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Tyrosine aminotransferase gene expression is confined to parenchymal cells of the liver, is inducible by
glucocorticoids and glucagon, and is repressed by insulin. Three enhancers control this tissue-specific and
hormone-dependent activity, one of which, located at —11 kb, is implicated in establishing an active expression
domain. We have studied in detail this important regulatory element and have identified a 221-bp fragment
containing critical enhancer sequences which stimulated the heterologous thymidine kinase promoter more
than 100-fold in hepatoma cells. Within this region, we have characterized two essential liver-specific enhancer
domains, one of which was bound by proteins of the hepatocyte nuclear factor 3 (HNF3) family. Analyses with
the dedifferentiated hepatoma cell line HTC suggested that HNF3« and/or -y, but not HNF3p, are involved in
activating the tyrosine aminotransferase gene via the —11-kb enhancer. Genomic footprinting and in vitro
protein-DNA binding studies documented cell-type-specific binding of ubiquitous factors to the second essential
enhancer domain, which by itself stimulated the thymidine kinase promoter preferentially in hepatoma cells.
These results will allow further characterization of the role of these enhancer sequences in developmental

activation of the tyrosine aminotransferase gene.

Differential gene expression is the basis of cellular diver-
sity in complex organisms. Work from many laboratories has
established that gene activity is regulated by the combinato-
rial action of sequence-specific DNA-binding proteins
which, together with the basic transcription apparatus, con-
trol the frequency of transcription initiation at the promoter.
Binding sites for transcriptional activator proteins, which
mediate cell-type-specific, hormone-dependent, and devel-
opmentally regulated gene expression, can be found in the
vicinity of the transcription start site and in enhancer se-
quences located several kilobases upstream or downstream
(33, 43). More recently, cofactors or adaptors which couple
activator proteins to the basal transcription factors by pro-
tein-protein interaction have been described (reference 42
and references therein).

Studies on liver-specific genes have led to the identifica-
tion of several liver-enriched transcriptional activators, the
majority of which can be grouped into four families (see
references 14 and 61 for reviews): hepatocyte nuclear factor
1 (HNF1) proteins, which contain an extra large homeo-
domain; HNF3 proteins, which have a DNA binding domain
of high homology to the Drosophila protein fork head;
HNF4-related proteins, which belong to the steroid hormone
receptor superfamily; and C/EBP-like proteins, which con-
tain a basic DNA binding domain adjacent to a leucine
zipper. With the exception of the HNF3 proteins, which bind
to DNA as monomers, all of these factors bind as dimers or
heterodimers, thus increasing the complexity of possible
protein-DNA interactions. Recently, HNF4 has been shown
to regulate expression of the HNFla gene, suggesting a
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hierarchical order of liver-specific transcription factors (37,
65).

Tyrosine aminotransferase (TAT) is a gluconeogenic en-
zyme which has been studied as a classical system for more
than 20 years (reviewed in reference 51). The TAT gene is
switched on in the parenchymal cells of the liver shortly after
birth, when hormone levels change dramatically (26, 28).
Gene activity is induced by glucocorticoids and by glucagon,
acting via its intracellular mediator cyclic AMP (cAMP) (25,
29, 58), and is repressed by insulin (60). Our analyses have
defined three enhancers which are responsible for the liver-
specific and hormone-inducible expression of the TAT gene.
The glucocorticoid-inducible enhancer at —2.5 kb contains a
glucocorticoid response element and binding sites for liver-
specific transcription factors of the HNF3 and C/EBP fami-
lies (24, 32, 49, 56). In the enhancer at —3.6 kb, a cCAMP
response element (CRE) synergizes with a liver-specific
element, which is bound by HNF4 (7, 49, 70). This enhancer
also mediates repression by insulin (19). The liver-specific
enhancer, located at —11 kb, activates the TAT gene con-
stitutively (52).

