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gene (32, 33). The 59-upstream sequences of several other
keratin genes, including the K3 (57), K1, K5, and K6 (33)
genes, are known to harbor AP-2-binding motifs. However, in
the case of the K5 and K14 genes, AP-2 alone does not seem
to be sufficient for epithelial cell-specific expression (6, 33).
Transcription factor Sp1 has also been shown to regulate the
expression of K3 (57), and both K5 and K14 genes are known
to have functional Sp1-binding motifs in their 59-upstream
sequences (6). Additionally, both ETS and the AP-1 family of
transcription factors have been shown to regulate the inducible
expression of certain keratin genes, including the K1 (27, 46),
K5 (8), K6 (39), K18 (41), and K19 (26) genes. Recently, POU
domain-containing transcription factors including Oct6 (19)
and Skn-1a and Skn-1i (1) were shown to be expressed predominantly in epidermis and were suggested to play a role in
epidermal development. Collectively, results from these studies have provided insights with certain aspects of keratin gene
expression. However, the mechanism by which keratin genes
are regulated in an epithelial cell-specific, differentiation-dependent, and reciprocal fashion remains poorly understood.
To begin elucidating how expression of the K3 keratin gene
is regulated during corneal epithelial differentiation, we have
previously cloned the rabbit K3 gene and identified a 300-bp
59-upstream sequence of the gene which can function as a
keratinocyte-specific promoter in cell transfection experiments
(57). We found that at least two DNA elements in the 300-bp
sequence are important for the expression of a reporter gene in
keratinocytes. One of the elements, E, located at bp 2210 to
2181 of the rabbit K3 gene promoter, contains potential overlapping binding motifs for transcription factors Sp1 and AP-2
(56). We have shown that differentiated corneal epithelial cells
contain an Sp1-like nuclear protein that binds to the E element
and that mutations in the Sp1 site abolish over 70% of the

The rabbit K3 gene encodes a type II keratin which belongs
to a family of intermediate filament proteins containing more
than 20 members. The expression of these keratin proteins is
confined to epithelial cells and, in many cases, is tissue restricted and differentiation dependent (20, 37). For example,
we have shown earlier, using monoclonal antibodies against
keratins, that cultured rabbit corneal epithelial cells initially
express basal cell marker K5 and K14 keratins. Later, when the
cells grow exponentially, they turn on the expression of hyperproliferation marker K6 and K16 keratins. Finally, as the confluent cells start to stratify, they turn off K6 and K16 expression
and turn on the expression of differentiation marker K3 and
K12 keratins (47). Thus, the expression of K3 and K12 keratins
is a marker of corneal-type keratinocyte differentiation and is
reciprocal to the expression of K5 and K14. The availability of
the rabbit corneal epithelial cell culture system and keratin
genes therefore offers an attractive system for studying the
regulation of cellular differentiation as well as cell-type-specific
gene expression.
One way to explore the basis of epithelial cell differentiation
is to study how the expression of keratin genes is fine-tuned in
such a way that certain keratins (e.g., K1-K10, K3-K12, K5K14, and K6-K16) are expressed pairwise and why some of
these pairs (e.g., K3-K12 and K5-K14) are expressed reciprocally (48, 49, 54). Results from intensive studies have identified
a growing number of transcription factors implicated in regulating keratin gene expression. For example, transcription factor AP-2 has been shown to regulate expression of the K14
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Rabbit corneal epithelial cells cultured in the presence of 3T3 feeder cells undergo biochemical differentiation, as evidenced by their initial expression of K5 and K14 keratins characteristic of basal keratinocytes,
followed by the subsequent expression of K3 and K12 keratin markers of corneal epithelial differentiation.
Previous data established that mutations of an Sp1 site in a DNA element, E, that contains overlapping Sp1
and AP-2 motifs reduce K3 gene promoter activity by 70% in transfection assays. We show here that Sp1
activates while AP-2 represses the K3 promoter. Although undifferentiated corneal epithelial basal cells
express equal amounts of Sp1 and AP-2 DNA-binding activities, the differentiated cells down-regulate their Sp1
activity slightly but their AP-2 activity drastically, thus resulting in a six- to sevenfold increase in the Sp1/AP-2
ratio. This change coincides with the activation and suppression of the differentiation-related K3 gene and the
basal cell-related K14 keratin gene, respectively. In addition, we show that polyamines, which are present in
a high concentration in proliferating basal keratinocytes, can inhibit the binding of Sp1 to its cognate binding
motif but not that of AP-2. These results suggest that the relatively low Sp1/AP-2 ratio as well as the
polyamine-mediated inhibition of Sp1 binding to the E motif may account, in part, for the suppression of the
K3 gene in corneal epithelial basal cells, while the elevated Sp1/AP-2 ratio may be involved in activating the
K3 gene in differentiated corneal epithelial cells. Coupled with the previous demonstration that AP-2 activates
the K14 gene in basal cells, the switch of the Sp1/AP-2 ratio during corneal epithelial differentiation may play
a role in the reciprocal expression of the K3 and K14 genes in the basal and suprabasal cell layers.
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MATERIALS AND METHODS
Cell cultures. Primary rabbit corneal epithelial cells were grown in the presence of mitomycin-treated 3T3 feeder cells in Dulbecco’s modified minimal
essential medium (DMEM) supplemented with 15% fetal calf serum and 0.5 mg
hydrocortisone per ml as described previously (47). Rabbit corneal fibroblasts,
rabbit kidney simple epithelial cells (a permanent line; ATCC CCL37), and 3T3
fibroblasts were cultured in DMEM supplemented with 10% bovine calf serum.
For suspension culture (23), primary rabbit corneal epithelial cells were grown to
25% confluence, trypsinized, and resuspended in semisolid DMEM supplemented with 15% fetal bovine serum, 0.5 mg of hydrocortisone per ml, and 1.4%
methylcellulose (Sigma) in a 50-ml conical tube at a concentration of 106 cells/ml
and 5 ml/tube.
Northern blot analysis. For the isolation of total cellular RNAs, cells cultured
in 100-mm-diameter dishes were washed twice with 10 ml of phosphate-buffered
saline (PBS) per dish and lysed in situ by addition of 1 ml of denaturing solution
(25 mM sodium citrate [pH 7.5], 4 M guanidinium thiocyanate [Fluka], 0.5%
N-lauroylsarcosine [Sigma], 100 mM 2-mercaptoethanol) to each culture dish.
The cell lysates were transferred to 1.5-ml microcentrifuge tubes containing 0.4
ml of 100% ethanol. After reduction of the viscosity of the lysates by shearing
genomic DNA with a 22-gauge needle, total cellular RNAs were collected by
centrifugation at room temperature for 5 min at 16,000 3 g. The pelleted RNAs
were resuspended in 300 ml of denaturing solution containing 300 mM sodium
acetate. After extraction with an equal volume of phenol (pH 4.8), the RNAs
were precipitated with 2 volumes of 100% ethanol and collected by centrifugation. Pelleted RNAs were dissolved in 100% formamide (Sigma) and stored at
270°C until analysis. For the determination of K3, K12, and K14 mRNA levels,
5-mg aliquots of isolated total cellular RNAs from different cells were fractionated in a 1% denaturing agarose gel. The fractionated RNAs were transferred to
a piece of nitrocellulose membrane for hybridization. Specific cDNA fragments
of rabbit K3 (57), rabbit K12 (58), and mouse K14 (provided by S. H. Yuspa)
were 32P labeled and used as probes to detect the mRNA expression levels of
these keratins. For the determination of Sp1 and AP-2 mRNA levels, 20-mg
aliquots of isolated total cellular RNAs from different cell types were used. In
this case, 32P-labeled full-length cDNA fragments of human Sp1 (29) and AP-2
(55) (provided by R. Tjian) were used as probes. The probes were detected by
autoradiography.
Preparation of nuclear extracts. Cells were cultured in 100-mm-diameter
dishes, washed twice with 10 ml of ice-cold PBS per dish, dissociated by
trypsinization, and collected by centrifugation in a 50-ml tube. Pelleted cells were
washed twice with 10 ml of ice-cold PBS/107 cells. One milliliter of ice-cold
hypotonic buffer (20 mM HEPES-HCl [pH 7.6], 1 mM EDTA, 10 mM NaCl, 14
mM 2-mercaptoethanol, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 10 mg each of leupeptin and aprotinin [Sigma] per ml) was added to
resuspend the cells. The cell suspension was then transferred to a 1.5-ml microcentrifuge tube and incubated on ice for 15 min. The tube was vortexed briefly
after incubation and centrifuged for 30 s at 16,000 3 g at room temperature.
After being washed twice with 1 ml of ice-cold hypotonic buffer, the pelleted
nuclei were extracted with 100 ml of extraction buffer (20 mM HEPES-HCl [pH
7.6], 1 mM EDTA, 430 mM NaCl, 14 mM 2-mercaptoethanol, 0.5% Nonidet
P-40, 1 mM phenylmethylsulfonyl fluoride, 10 mg each of leupeptin and aprotinin
per ml) for 20 min on ice with occasional shaking. Nuclei were pelleted by
centrifugation for 10 min at 16,000 3 g at 4°C after extraction. The supernatant
was transferred to a new tube without further dialysis. After determination of

