition 
o f the specific retarded band (dark arrow) is complete 
with 5 ng o f the AP-1 consensus oligonucleotide (AP-1 
Cp). Preincubation o f the nuclear extract with increas
ing amounts o f affinity-purified anti-fos antiserum (0.5 
to 15 |il) resulted in a supershifted band (shaded arrow) 
consistent with the formation o f a DNA/AP-1 protein/ 
antiserum complex. Note that increasing amounts o f 
antiserum led to a progressive decrease in intensity o f 
the original band. Preincubation with 10 ng BSA had 
no effect.

necessary for full K6 promoter activity. Dele
tion o f both site A and site B did not decrease 
the promoter activity more than deletion o f just 
one site.

Deletion o f the PAL binding site as well as 
o f the AP-1 site also led to a dramatic decrease 
in CAT activity. Therefore the PAL binding pro
teins and the AP-1 proto-oncoproteins are also 
important in K6 gene transcription.

A
AP1

K#6 wt 
A  A (-115-99)
A  AETATA (-108-87)
A  B (-134-115)
A  A*B (-134-99)
A  A ♦BATATA (-134-87) 
A  PAL (-211-191)
A  AP1 (-331-311)

B

C

K#6wt Aapi Apal A b Aa+ sv
TATA

Figure 8. Functional assessment o f the protein binding 
sites in the K6 promoter activity. A. Schematic rep
resentation o f the K6 wild-type (wt) promoter and the 
mutant promoter constructs, linked to the CAT reporter 
gene (box). The numbers indicate the nucleotides bor
dering the deleted sites. The various protein binding sites are marked on the top line. B. Relative CAT activity 
o f each o f the constructs in A after transfection into HEK. The CAT levels were normalized to equivalent |3-gal levels 
o f the co transfected pRSVZ vector. The relative CAT activity o f the K6 wild-type promoter was designated 100%. 
A: deletion. C. Results o f the CAT assays. Each DNA construct was transfected in duplicate into HEK. Equivalent 
amounts o f the cell extract were used to determine CAT levels. The rightmost track on each thin layer chromatogram 
results from the positive control cells that were transfected with the pSV2CAT vector.

AA+B+ Ab Aa Aa+b K#6wt sv 
TATA



Regulation o f keratin K6 197

Discussion

In the promoter o f the human K6 gene, three 
regions o f DNA-protein interaction can be 
demonstrated, each with characteristic func
tional and structural properties. The distal re
gion is an AP-1 site that interacts with fos and 
jun proto-oncoproteins. The middle one is a 
large palindromic sequence that interacts sym
metrically with the cognate binding protein. 
The proximal region is directly upstream from 
the TATA box and independently binds two pro
teins at adjacent sites.

The palindromic site is required for K6 pro
moter activity. The corresponding protein ap
parently binds symmetrically as a dimer, but 
either arm o f the palindrome is sufficient to 
compete with the binding. Thus each mono
mer can bind DNA independently. The palin
dromic binding site exhibits different protein 
binding patterns in HeLa cells and in HEK. 
Whether the additional band observed with 
HeLa nuclear extract has any transcriptional 
function is still unknown, but it may be respon
sible for the differential expression o f the K6 
gene in HEK and in HeLa cells.

Similar differences are observed in the TATA 
box-proximal region. Again, the function o f the 
additional binding proteins present in HeLa 
nuclei are unknown, but they may be respon
sible for the lack o f K6 expression in HeLa cells. 
The two protein binding sites in the proximal 
region, together with the TATA box, form a very 
tight cluster o f protein recognition elements. 
This suggests that the corresponding proteins 
interact when bound to DNA, but this interac
tion does not function simply at the level o f pro
tein binding to DNA, i.e., the binding per se o f 
each protein is neither synergistic with nor an
tagonistic to the binding o f the others.

The binding patterns o f the keratinocyte and 
HeLa proteins are identical at the AP-1 site, al
though we cannot exclude the possibility that 
different members o f the fos and jun families 
are present in the two cell types. This binding 
demonstrates the presence o f functional AP-1 
proteins in epidermal keratinocytes. Activation 
o f AP-1 is often associated with other regula
tory elements in the same gene (Nicholson et 
al., 1990; Schule et al., 1990a,b; Zhang and 
Young, 1991); however, we have not detected 
binding sites for other nuclear proteins in the 
immediate vicinity o f the AP-1 site.

The presence o f the AP-1 site is especially

important, because the AP-1 binding proteins 
are elevated during spontaneous or induced 
malignancies. The level o f c-fos mRNA expres
sion is high in human epidermis, higher than 
in most adult tissues (Basset-Seguin et al., 1990), 
especially in the granular layer (Fisher et al., 
1991). Levels o f c-jun protein and its mRNA have 
not been as extensively studied. AP-1 was orig
inally identified as a TPA-responsive element, 
and indeed tumor promoters, such as TPA, 
further increase c-fos expression when applied 
to mouse skin (Rose-John et al., 1988; Dotto et 
al., 1986; Angel et al., 1987; Lee et al., 1987). 
Treatment o f skin with tumor promoters induces 
formation o f papillomas, premalignant benign 
hyperproliferative lesions (Nischt et al., 1988; 
Roop et al., 1988). In addition to TPA treat
ment, a second oncogenic event is required for 
progression to frank carcinomas (Greenhalgh 
et al., 1990). Among the pleiotropic effects o f 
TPA, concomitant induction o f the expression 
o f K6 keratin has been observed (Schweitzer 
and Winter, 1982; Finch et al., 1991). The in
duction o f K6 in premalignant tissues may be 
a consequence o f activation o f the AP-1 site by 
fos and jun.

However, K6 keratin can also be expressed 
in noncarcinogenic hyperproliferative diseases 
such as psoriasis or wound healing. In these 
cases, which are never associated with malig
nancies, it has been shown that fos is not in
duced and may be even suppressed (Elder et 
al., 1990; Basset-Seguin et al., 1991). The AP-1 
site o f the K6 gene is therefore not directly im
plicated. The level o f TGFa in hyperprolifera
tive diseases, especially in psoriatic plaques, is 
elevated (Coffey et al., 1987). Thus, expression 
o f the K6 gene in nonmalignant hyperprolifera
tive diseases may involve the action o f the EGF- 
RE in the K6 promoter that we characterized 
previously (Jiang et al., 1993).

We propose a model in which there are at 
least two independent pathways for induction 
o f the K6 keratin. The one relevant in carcino
genesis may involve the AP-1 site and the fos 
and jun proteins; the other, relevant in non
malignant diseases, may involve the EGF-RE and 
its binding protein.
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