Analyses in transgenic mice have revealed that develop-
mentally regulated expression can be seen only when the
enhancer at —11 kb is part of the transgene (3). Furthermore,
chromatin studies have established that this enhancer is
located in a DNase I-hypersensitive site in fetal liver, before
the TAT gene is expressed (62), indicating that it may be
important to constitute an active expression domain. There-
fore, we have undertaken a detailed analysis of the proper-
ties of this enhancer. Gene transfer experiments defined as
the minimal control region a 221-bp fragment containing two
essential domains, one of which is bound by HNF3 proteins.
Genomic footprinting and in vitro protein-DNA binding
studies documented hepatoma cell-specific binding of ubiq-
uitous proteins to the second liver-specific enhancer domain.
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FIG. 1. Characterization of essential enhancer domains. Different regions from the TAT enhancer at —11 kb were cloned in front of the
TAT promoter driving the bacterial CAT gene (see Materials and Methods for details). The resulting constructs were transiently transfected
into the hepatoma cell line FTO-2B. (A) Constructs analyzed. The enhancer region is depicted at the top, with DNase I-hypersensitive regions
(described in reference 52) marked by black bars and relevant restriction sites indicated underneath. Restriction fragments that were cloned
in position —351 of the TAT promoter are represented by horizontal lines below. Average relative CAT activities from two independent
transfection experiments are shown at the right. The activity of the TAT promoter construct (pTC0.35) was set at 1, corresponding to 0.12
pmol of acetylated chloramphenicol per min per mg of protein. (B) Sequence of the 221-bp enhancer fragment (pTC-11B/N in A) and summary
of results of transfection experiments with 5’ and 3’ deletion constructs, which were generated by unidirectional exonuclease III digestion of
the 221-bp fragment. Selected deletion endpoints are indicated by arrows above (5’ deletions) and below (3’ deletions) the sequence, pointing
to the remaining sequences, and are designated Al to A5 and Bl to B4, respectively. The activity of each deletion construct is given as
percentage of the activity of the wild-type construct pTC-11B/N. Horizontal lines indicate three oligonucleotides (—11/1, —11/2, and —11/3)
which were subsequently cloned in front of the heterologous TK promoter (see Table 1). In all transfection experiments, a Rous sarcoma virus
long terminal repeat-driven luciferase expression vector (15) was cotransfected as internal reference.

gATERIALS AND METHODS

Plasmid constructions. Synthetic oligonucleotides used in
plasmid constructions and gel retardation experiments were
synthesized on an Applied Biosystems synthesizer. The
constructs depicted in Fig. 1A contain different restriction
fragments from the —11-kb enhancer region cloned in front
of the TAT promoter driving the chloramphenicol acetyl-
transferase (CAT) gene (pTCO0.35 [52]). The following re-
striction sites were used (Fig. 1): Pvul (—11116 bp), BstEII
(—10616 bp), Nsil (—10395 bp), StyI (—10030 bp), and Scal
(—9382 bp). Construct pTC-11P/Sc corresponds to pTC-
11HS in reference 52. 5’ and 3’ deletion constructs were
generated by unidirectional exonuclease III digestion of the
221-bp fragment of construct pTC-11B/N, cloned in either
orientation into the Xbal site in the polylinker of pTC0.35.
Deletion endpoints were determined by sequencing. All
constructs containing enhancer sequences cloned in front of

the thymidine kinase (TK) promoter are based on pBLCATS
(6). For the analysis of clustered point mutations, the corre-
sponding wild-type and mutated oligonucleotides (see Fig. 2
and 7) were cloned as HindIII-BamHI fragments in the sense
orientation into the polylinker of pPBLCATS. In constructs
pTTC-11/1, pTTC-11/2, and pTTC-11/3, the following oligo-
nucleotides were cloned in the sense orientation into the
BamHI site of pBLCATS (the sequence of the upper strand
is given): —11/1, 5'-GATCCGCAATCAGTGGCAATAGTG
AAGTCACTGAGCCGGACGTTTCTCAATATTTGCTCT
GGCAGAGA-3'; —-11/2, 5'-GATCCACGCAATCAGTGGC
AATAGTGAAGTCACTGAGCCA-3’; and —11/3, 5'-GATC
CGACGTTTCTCAATATTTGCTCTGGCAGATA-3'. In con-
structs pTTC(—11/3), and pTTC(—11/3mut),, four head-to-
tail copies of oligonucleotides —11/3 and —11/3mut (5'-
GATCCGACGTTTATACATATTTTATCTGGCAGATA-3'),
respectively, are inserted in the sense orientation into the
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BamHI site of pBLCATS. All constructions containing oli-
gonucleotides were verified by plasmid sequencing (8) using
T7 polymerase and the Sequenase (U.S. Biochemical) pro-
tocol. Plasmids were grown in Escherichia coli HB101 and
purified by alkaline lysis and two successive CsCl gradients
followed by dialysis.