protein concentration, aliquots of the isolated nuclear extracts were snap frozen
with liquid nitrogen and stored at 270°C until use.
Electrophoretic mobility shift assay (EMSA). Nuclear extracts of various cell
types were incubated in a final volume of 20 ml with 32P-labeled double-stranded
synthetic oligonucleotides for 30 min at room temperature. A typical reaction
mixture contained 20 mg of nuclear proteins, 1 ng (105 cpm) of 32P-labeled probe,
20 mM HEPES-HCl (pH 7.6), 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40,
12.5% glycerol, 14 mM 2-mercaptoethanol, 150 mg of poly(dI-dC) (Pharmacia)
per ml, and 0.01% bromophenol blue. In selected experiments, 100-ng aliquots
of unlabeled double-stranded synthetic oligonucleotides were included as specific competitors. The 32P-labeled probes used included the E element (59-CA
GCGCCCGCCCCCTGCAGGGTAGGCC-39), an Sp1-binding element (59-AT
TCGATCGGGGCGGGGCGAGC-39) (30), an AP-2-binding element (59-GAT
CGAACTGACCGCCCGCGGCCCGT-39) (33), an AP-1-binding element (59CGCTTGATGAGTCAGCCGGAA-39) (42), a c-Myc-binding element (59-TC
AGACCACGTGGTCGGGTGTTCCTGA-39) (43), and an NF1-binding
element (59-CCTTTGGCATGCTGCCAATATG-39) (45). In experiments involving specific antibodies against Sp1 and AP-2, the antibodies were added at
the end of the first incubation as described above, and the incubation was
extended for an additional 30 min. Both Sp1 and AP-2 antibodies (Santa Cruz
Biotechnology) used in this study are affinity-purified rabbit polyclonal antibodies. The Sp1 antibody recognizes an epitope corresponding to amino acid residues 520 to 538 of human Sp1 (29); it reacts with the p95 and p105 Sp1 proteins.
The AP-2 antibody recognizes an epitope corresponding to amino acid residues
420 to 437 of human AP-2 (55). In experiments involving recombinant human
Sp1 and AP-2 (rSp1 and rAP-2; Promega), 20 mg of bovine serum albumin and
5 mg of poly(dI-dC) per ml were used. After incubation, the reaction mixtures
were loaded onto a 6% native polyacrylamide gel. Electrophoresis was carried
out as described previously (56), and probes were detected by autoradiography.
UV cross-linking. A probe containing the E element of the 300-bp K3 gene
promoter was prepared as described below for UV cross-linking experiments.
Briefly, 33 ng of a 10-mer synthetic oligonucleotide (59-GCCAGCGCCC-39) was
annealed to 100 ng of another complementary 30-mer synthetic oligonucleotide
(59-AGGCTTACCCTGCAGGGGCGGGGGCCTGGC-39). The annealed oligonucleotides were then filled in by the action of Klenow enzyme in the presence
of 100 mCi of [32P]dCTP and 0.2 mM each dATP, dGTP, and bromodeoxyuridine (Sigma). One nanogram (3 3 105) cpm of the 32P-labeled E element was
used in an EMSA. After electrophoresis, the gel was irradiated with UV light
(254 nm) for 30 min and subsequently exposed to X-ray film for 4 h at 4°C.
Selected DNA-protein complexes were detected by autoradiography, excised
from the gel, and separated in a sodium dodecyl sulfate–polyacrylamide gel,
using 14C-labeled proteins (Gibco BRL) as molecular weight markers.
Construction of a mutant K3 promoter. Construction of the 300-bp K3 promoter with mutations in both B and E elements has been described elsewhere
(57). For construction of the 300-bp K3 promoter with mutations that specifically
destroy functional Sp1- or AP-2-binding motifs, we adapted the method described by Deng and Nickoloff (16). In short, two synthetic oligonucleotides,
59-CGCCCAGCGCAATCCCCCTGCAG-39 and 59-GCCCCCCTGCATTTTA
AGCCTGCC-39, containing mutations in the sequences critical for the binding
of Sp1 and AP-2, respectively (the mutant nucleotides are underlined), were
individually annealed to denatured plasmids containing the wild-type 300-bp K3
promoter, in the presence of another synthetic oligonucleotide which serves as a
selection primer. T4 DNA polymerase and ligase (New England BioLabs) were
added to replicate the plasmids. The replicated double-stranded plasmids were
subsequently digested by a specific restriction enzyme which recognizes only a
cutting site in the selection primer of wild-type plasmids, not in plasmids containing mutations at the same position. Thus, after restriction enzyme digestion,
the mutant plasmids remain intact and have a much higher efficiency for bacterial
transformation. By taking advantage of this fact, K3 promoter-driven chloramphenicol acetyltransferase (CAT) reporter gene constructs containing the desired mutations were selected, and the mutated sequences were confirmed by
DNA sequencing.
Transient transfection and CAT assay. Primary rabbit corneal epithelial cells
were cultured to 50% confluence and fed with fresh medium before transfection.
Typically, 5 mg of K3 promoter-driven CAT reporter plasmid DNA and 1 mg of
RSV/lacZ plasmid DNA were mixed with 0.5 ml of solution A (250 mM CaCl2
in distilled H2O), 0.5 ml of solution B [50 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid, 280 mM NaCl, 1.5 mM Na2HPO4 (pH 6.95)] (10) was then
added, and the mixture was incubated at room temperature for 20 min. The
calcium phosphate-DNA solution was added dropwise to the entire medium, and
the medium was swirled gently before the dish was returned to the incubator.
Twenty-four hours later, the culture medium was removed and the cells were
refed with fresh medium. Another 24 h later, the cells were harvested and CAT
assays were performed as described previously (57), using b-galactosidase activity as an internal control.
Stable transfection and CAT assay. To obtain corneal epithelial cells permanently transfected with CAT reporter genes, cells from the recently established
rabbit corneal epithelial line RCE1 (9) were transfected with different K3 promoter-driven CAT reporter genes and an RSV/neo plasmid (CAT/neo 5 20/1).
Sixteen hours after incubation with the DNA-calcium phosphate precipitation,
the cells were washed with PBS, dissociated by trypsinization, and replated at
1/15 of the original density (one transfected 100-mm-diameter dish plated into 15
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promoter activity (56). These findings suggest that Sp1 plays an
important role in activating expression of the K3 gene in differentiated corneal epithelial cells. However, whether undifferentiated rabbit corneal epithelial cells express the same or
additional E-element-binding activities and how these activities may regulate expression of the K3 gene are not known.
We show in this report that while undifferentiated corneal
basal cells contain about equal amounts of Sp1 and AP-2 that
bind to their overlapping motifs in the E element of the K3
promoter, the differentiated cells contain predominantly Sp1;
such an increase in the Sp1/AP-2 ratio coincides with the stratification and differentiation of the cultured corneal keratinocytes. Mutagenesis experiments established that AP-2 suppresses the K3 promoter, while Sp1, which binds to a GC box
largely overlapping the AP-2 motif, activates the promoter.
The initial occupancy of the E element by the AP-2 suppressor,
coupled with the polyamine-mediated inhibition of Sp1 binding to its motif, may account for the suppression of K3 expression in the basal cells, and the latter occupancy of the E
element by the Sp1 activator may play a role in the differentiation-dependent activation of the K3 keratin gene.
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100-mm-diameter dishes) with mitomycin-treated 3T3 cells. Twenty-four hours
later, the cells were fed with fresh culture medium containing 400 mg of G418
(Sigma) per ml. The culture medium was replaced with fresh selection medium
every 4 days, and the selection continued for 4 weeks until G418-resistant colonies (.100 cells/colony) were established. G418-resistant colonies were pooled
and amplified once for each reporter construct (;100 colonies/construct). Aliquots of the amplified cells were then plated in 60-mm-diameter dishes at 104
cells/dish with 2 3 105 cells of mitomycin-treated 3T3 cells per dish and cultured
in medium containing 200 mg of G418 per ml. After selectively washing off the
3T3 cells with 0.02% EDTA in PBS, we harvested corneal epithelial cells at
different time points during their growth and differentiation. The harvested cells
were divided into two equal portions for the isolation of genomic DNA and cell
extract. The average copy number of the reporter gene carried by the pooled cells
was determined by Southern blot analysis using a 32P-labeled CAT cDNA fragment as a probe. CAT assays were performed with the isolated cell extract, and
CAT activities were normalized by the copy numbers of the reporter gene.