Cell culture and transfections. The rat hepatoma cell lines
FTO-2B (35, 36) and HTC (64) were cultured in a 1:1
(volfvol) dilution of Dulbecco’s modified Eagle medium and
Ham F12 medium. XC fibrosarcoma (63) cells were grown in
Dulbecco’s modified Eagle medium. Media were supple-
mented with 10% fetal calf serum, 100 U of penicillin per ml,
100 pg of streptomycin per ml, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES; pH 7.4), and 2
mM glutamine. Cells were grown at 37°C in 5% CO,.
Electroporations (10, 18) were performed with a Gene Pulser
and Capacitance Extender from Bio-Rad. Cells were
trypsinized, washed with Ca®*- and Mg?*-free phosphate-
buffered saline, and resuspended in phosphate-buffered sa-
line at a concentration of 2.2 x 107 cells per ml (FTO-2B) or
1.1 x 107 cells per ml (XC and HTC). A 450-pl volume of cell
suspension was mixed with 50 pl of TE (10 mM Tris [pH 7],
1 mM EDTA) containing 10 pg of plasmid DNA plus 1 pg of
reference plasmid RSVIucA/H. In this construct, provided
by A. Hecht, the firefly luciferase gene (15) is driven by the
Rous sarcoma virus promoter and enhancer. Cells were
immediately transferred into electroporation cuvettes (Bio-
Rad) and pulsed at room temperature with 960 pF and 250 V.
After 5 to 10 min, the cells were diluted in medium contain-
ing charcoal-stripped fetal calf serum and plated.

CAT and luciferase assays. Cells were harvested 48 h after
electroporation, washed twice with phosphate-buffered sa-
line, harvested in 1 ml of 150 mM NaCl-40 mM Tris (pH
7.4)-1 mM EDTA, and collected by low-speed centrifuga-
tion. Extracts were prepared in 250 pl of 250 mM Tris (pH
7.8)-1 mM EDTA-0.2% saponin-1 mM dithiothreitol by
three cycles of freezing and thawing and were cleared by
centrifugation at 10,000 x g at 4°C for 20 min. CAT assays
(23) were performed in a total volume of 200 pl with 250 mM
Tris (pH 7.8), 5 mM EDTA, 1 mM acetyl coenzyme A
(Pharmacia), and 1.25 pCi of [**C]chloramphenicol (New
England Nuclear) per ml (final concentrations). After thin-
layer chromatography, the unacetylated chloramphenicol
and the acetylated forms were quantified by liquid scintilla-
tion counting to determine the conversion rate. Luciferase
activity was determined in 30 ul of freshly prepared extract
as described previously (15).

Genomic footprinting. Methylation of intact cells and of
protein-free DNA, purification of the DNA, restriction di-
gestions, and cleavage with piperidine were performed as
described previously (2). For analysis of the upper strand, 25
ng of piperidine-cleaved DNA was subjected to a linear
amplification reaction as described elsewhere (55), using a
primer corresponding to the upper strand of the TAT se-
quences from bp —10718 to —10693. Amplifications were
performed with 10 U of Taq polymerase (Perkin-Elmer) in 30
cycles with 1 min of denaturation at 92°C, 1 min of annealing
at 64°C, and elongation for 1.7 min at 72°C. For analysis of
the lower strand, 30 pg of genomic DNA was cut by Drall,
purified, and subsequently cleaved with piperidine at the
methylated guanines. The purified DNAs were subsequently
analyzed on a 6% sequencing gel, electroblotted onto Gene-
Screen, baked at 80°C, covalently cross-linked by UV irra-
diation, and hybridized as described elsewhere (2), using a
cDNA probe of high specific activity (71) that recognizes
TAT sequences from bp —10562 to —10677.
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Nuclear extract preparation and DNase I footprinting.
Nuclear extracts used in DNase I footprinting experiments
and in gel mobility shift assays with labeled oligonucleotide
—11/2A were prepared according to Dignam et al. (16), with
modifications (72). Gel mobility shift experiments with oli-
gonucleotide —11/3 were carried out with extracts prepared
as described elsewhere (59). DNase I footprinting experi-
ments were performed as described in reference 41, using 50
wg of nuclear extract or bovine serum albumin (BSA) and
500 ng of poly(dI) - poly(dC) as nonspecific competitor
DNA. The binding reaction was performed for 10 min on ice
in 25 mM HEPES (pH 7.8)-12.5 mM MgCl,-20% glycerol-
100 mM KCl-0.1% Nonidet P-40-1 mM dithiothreitol. Pro-
tein binding was assayed on restriction fragments that were
excised from the constructs containing wild-type or mutated
(M4 and M7) sequences of the enhancer from bp —10562 to
—10507 (Fig. 2). Purified DNA was separated on a 6%
polyacrylamide-50% urea sequencing gel.

Gel mobility shift analyses. In gel shift assays with oligo-
nucleotide —11/2A (5'-GATCTGCCGTGAGACACGCAAT
CAGTGGCG-3'), 7.5 pg of protein was incubated for 10 min
on ice with 10 fmol of labeled oligonucleotide in the presence
of 500 ng of poly(dA) - poly(dT) in 10 mM HEPES (pH
7.9)-70 mM KCIl-6 mM MgCl,—4 mM spermidine-10% glyc-
erol-0.5 mM dithiothreitol. Protein-DNA complexes were
separated in 4% polyacrylamide gels at 15 V/cm in 0.5x TBE
(4.4 mM Tris-borate, 4.4 mM boric acid, 1.0 mM EDTA)
buffer. In gel shift assays with oligonucleotide —11/3 (see
above) 5 pg of extract was preincubated 10 min on ice with
500 ng of poly(dI) - poly(dC) in 20 mM HEPES (pH 7.9)-4%
Ficoll-2 mM MgCl,-40 mM KCI-0.1 mM EGTA [ethylene
glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid]
(pH 8)-0.5 mM dithiothreitol. After addition of 10 fmol of
labeled oligonucleotide and incubation for 10 min on ice, the
protein-DNA complexes were separated on an 8% polyacryl-
amide gel at 15 V/cm in 0.3x TBE (2.64 mM Tris-borate,
2.64 mM boric acid, 0.6 mM EDTA). Specific antisera
directed against HNF3a, -B, and -y (38, 39) were kindly
provided by V. Prezioso and J. Darnell. The oligonucleo-
tides used in competition experiments correspond to the
HNF3 and HNF4 binding sites from the transthyretin gene
(11), the CCAAT box element from the aldolase B promoter
and a mutant thereof (67), the C/EBP site from the hepatitis
B virus enhancer (40), the D element from the albumin
promoter (12, 45), and enhancer domain —11/2B (5'-GATC
TGTGGCAATAGTGAAGTCACTGAGCCG-3').

Methylation interference studies. End-labeled oligonucleo-
tides were partially methylated with dimethylsulfate (DMS)
by standard procedures (44). The amounts of DNA and
protein used for 10 analytical gel retardation reactions were
loaded onto a preparative 4% polyacrylamide gel and, after
separation, visualized by autoradiography. Material corre-
sponding to bound and free fractions was cut out of the gel,
and the DNA was recovered by isotachophoresis (53).
Precipitated DNA was cleaved at the methylated purines by
incubation for 15 min at 92°C in 10 mM phosphate buffer (pH
6.8)-1 mM EDTA and, after addition of 100 mM NaOH, for
a further 30 min at 92°C. Following ethanol precipitation,
equal amounts of radioactive material resuspended in forma-
mide loading buffer were separated on a 15% sequencing gel.

RESULTS

A 221-bp fragment of the rat TAT gene enhancer at —11 kb
confers full enhancer activity and contains two essential do-
mains. A 1.8-kb fragment from the TAT enhancer at —11 kb
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FIG. 2. Analyses of clustered point mutations in enhancer domain —11/2. Clusters of five transversions were introduced into the TAT
sequences from bp —10562 to —10507, generating mutants M1 to M10. The corresponding oligonucleotides were cloned in front of the TK
promoter, and the resulting constructs transfected into FTO-2B hepatoma cells. At the top, the sequence of the wild-type oligonucleotide is
given; below, the transversions introduced in the various mutated oligonucleotides are indicated for the upper strand. The bar diagram depicts
average relative CAT activities obtained in two independent transfection experiments; the activity of the wild-type construct was arbitrarily

set at 100.

activates the TAT promoter more than 100-fold in transient
transfection experiments (52) (pTC-11P/Sc in Fig. 1A). To
define the essential sequences within this important regula-
tory region, we tested the activities of different subfrag-
ments. Figure 1A depicts the results obtained with the rat
hepatoma cell line FTO-2B, which shows high levels of TAT
gene expression. Full enhancer activity was conferred by a
221-bp fragment containing sequences from bp —10616 to
—10395 (pTC-11B/N in Fig. 1A; compare with Fig. 1B). The
increase in activity of constructs —11B/N and —11B/Sc in
comparison with —11P/Sc and —11P/St possibly indicates
that a negative regulatory region is located upstream of
restriction site BstEIl. The 221-bp fragment was further
dissected by analysis of 5’ and 3’ deletions (pTC-11A and
pTC-11B series, respectively). Figure 1B summarizes the
results obtained with selected deletion clones and indicates
the oligonucleotides that were subsequently tested for en-
hancer activity (Table 1). The deletion endpoints A2 and B1
defined 60 bp as critical enhancer sequences within which
activity was lost in two steps (Fig. 1B).