Sp1- and AP-2-like DNA-binding activities are differentially
expressed during rabbit corneal epithelial differentiation. It
has been reported that the presence of an AP-2-binding motif
is important for expression of the K14 gene (33) and that AP-2
mRNA is detected mainly in the undifferentiated basal cells of
developing epidermis (7). These results suggest that AP-2 may
play a role in determining the basal cell-specific expression of
the K14 gene. Furthermore, these findings raise the question as
to whether the AP-2 motif of the E element, which partially
overlaps the functionally important Sp1 motif, plays a role in
modulating K3 gene expression.
To determine whether cultured rabbit corneal epithelial
cells express AP-2 activity during differentiation, we performed
EMSAs to detect the E-element-binding activities in nuclear
extracts prepared from cultured rabbit corneal epithelial cells
at different stages of growth and differentiation in vitro (Fig.
1). The result showed that nuclear extracts of subconfluent
rabbit corneal epithelial cells contain a high level of E-element-binding activities (Fig. 1a, lanes 5 and 6). Inclusion of a
100-fold molar excess of an Sp1- or an AP-2-binding element
in the reactions affected mainly the upper and the lower parts,
respectively, of the major DNA-protein complex (Fig. 1a; compare lane 1 with lanes 3 and 4). These findings suggest that
undifferentiated corneal epithelial cells contain both Sp1- and
AP-2-like activities that can bind to the E element.
The use of an Sp1-binding element, instead of the E element, as a probe detected a high level of Sp1 DNA-binding
activity in nuclear extracts of subconfluent rabbit corneal epithelial cells; this activity dropped only slightly in the postconfluent culture (Fig. 1b, lanes 5 to 10; Fig. 2a). In contrast, AP-2
DNA-binding activity, detected with an AP-2-binding element
as a probe, was abundant in nuclear extracts of subconfluent
cells but dropped precipitously when the cells reached confluence and underwent terminal differentiation (Fig. 1c, lanes 5 to
10; Fig. 2a). Total AP-1 DNA-binding activity, which is present
in all cells tested, was found to remain relatively constant
during corneal epithelial differentiation (Fig. 1d and 2a).
To determine the mRNA levels of Sp1 and AP-2 in relation
to those of the K3, K12, and K14 keratins during the differentiation of cultured rabbit corneal epithelial cells, we performed
Northern blot analysis (Fig. 3). In contrast to the DNA-binding
activities, which dropped during the course of corneal epithelial differentiation (Fig. 1b, 1c, and 2a), the steady-state levels
of Sp1 and AP-2 mRNAs remained relatively constant during
the course of corneal epithelial differentiation (Fig. 3a). As
shown in Fig. 3b, the expression patterns of both K3 and K12
mRNAs are clearly differentiation dependent and are reciprocal to the expression of K14 mRNA. The differentiation-dependent and reciprocal expression of K3 and K14 mRNAs was
further established by using a suspension culture system which