To test enhancer activity in the context of a heterologous

TABLE 1. Strong stimulation of the heterologous TK promoter

by a 35-bp region
Relative CAT
Construct® activity?
PBLCATS ....cuniiiiiiiinciiie et creee e et e s e 1
pTTC-11B/N... 135
pTTC-11IN/B... 143
pTTC-11/1...... 163
PTTC-112...... 145
PTTC-11/3 .. ciiiiiiiniiiiiietceeeteeere e sn e e en s 5

@ The 221-bp fragment in both orientations or oligonucleotide —11/1, —11/2,
or —11/3 (see Fig. 1B) was cloned in front of the TK promoter in pPBLCATS.

® Results of a representative transfection experiment in FTO-2B hepatoma
cellsi The activity of pPBLCATS is set at 1 and corresponds to 0.85 pmol min~*
mg~.

promoter, the 221-bp fragment and three oligonucleotides
that contain important enhancer sequences as defined by the
5’ and 3’ deletion series (Fig. 1B) were cloned in front of the
herpes simplex virus TK promoter. The resulting constructs
are designated pTTC-11B/N, pTTC-11N/B, pTTC-11/1,
pTTC-11/2, and pTTC-11/3. The 221-bp fragment strongly
stimulated the TK promoter in both orientations; constructs
pTTC-11/1 and pTTC-11/2 also showed more than 100-fold
stimulation, whereas construct pTTC-11/3 was only weakly
active (Tables 1 and 2).

The results presented in Fig. 1 and Table 1 document that
a 221-bp fragment containing sequences from bp —10616 to
—10395 activated the TAT and TK promoters >100-fold and
consists of two domains. The first, defined by an oligonucle-
otide encompassing 35 bp from the center of the 221-bp
region (—11/2), stimulated the TK promoter by itself >100-
fold. The second enhancer domain is characterized by two 3’

TABLE 2. Hepatoma cell specificity of both enhancer domains

Relative CAT activity”

Construct®

FTO-2B XC HTC
pBLCATS 1.0 1.0 1.0
pTTC-11B/N 238.0 3.8 34
pTTC-11/2 146.0 8.0 11.0
pTTC(-11/3), 55.0 3.0 2.3
pTTC(—11/3mut), 1.5 ND ND
SV40 74.0 320 46.0

2 The 221-bp fragment, oligonucleotide —11/2, or a construct containing
four copies of oligonucleotide —11/3 or —11/3mut (containing 5-bp exchanges)
was cloned in front of the TK promoter in pBLCATS. The construct
designated SV40 contains five copies of the simian virus 40 enhancer in front
of the TK promoter (46).

b Results of representative transfection experiments in the indicated cell
lines. The activity of pBLCATS is set at 1 in each cell line, corresponding to
absolute values of 0.9 (FTO-2B cells), 102.5 (XC cells), and 4.3 (HTC celis)
pmol min~! mg~!. ND, not determined.



4498 NITSCH AND SCHUTZ

deletion constructs, between the endpoints of which 90% of
enhancer activity is lost (deletion endpoints Bl and B2 in
Fig. 1B). Together, these results also suggest that sequences
outside the two essential domains, designated —11/2 and
—11/3, may contribute to the activity of the enhancer in its
natural position at —11 kb. Whereas in the context of the
heterologous TK promoter, full enhancer activity is con-
ferred by domain —11/2 alone (Table 1), deletion of domain
—11/3 greatly reduces stimulation of the TAT promoter (Fig.
1B). These results are underscored by the observation that
oligonucleotides —11/1 and —11/2 activate the TAT pro-
moter 10- to 20-fold less efficiently than does the 221-bp
enhancer core fragment (data not shown).

Clustered point mutations identify important sequences in
enhancer domain —11/2. To identify individual motifs in
enhancer domain —11/2, we introduced clusters of point
mutations and cloned the different oligonucleotides in front
of the TK promoter (Fig. 2). Transient transfection experi-
ments in FTO-2B hepatoma cells documented significantly
reduced stimulation by the four mutants M4 to M7 and two-
to threefold reductions in activity of the adjacent mutants
(M2, M3, M8, and M9). Mutant M4 showed loss of >95% of
the activity of the wild-type construct, but interestingly, four
of the five base pairs that have been exchanged belong to a
region which can be deleted in the 221-bp fragment without
having any effect (compare deletion endpoints Al and A2 in
Fig. 1B). This result suggests that the enhancer is composed
of several enhancer motifs which are in part functionally
redundant if tested in close proximity to the promoter.

Both enhancer domains are preferentially active in hepa-
toma cells. Previously, we have shown that the activity of the
—11-kb enhancer is restricted to hepatoma cells (52). We
now wanted to determine how this cell type specificity is
determined by the individual subdomains of the enhancer.
Table 2 summarizes the results of transient transfection
experiments in three different rat cell lines. The 221-bp
fragment strongly stimulated the TK promoter in FTO-2B
hepatoma cells but was almost inactive in the fibrosarcoma
cell line XC. The sequences representing domain —11/2 were
also at least 15-fold more active in FTO-2B cells than in XC
cells. Because one copy of enhancer domain —11/3 was only
weakly active (Table 1), we tested the activity of tandem
repeats of it. Four copies of the corresponding oligonucleo-
tide —11/3 strongly stimulated the TK promoter in FTO-2B
hepatoma cells but not in XC fibroblasts. Mutations at five
positions, which were protected in in vivo and in vitro
footprinting experiments (Fig. 3 and 4), abolished this activ-
ity [compare pTTC(—11/3), and pTTC(—11/3mut), in Table
2]. Thus, both subdomains of the TAT enhancer at —11 kb
are preferentially active in differentiated hepatoma cells.

In the dedifferentiated rat hepatoma cell line HTC, steady-
state TAT mRNA levels are 5- to 10-fold lower than in
FTO-2B cells and liver (52). In HTC cells, all constructs
derived from the —11-kb TAT enhancer showed less than
10% of the activity observed in the differentiated hepatoma
cell line FTO-2B (Table 2), correlating with greatly reduced
DNase I hypersensitivity in HTC cells (52).

Genomic footprinting reveals hepatoma cell-specific in vivo
protein-DNA interactions at mutation-sensitive enhancer do-
mains. We performed genomic footprinting experiments to
look for protein-DNA interactions in vivo which might
correlate with the activity and mutation sensitivity of the
enhancer in transient transfection experiments. The experi-
ments revealed a 16-bp duplication within the enhancer in
the H4EIIEC-derived hepatoma cell line FTO-2B compared
with rat genomic DNA of another source (48), so that DNA
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FIG. 3. (A) In vivo footprinting at the TAT enhancer at —11 kb.
FTO-2B cells were cultured overnight in serum-free medium and
then induced for 2 h with 107® M forskolin and 3 x 1077 M
dexamethasone (+) or treated with 0.1% ethanol as a solvent control
(). Intact cells were reacted with DMS and then processed
separately for the upper and lower strands as described in Materials
and Methods. As a control (C), purified genomic DNA was reacted
in vitro with DMS. In each lane, 30 ug of DNA was cut by Drall and
cleaved by piperidine for analyses of the upper strand; for the lower
strand, the DNA was cleaved with piperidine and then linearly
amplified by using Tag polymerase and a primer corresponding to
the upper strand from bp —10718 to —10693. All samples were
subsequently separated on a 6% polyacrylamide gel by electro-
phoresis, electroblotted onto a nylon membrane, covalently cross-
linked, and hybridized against a cDNA probe corresponding to the
upper strand from bp —10718 to —10693. Altered DMS reactivity of
guanine residues is marked by solid squares for enhancements and
open squares for protections. Numbers indicate the positions in base
pairs relative to the start site of transcription. The analysis has
revealed a sequence duplication in FTO-2B cells compared with rat
DNA from other cell lines. Changes in DMS reactivity in the
duplicated region, which corresponds to bp —10554 to —10539, are in
parentheses. XC fibroblasts show a DMS reactivity comparable to
that of the naked control DNA (data not shown). (B) TAT sequences
from bp —10559 to —10478 and summary of the in vivo footprints
observed in FTO-2B hepatoma cells. Enhancements and protections
are depicted as in panel A. The relative positions of the critical
mutants depicted in Fig. 2 and sequences contained in oligonucleo-
tides —11/2 and —11/3 (see Tables 1 and 2) are indicated by horizontal
brackets above and lines between the sequences, respectively.
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FIG. 4. Binding of HNF3 proteins to enhancer domain —11/3.
(A) Protein extracts (5 pg) from FTO-2B (lanes 1 to 8), HTC (lanes
9 to 12), and XC (lane 13) cells were incubated with 10 fmol of
labeled oligonucleotide —11/3 in the presence of 500 ng of poly(dI-
dC) as nonspecific competitor and subsequently separated in an 8%
polyacrylamide gel. Competition experiments were performed by
preincubation of the extract with a 100-fold molar excess of unla-
beled oligonucleotide —11/3 (lane 3) or —11/3mut (lane 4) or an
oligonucleotide containing an HNF3 binding site from the trans-
thyretin gene (11) (lane 2). For immunoshift experiments (lanes S to
8 and 10 to 12), extracts were preincubated with the indicated
antiserum or preimmune serum as a control (c). Arrows point at the
specific HNF3 complexes. (B) Sequence comparison of TAT oligo-
nucleotide —11/3 and the HNF3 binding site from the transthyretin
(TTR) gene. Homologous positions are indicated by vertical lines
between the sequences. Open squares at the TAT sequence mark
guanosines that are protected from methylation in vivo (Fig. 3);
triangles represent guanosines whose methylation interferes with
complex formation in vitro (data not shown).