FIG. 1. Sp1 and AP-2 DNA-binding activities are differentially expressed in
cultured rabbit corneal epithelial cells. (a) Nuclear extracts of rabbit corneal
epithelial cells cultured in the presence of mitomycin-treated 3T3 feeder cells
(RCE; lanes 1 to 10), rabbit kidney epithelial cells (RKE; lane 11), rabbit corneal
fibroblasts (RCF; lane 12), rabbit corneal epithelial cells cultured in the absence
of 3T3 cells (RCE*; lane 13), and 3T3 cells (3T3; lane 14) were incubated with
32
P-labeled E element. During incubation, either no competitor (Co) was included (lanes 1 and 5 to 14) or 100-fold molar excesses of the following competitors were included: the E element (lane 2), an Sp1-binding element (S; lane
3), and an AP-2-binding element (A; lane 4). After incubation, the reactions
were subjected to EMSA and the probe was detected by autoradiography. (b to
d) The same experiment was repeated except that an Sp1-binding element (b), an
AP-2-binding element (c), or an AP-1-binding element (d) was used as the probe.
In the AP-1 experiment, 100-fold molar excesses of the AP-1-binding element
(A1, lane 2) and the AP-2-binding element (A2, lane 3) were used as specific
competitors. In this and other following figures involving EMSA, the experiments were performed in the linear range and the unbound probes were not
shown unless otherwise indicated. Note the formation of two specific Sp1-DNA
complexes in panel b, which is consistent with other reports showing that even
the binding of rSp1 with certain binding motifs can generate multiple Sp1-DNA
complexes (17, 24). Also note the drastic decrease in AP-2 DNA-binding activity
in confluent rabbit corneal epithelial cells. The AP-2-like activity of rabbit kidney
simple epithelial cells has a mobility slower than that of corneal epithelial cells.
dpc, days postconfluence.

is capable of inducing the terminal differentiation of keratinocytes (Fig. 3c) (18, 23). Collectively, these results suggest that
although the mRNA levels of Sp1 and AP-2 remain relatively
constant during corneal epithelial differentiation, only undifferentiated rabbit corneal epithelial cells contain high levels of
both Sp1- and AP-2-like DNA-binding activities (Fig. 2a) and
that the ratio of Sp1 to AP-2 DNA-binding activities increases
significantly as cells differentiate (Fig. 2b).
Sp1 and AP-2 are the E-element-binding factors in undifferentiated cells, while Sp1 is the main factor in differentiated
cells. To map the nucleotide sequences required for binding of
the Sp1- and AP-2-like activities to the E element, we synthe-
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sized a panel of mutated E elements containing mutations
covering the overlapping Sp1 and AP-2 motifs (Fig. 4a) and
used them as competitors in EMSAs using the E element as a
probe. The result indicated that the binding of nuclear factors