from DMS-treated XC fibroblasts cannot be directly aligned
with the genomic DNA from FTO-2B cells. In Fig. 3, we
therefore present methylation of protein-free DNA isolated
from FTO-2B cells as a control. Fibroblasts, however, did
not show any differences in DMS reactivity in comparison
with naked DNA, suggesting that no protein-DNA interac-
tions occur in fibroblasts in vivo (data not shown).

On both strands, several prominent differences in DMS
reactivity were evident between uninduced FTO-2B cells
and the control. Induction with both dexamethasone and
forskolin did not result in any additional changes, supporting
previous conclusions that this enhancer is not involved in
hormonal control of the TAT gene (52). The in vivo foot-

CHARACTERIZATION OF THE DISTAL TAT GENE ENHANCER 4499

prints were found within the two essential enhancer domains
—11/2 and -11/3, which are underlined in Fig. 3B. A cluster
of protections and an enhancement was located at sequences
whose mutation resulted in loss of >90% of enhancer
activity (M4 and M5 in Fig. 2). No differences were observed
outside the functionally relevant enhancer sequences. Thus,
the cell-type-specific activity of the enhancer correlates with
in vivo footprints in hepatoma cells at essential enhancer
motifs.

Proteins of the HNF3 family bind to enhancer domain
—11/3. In recent years, several liver-specific transcription
factors have been described and cloned (14, 61). We were
interested in determining whether any of these proteins bind
to the TAT enhancer at —11 kb at those sites determined by
in vivo footprinting experiments. Therefore, we performed
in vitro protein-DNA binding studies with the enhancer
subdomains —11/2 and —11/3. Oligonucleotide —11/3, con-
taining one of the two essential enhancer domains, was used
in gel mobility shift assays. As a control, we used a mutated
oligonucleotide that contains transversions at guanines pro-
tected from methylation in vivo (Fig. 3) and was inactive in
gene transfer experiments (Table 2).

DNA binding reactions with nuclear extracts from
FTO-2B hepatoma cells, but not from XC fibroblasts, re-
sulted in two specific protein-DNA complexes (Fig. 4A,
lanes 1 and 13). Formation of these complexes could be
inhibited by an excess of the wild-type but not the mutated
oligonucleotide (lanes 1, 3, and 4). An HNF3 binding site
derived from the transthyretin promoter (11) also competed
for formation of both complexes (lane 2). With the help of
antisera directed against the liver-specific factors HNF3a,
-B, and -y (kindly provided by V. Prezioso and J. Darnell)
(38, 39), we could show that all three HNF3 proteins
interacted with oligonucleotide —11/3 from the TAT gene
enhancer, with HNF3a and -B contained in the prominent
upper shift and HNF3y corresponding to the lower shift
(lanes 5 to 8). The underlying sequence shows significant
homology to the HNF3 motif of the transthyretin gene, and
methylation interference studies documented a good corre-
spondence to the in vivo footprint, as indicated by open
triangles and squares, respectively (Fig. 3 and 4B and data
not shown).

Gel mobility shift assays with extracts prepared from HTC
cells demonstrated that HNF3B DNA-binding activity was
present; however, HNF3a and -y could not be detected in
this dedifferentiated hepatoma cell line (Fig. 4A, lanes 9 to
12). Four copies of the HNF3 binding site from the TAT
enhancer stimulated the TK promoter >50-fold in FTO-2B
hepatoma cells, which contain all three HNF3 proteins, but
were inactive in HTC cells [pTTC(—11/3), in Table 2]. Thus,
the HNF3B DNA-binding activity observed in HTC cells is
apparently not sufficient to activate the HNF3 binding site
from the TAT enhancer in gene transfer experiments.