of subconfluent corneal epithelial cells to the E element was
greatly affected by mutations within a 15-bp sequence (59-CC
GCCCCCTGCAGGG-39) which coincides precisely with the
partially overlapping Sp1-binding (boldface) and AP-2-binding
(underlined) motifs (Fig. 4b). By using an Sp1- or an AP-2binding element, instead of the E element, as a probe, we were
able to locate the sequence required for the binding of the
Sp1-like activity to 59-CCGCCCCCTG-39 (Fig. 4c), and the
AP-2-like activity to 59-CCCTGCAGGG-39 (Fig. 4d), of the
E element. These results clearly show that the Sp1-like and
AP-2-like nuclear factors of corneal epithelial cells bind to
overlapping motifs in the E element of the 300-bp K3 promoter.
To characterize the Sp1-like and the AP-2-like DNA-binding activities present in the undifferentiated rabbit corneal
epithelial cells, we performed immuno-supershift assays and in
vitro reconstitution. We showed in EMSAs that antibodies to
Sp1 and AP-2 were able to induce supershifted bands, with the
concomitant disappearance of the upper and lower parts, respectively, of the major E element-protein complex (Fig. 5a;
compare lanes 1 and 6). A mixture of these two antibodies
abolished the entire E element-protein complex (Fig. 5a, lane
10). Coupled with the observation that the entire E elementprotein complex is abolished in the presence of a mixture of
unlabeled Sp1 and AP-2 probes, this finding shows that the
protein-E element complex is a duplex of Sp1-E and AP-2–E.
This is confirmed by in vitro reconstitution, as the incubation
of rSp1 and rAP-2 with the E element resulted in the formation of protein-DNA complexes identical in mobility to the
upper and lower parts, respectively, of the major E elementprotein complex (Fig. 5a; compare lane 11 with lanes 12 and
13).
To further characterize the E-element-binding proteins, we
performed UV cross-linking experiments. Two major bands
with apparent molecular sizes comparable to the reported molecular sizes of Sp1 (100 to 110 kDa) (29) and AP-2 (50 to 55
kDa) (55) were detected (Fig. 5c, lane 2). Taken together,
these results established that a roughly equal mixture of Sp1
and AP-2 can account for .95% of the E-element-binding

FIG. 3. Differentiating rabbit corneal epithelial cells express K3 and K14 mRNAs in a differentiation-dependent and reciprocal manner. Northern blot analyses were
performed with total cellular RNAs isolated from rabbit corneal epithelial cells (RCE) grown to 25% (lane 3), 50% (lane 4), or 100% confluence (lane 5) and to 1 day
postconfluence (lane 6), 3 days postconfluence (lane 7), and 5 days postconfluence (lane 8), from rabbit kidney epithelial cells (RKE; lane 1), and from rabbit corneal
fibroblasts (RCF; lane 2). The probes used were full-length cDNAs of human Sp1 and AP-2 (a) and specific cDNA fragments of rabbit K3, K12, and mouse K14 (b).
(c) Rabbit corneal epithelial cells were grown to 25% confluence, dissociated by trypsinization, and resuspended in culture medium containing 1.4% methycellulose.
After 0 h (lane 1), 4 h (lane 2), 12 h (lane 3), and 24 h (lane 4) in suspension, total cellular RNAs were prepared and subjected to Northern blot analysis as described
above. Hr, hours after cultured in medium containing methylcellulose. Note the constant level of Sp1 and AP-2, and the differentiation-dependent and reciprocal
expression of K3 and K14 genes, during the course of corneal epithelial differentiation. Also note that rabbit kidney simple epithelial cells and corneal fibroblasts do
not express detectable levels of AP-2 mRNA.
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FIG. 2. The ratio of Sp1 to AP-2 DNA-binding activity increases in a differentiation-dependent manner in cultured rabbit corneal epithelial cells. Nuclear
extracts of rabbit corneal epithelial cells grown to various degrees of confluence
(from 25% confluence to 5 days postconfluence [5dpc]) were incubated with
32
P-labeled Sp1, AP-2- or AP-1-binding elements in the absence of specific
competitors. After incubation, the reactions were subjected to EMSA and the
probes were detected by autoradiography. Relative Sp1, AP-2, and AP-1 DNAbinding activities were quantified by scintillation counting of the excised bands.
(a) Counted values; (b) ratios of Sp1 to AP-2 DNA-binding activities. Note that
differentiated cells (1 day postconfluence or older) contain at least five times
more Sp1 than AP-2 DNA-binding activity.

3059

3060

CHEN ET AL.

FIG. 4. Sp1 and AP-2 bind to overlapping binding sites in the E element of
the 300-bp K3 promoter. (a) Nucleotide sequences of the wild-type (wt) and
mutant (E1 to E14) E elements used for panels b to d. (b) EMSA was performed
with nuclear extracts of cultured rabbit corneal epithelial cells (50% confluence)
and 32P-labeled E element as a probe in the presence of 100-fold molar excesses
of competitors E1 to E14 (lanes 1 to 14). (c and d) The same experiments were
repeated as described for panel b except that an Sp1-binding element (c) or an
AP-2 binding element (d) was used as the probe. Note that no ternary complex
is detected in panel a and that the binding motifs for Sp1 and AP-2 overlap by
five nucleotides (59-CCCTG-39). Identical results were obtained when a longer
probe that contained six additional 59 nucleotides was used (data not shown).

concentrations are known to be able to alter the in vitro sequence-specific DNA-binding activities of several transcription
factors, including the progesterone receptor (51), estrogen receptor (50), NF-kB (12), USF, NF-IL6, and YY1 (40). To
determine whether polyamines can affect the DNA-binding
activities of Sp1 and AP-2, we included spermine at various
concentrations in EMSAs using the E element as a probe. Our
results showed that spermine, at concentrations above 1 mM,
inhibited the formation of the upper part of the major E
element-protein complex (Fig. 8a; compare lanes 6 and 7 with
other lanes). The use of an Sp1-binding element, instead of an
E element, as a probe showed that spermine in this concentration range inhibits the binding of Sp1 to its binding element
(Fig. 8b; compare lanes 6 and 7 with other lanes; Fig. 8g, Sp1)
but has relatively little effect on the binding of AP-2 to its motif
(Figs. 8c and g, AP-2). In other experiments, we found that
spermine inhibits the DNA-binding activities of AP-1 and cMyc (Fig. 8d and e) but enhanced that of NF1 (Fig. 8f). Spermidine yielded similar results (data not shown).
DISCUSSION
Mechanism of the reciprocal expression of K3 and K14
genes in differentiating corneal epithelial cells. We showed in
this report that the differentiation of cultured rabbit corneal
epithelial cells is accompanied by a slight decrease in Sp1
DNA-binding activity (Fig. 1b and 2a) and a severe decrease in
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activities in the undifferentiated rabbit corneal epithelial cells
(50% confluent [Fig. 5a]), while Sp1 is the main activity in
differentiated cells (3 days postconfluent [Fig. 5b and reference
56).
Sp1 and AP-2 bind to the E element of the K3 promoter,
forming distinct protein-DNA complexes. Our EMSAs in
which we incubated the E probe with nuclear extracts containing both Sp1 and AP-2 DNA-binding activities showed the
formation of two partially separated DNA-protein complexes
(Fig. 5a). In vitro reconstitution using highly purified rSp1 and
rAP-2 confirmed the formation of two distinct protein-DNA
complexes (Fig. 5a, lanes 12 and 13). The binding of rSp1 and
rAP-2 to the E element was quite rapid, reaching a plateau in
less than 5 min (Fig. 6a, lanes 1 and 7); similar DNA-binding
kinetics have been reported for the phosphorylated Max homodimer and Myc-Max heterodimer (4). Although it seemed
highly unlikely that Sp1 and AP-2 would be able to bind simultaneously to their largely overlapping motifs (5 of 10 bp for
both Sp1 and AP-2), we incubated a limiting amount of labeled
E element with a mixture of equal amounts of rSp1 and rAP-2
and resolved the complexes under prolonged electrophoretic
conditions. This clearly resolved two bands corresponding to
the rSp1-E and rAP-2–E complexes, with no evidence of ternary complex formation (Fig. 6b, lane 1).
AP-2 suppresses expression of the 300-bp K3 promoter in
cultured rabbit corneal epithelial cells. To determine the functional role of AP-2 in regulating expression of the K3 gene, we
constructed several expression vectors in which a CAT reporter gene was driven by a 300-bp K3 promoter containing
various mutations in its E element and tested them in transient
transfection experiments (Fig. 7a). Consistent with our previous results (56), a mutation of the Sp1 site abolished more than
50% of the K3 promoter activity (Fig. 7b; compare constructs
Wt and 2Sp1). Also consistent with earlier data, simultaneous
mutations (56) of both Sp1- and AP-2-binding motifs of the E
element as well as the NF-kB-binding motif of the B element
abolished more than 80% of the promoter activity (Fig. 7b;
compare constructs Wt and 2B/E). In contrast, a mutation
affecting only the AP-2 motif without affecting the Sp1-binding
motif actually enhanced the K3 promoter activity more than
threefold (Fig. 7b; compare constructs Wt and 2AP-2).
To further explore the role of the Sp1- and AP-2-binding
motifs in regulating the 300-bp K3 promoter activity during in
vitro growth and differentiation of rabbit corneal epithelial
cells, we used a recently established permanent cell line of
rabbit corneal epithelial cells, RCE1, which can recapitulate
the in vitro growth and differentiation process as defined by the
sequential expression of various keratin pairs (9), as well as the
differential regulation of Sp1- and AP-2-like DNA-binding activities (data not shown). We stably transfected such cells with
a CAT reporter gene driven by the 300-bp K3 promoter. Figure 7c shows that this promoter (Wt) indeed drove the reporter gene to express in a differentiation-dependent manner,
mimicking the expression of the endogenous K3 gene. Mutation of the Sp1-binding motif of the K3 promoter had no effect
on its activity in the undifferentiated cells but reduced threefold its activity in differentiated cells (Fig. 7c, 2Sp1). In contrast, AP-2 motif mutation resulted in a significant enhancement of the K3 promoter activity in undifferentiated cells (Fig.
7c, 2AP-2). Taken together, these results established that
AP-2 can function as a repressor, particularly in the undifferentiated basal cells, of the K3 promoter. Our results also indicate that Sp1 functions primarily as an activator of the K3
promoter in the differentiated rabbit corneal epithelial cells.
Polyamines differentially alter the sequence-specific DNAbinding activities of Sp1 and AP-2. Polyamines at physiological
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AP-2 DNA-binding activity (Fig. 1c and 2a). This results in a
significant increase in the ratio of Sp1 to AP-2 DNA-binding
activity when the cells reach confluence and undergo stratification (Fig. 2b). Such a surge in the Sp1/AP-2 ratio coincides
with activation of the K3 gene and reduced expression of the
K14 gene (Fig. 3b). Three lines of evidence suggest that the
balance between Sp1 and AP-2 DNA-binding activities may
play a role in regulating the differentiation-dependent and
reciprocal expression of the K3 and K14 genes. First, results
from both transient and permanent transfection experiments
showed that Sp1 is an activator (Fig. 7b and c; also see reference 56), while AP-2 is a repressor (Fig. 7b and c), of the K3
promoter. Second, under a wide range of experimental conditions, we have not been able to detect the formation of a
ternary complex of the E element, Sp1, and AP-2 (Fig. 6b);
such data suggest that Sp1 and AP-2 bind mutually exclusively
to their overlapping motifs in the E element. Third, AP-2 is
known to be an activator of the K14 promoter (33), and its
expression pattern in developing epidermis coincides with that
of the K14 gene (7). These considerations raise the interesting
possibility that the high level of AP-2 DNA-binding activity in
undifferentiated corneal epithelial cells hinders the binding of
Sp1 to the E element of the K3 promoter, thus resulting in the
suppression of the K3 gene. In the meantime, it is known that
AP-2 can activate expression of the K14 gene in the basal cells
(7). As corneal epithelial cells become differentiated, they
down-regulate their AP-2 DNA-binding activity drastically but
their Sp1 activity only slightly. Such a significant increase in
Sp1 over AP-2 DNA-binding activity may lead to an increased
occupation of the E element by Sp1 and hence the activation of
the K3 gene in differentiated cells. Concurrently, the diminished AP-2 DNA-binding activity in such differentiated cells
may lead to reduced expression of K14 gene. These results
suggest that the differentiation-dependent and reciprocal expression of the K3 and K14 genes in differentiating rabbit
corneal epithelial cells may be accomplished, in part, by a

coordinated regulation of Sp1 and AP-2 DNA-binding activities.
Although AP-2 serves as an activator in the regulation of
many genes, including the K14 gene, it can negatively regulate
the genes encoding acetylcholinesterase (22), prothymosin,
and ornithine decarboxylase (21). Whether AP-2 can also suppress the expression of any other differentiation-related keratin genes is not known. K1, like K3, is a type II basic keratin
which is expressed suprabasally in the differentiated cell layers
of keratinizing epidermis. Roop et al. (44) showed that a human K1 gene in a 12-kb genomic sequence is expressed in
transgenic mice mainly in the differentiated suprabasal cells of
the epidermis, indicating that the cloned sequence contains
sufficient information for tissue-specific and differentiationdependent expression. The 59-proximal promoter of the cloned
K1 gene contains an AP-2-binding motif capable of binding
AP-2 (32) and a 39-distal sequence contains an element capable of mediating the calcium-induced expression of the K1
gene (27, 46). Based on the earlier finding that AP-2 activates
K14 gene expression, it was suggested that the AP-2 binding
motif may cooperate with the 39-distal element to activate
transcription of the K1 gene (46). It would be interesting to test
by mutagenesis whether the AP-2 element of the K1 gene may
actually serve as a negative element analogous to that of the K3
gene reported here.
Role of polyamines in K3 gene regulation. The fact that the
ratio of AP-2 to Sp1 DNA-binding activity drops significantly
during corneal epithelial differentiation (Fig. 2b) suggests that
the E element is initially occupied by AP-2 in undifferentiated
basal cells but is later replaced by Sp1 in differentiated cells.
Since site-directed mutagenesis showed that the binding of
AP-2 and Sp1 to their cognate motifs in the E element can
inactivate and activate, respectively, the K3 promoter (Fig. 7),
the replacement of AP-2 by Sp1 can potentially lead to the
activation of the K3 gene. This hypothesis has two potential
problems. The first has to do with the fact that even in the
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FIG. 5. The E element binds both Sp1 and AP-2 in undifferentiated corneal epithelial cells but only Sp1 in differentiated cells. (a) EMSAs were performed with
P-labeled E element as a probe and nuclear extracts of cultured rabbit corneal epithelial cells (RCE, 50% confluence; lanes 1 to 11), an rSp1 (lane 12), and rAP-2
(lane 13). Some of the reactions include 100-fold molar excesses of competitors (Co) including unlabeled E element (lane 2), an Sp1-binding element (lanes 3 and 9),
an AP-2-binding element (lanes 4 and 7), and a mixture of Sp1- and AP-2-binding elements (lane 5). When indicated, antibodies (Ab) against Sp1 (S; lanes 6 and 7),
AP-2 (A; lanes 8 and 9), or both (S1A, lane 10) were added. (b) The experiment was repeated as described for panel a except with nuclear extracts of corneal epithelial
cells grown to 3 days postconfluence; normal rabbit serum (P; lane 7) was used as a control. (c) EMSA was performed with nuclear extracts of 50% confluent corneal
epithelial cells and 32P-labeled E element as a probe. After electrophoresis, the gel was UV irradiated, and the shifted band (*) shown in panel a was excised and
fractionated in a sodium dodecyl sulfate–10% gel. UV-cross-linked protein-DNA complexes were detected by autoradiography. E9 represents the unbound probe. Note
that the E element binds both Sp1 and AP-2 when the nuclear extracts were prepared from undifferentiated cells (50% confluence) but only Sp1 when the nuclear
extracts were prepared from differentiated cells (3 days postconfluence).
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5-day postconfluent culture, we can still detect some AP-2
DNA-binding activity (Fig. 1c, lane 10), which could result in
the incomplete activation of the K3 promoter. This is unlikely
to be the case, however, since we know that even highly stratified corneal epithelial colonies still possess an undifferentiated
basal cell layer (47), which can easily account for the low level
of AP-2 activity detected in these cultures (approximately 5 to
10% of the level in subconfluent cultures [Fig. 1c, lane 10]).
Another potential problem has to do with the fact that even the
earliest culture that we studied (at 25% confluence) contained
a significant amount of Sp1 DNA-binding activity (roughly
equal to the AP-2 DNA-binding activity of the same culture
[Fig. 1b and c]). Although small colonies of cultured rabbit
epidermal and esophageal keratinocytes are known to stratify,
rabbit corneal epithelial colonies remain largely a monolayer
until cells reach confluence (47). Therefore, the observed Sp1
DNA-binding activity cannot be accounted for by contaminating suprabasal cells. In this regard, our observation on the
effects of polyamines on the binding of Sp1 and AP-2 to their
respective motifs is of interest. Our data indicate that spermine
and spermidine, at concentrations of 1 to 10 mM, which are
within the physiological range (reviewed in reference 15), can
drastically inhibit Sp1 binding to its motif (Fig. 8a, b, and g) but
have little effect on the AP-2 binding (Fig. 8a, c, and g). It has
been reported that polyamines can differentially affect the
binding of transcription factors, including the progesterone
receptor (51), estrogen receptor (50), NF-kB (12), USF, NFIL6, and YY1 (40), to their cognate binding motifs. In addition, we showed here that polyamines, at physiological concentrations, can inhibit the binding of AP-1 and c-Myc, but
stimulate the binding of NF1, to their binding elements (Fig.
8d, e, and f). Taken together, these data indicate that polyamines can play a potentially important role in modulating
differentially the binding affinities of a large number of transcription factors to their cognate DNA motifs. The mechanism
of this effect is not clear, although it is known that these
polycationic molecules can induce the B-to-Z transition of
DNA conformation (25, 52, 53). This differential modulation
can be biologically significant because the synthesis of polyamines is known to be up-regulated in proliferating cells. Indeed, Baze et al. (3) showed that the proliferating basal cells of

FIG. 7. AP-2 and Sp1 function as repressor and activator, respectively, of the
K3 promoter. (a) Partial nucleotide sequences of the 300-bp K3 promoter showing the sequence of the B element that contains an NF-kB motif and the E
element that contains overlapping Sp1 and AP-2 motifs. The mutated nucleotides are shown boldface and underlined. (b) Rabbit corneal epithelial cells
grown to 70% confluence were transiently transfected with a CAT reporter gene
driven by one of the four types of K3 promoter shown in panel a. The constructs
are Wt (wild-type promoter), 2Sp1 (promoter without a functional Sp1-binding
site), 2AP-2 (promoter without a functional AP-2-binding site), and 2B/E
(promoter without functional binding sites for NF-kB, Sp1, and AP-2). Relative
CAT activities were determined 48 h after transfection. (c) A permanent cell line
of rabbit corneal epithelial cells was cotransfected with a plasmid containing a
neo gene driven by a cytomegalovirus promoter plus a the reporter construct
(Wt, 2Sp1, or 2AP-2). G418-resistant colonies were selected and pooled for
each reporter construct. Relative CAT activities were determined at different
time points during the growth and differentiation of these cells. Note that in
panel c, the K3 promoter without a functional AP-2-binding motif is much more
active than the wild-type promoter in subconfluent cultures. dpc, days postconfluence.

human epidermis contain a much higher polyamine level than
the suprabasal cells. If a similar gradient of polyamines exists in
corneal epithelial colonies, the high concentration of polyamines in the basal cells can potentially attenuate the binding
of Sp1 to the E element, thus ensuring its occupancy by AP-2.
This can result in a more complete inactivation of the K3
promoter in undifferentiated basal cells.
Regulation of Sp1 and AP-2 activities in differentiating corneal epithelial cells. Our data indicate that there is a progressive decrease in Sp1 DNA-binding activity (Fig. 1b and 2a)
during the course of in vitro corneal epithelial differentiation.
However, the steady-state mRNA level of Sp1 remains relatively constant during this process (Fig. 3a), raising the possibility of posttranscriptional regulation. The DNA-binding activity of Sp1 can be modulated posttranscriptionally through
protein phosphorylation. Leggett et al. (34) have detected
phosphorylated Sp1 in the nuclear extracts of brain, kidney,
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FIG. 6. Recombinant Sp1 and AP-2 bind to the E element of the K3 promoter, forming distinct protein-DNA complexes. (a) rSp1 (lanes 1 to 6) or rAP-2
(lanes 8 to 12) was incubated at room temperature with an equal molar amount
of 32P-labeled E element. After 5 min (lanes 1 and 7), 10 min (lanes 2 and 8), 15
min (lanes 3 and 9), 20 min (lanes 4 and 10), 25 min (lanes 5 and 11), and 30 min
(lanes 6 and 12), the reaction mixtures were subjected to EMSA (electrophoresis
started at 5 min). The probe was detected by autoradiography. (b) A limiting
amount of 32P-labeled E element was incubated with a mixture of equal amounts
of Sp1 and AP-2 proteins at room temperature for 60 min before EMSA.
Electrophoresis in these EMSAs was carried out for 3 (instead of 1.5) h so that
the rSp1-E and rAP-2–E complexes were better separated. Note that in panel a,
the binding of Sp1 and AP-2 to the E element was completed within 5 min and
that in panel b, under our experimental conditions, Sp1 and AP-2 formed distinct
protein-DNA complexes without any evidence of ternary complex formation.
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FIG. 8. Spermine differentially alters the sequence-specific DNA-binding activities of several transcription factors. (a) EMSA was performed with nuclear
extracts of cultured rabbit corneal epithelial cells (50% confluence) and 32Plabeled E element as a probe in the absence (lane 1) or presence of 1024 mM
(lane 2), 1023 mM (lane 3), 1022 mM (lane 4), 1021 mM (lane 5), 1 mM (lane
6), and 10 mM (lane 7) spermine. (b to f) EMSA was repeated as described for
panel a except that the probes used were either an Sp1-binding element (b), an
AP-2-binding element (c), an AP-1-binding element (d), a c-Myc-binding element (e), or an NF1-binding element (f). (g) EMSAs were carried out as described for panels b and c. After autoradiography, specific protein-DNA complexes were excised, counted, and plotted. Note that spermine at concentrations
between 0.1 and 10 mM can drastically inhibit the in vitro DNA-binding activity
of Sp1 but not that of AP-2.

and liver. Moreover, they showed that dephosphorylation resulted in a 10-fold increase in the DNA-binding affinity of Sp1
and that casein kinase II, a serine/threonine kinase, was able to
phosphorylate Sp1 and to reduce its DNA-binding affinity. The
DNA-binding activity of Sp1 can also be modulated posttranscriptionally through its association with the retinoblastomarelated protein p107 (14), the retinoblastoma-associated 20kDa protein Sp1-I (11), and the ubiquitous nuclear protein p74
(38). Further investigation is required to determine whether
corneal epithelial Sp1 is regulated by any of these mechanisms.
Although the DNA-binding activity of AP-2 is strikingly
down-regulated in differentiated corneal epithelial cells (Fig.
1c and 2a), our data indicate that, as for Sp1, the steady-state
level of AP-2 mRNA remains relatively constant (Fig. 3a). This
is somewhat inconsistent with a recent report that the expression of AP-2 mRNA in developing mouse epidermis is confined to the dividing basal cells (7). Whether this is due to a
difference in experimental conditions such as in vivo versus cell
culture is unclear. That AP-2 may be regulated at posttranscriptional levels is in accordance with earlier results showing
that AP-2 activity can be modulated by protein kinase C and
cyclic AMP (28), retinoic acid (36), and tetradecanoyl phorbol
acetate (2). Additionally, an AP-2 isoform, AP-2B, has recently
been identified and shown to be able to inhibit the DNAbinding activity of AP-2 (5). It would be interesting to determine whether corneal epithelial cells also express AP-2B in a

differentiation-dependent manner and whether this can account for the down-regulation of AP-2 DNA-binding activity.
The expression of K3 keratin is one of the hallmarks of
differentiated corneal epithelium. Based on the results described in this report, we hypothesize that the transcription of
K3 gene in cultured rabbit corneal epithelial cells is regulated
in part by the availability of transcription factors Sp1 and AP-2,
as well as by the cellular levels of polyamines, as depicted in
Fig. 9. Additional studies are needed to better understand (i)
the signal transduction pathways leading to the differential
regulation of the Sp1 and AP-2 DNA-binding activities; (ii)
how the known differences in the basement membrane composition of central and peripheral cornea lead to suprabasal
and uniform K3 keratin expression, respectively (31, 35); and
(iii) how such a differential pattern of the Sp1/AP-2 ratio
relates to the exclusive location of corneal epithelial stem cells
in peripheral cornea in the limbal zone (13, 47).
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