Ubiquitous proteins bind to the cell-type-specific enhancer
domain —11/2. We performed in vitro DNase I footprinting
experiments to detect proteins binding to the enhancer
domain —11/2. As shown in Fig. 5, nuclear extracts derived
from hepatoma cells as well as from fibroblasts gave an
extended footprint over the mutation-sensitive region de-
fined in transient transfection experiments (Fig. 2), even
though this enhancer domain was at least 15-fold less active
in fibroblasts than in FTO-2B hepatoma cells (pTTC-11/2 in
Table 2). Analyses of the mutated templates M4 and M7
indicated that the DNase I footprint reflects the binding of
two proteins to adjacent enhancer motifs, the mutation of
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FIG. 5. Binding of two ubiquitous proteins to enhancer domain
—11/2. Fifty micrograms of nuclear extract of the indicated source
or BSA as a control was incubated with restriction fragments end
labeled at the upper strand and corresponding to the wild-type (lanes
1 to 6) or mutant M4 (lanes 7 to 10) or M7 (lanes 11 to 14) sequence
of enhancer domain —11/2 (see Fig. 2). After digestion with DNase
I (6.25 ng/ml in lanes 1, 7, and 11; 12.5 ng/ml in lanes 2, 8, and 12;
75 ng/ml in lanes 3, 5, 9, and 13; 125 ng/ml in lanes 4, 6, 10, and 14),
the DNA was purified and electrophoresed in a 6% denaturing
polyacrylamide gel. Footprints are indicated by brackets on the left
and designated —11/2A and —11/2B, corresponding to the 5’ and 3’
enhancer motif, respectively. A+G, purine-specific sequencing lane
of the wild-type template. On the right, the sequence of enhancer
domain —11/2 is depicted; the DNase I footprints are indicated by
vertical lines. The mutated positions in M2 to M9 (see Fig. 2) are
indicated by brackets.

which resulted in loss of the corresponding protein-DNA
interactions.

We subsequently performed gel mobility shift assays with
labeled oligonucleotides —11/2A and —11/2B, which corre-
spond to the distal and proximal DNase I footprints at the
enhancer motif —11/2. As illustrated in Fig. 6A, we observed
a specific protein-DNA complex with oligonucleotide —11/
2A, which was not formed by a mutated oligonucleotide,
containing a triple-point mutation at base positions that were
protected in methylation interference experiments (Fig. 6A
to C). Competition with several different binding sites,
including the adjacent enhancer motif —11/2B, did not affect
complex formation (Fig. 6A and D, lanes 2). Oligonucleotide
—11/2A contains a striking homology to a CCAAT box motif
found in the aldolase B promoter, which is bound by a
liver-enriched protein (67). Reciprocal competition experi-
ments with the two binding sites and the corresponding
mutants as controls established that the protein binding to
the TAT enhancer is distinct from the factor interacting with
the aldolase B promoter (Fig. 6D, lanes 1 to 6, and data not
shown). Formation of complex —11/2A was also not com-
peted for by the C/EBP binding sites from the hepatitis B
virus enhancer and from the albumin promoter (Fig. 6D,
lanes 7 and 8).
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We observed identical protein-DNA complexes with ex-
tracts prepared from FTO-2B hepatoma and XC fibrosar-
coma cells and from the dedifferentiated hepatoma cell line
HTC, confirming the results of the DNase I footprint exper-
iment. Although the specific complex obtained with oligonu-
cleotide —11/2A is not hepatoma cell specific, we consider it
to be an important protein-DNA interaction, since there is a
good correspondence between the guanines protected in the
methylation interference experiment and the in vivo foot-
print identified over the enhancer domain —11/2A (Fig. 6C).
When oligonucleotide —11/2B was tested in gel shift assays,
it also gave a comparable pattern of retarded complexes with
extracts from all three cell lines (data not shown). The
underlying palindromic sequence resembles a CRE. Compe-
tition experiments and gel shifts with purified CRE-binding
protein (CREB; kindly provided by M. Nichols) demon-
strated that oligonucleotide —11/2B contained a low-affinity
binding site for CREB. However, since the enhancer motif
—11/2 is not influenced by cAMP, the relevance of this
binding is unclear (data not shown). Furthermore, we did not
observe any changes at this CRE-related sequence in
genomic footprinting analysis following treatment with for-
skolin (Fig. 3). Possibly other members of the CREB/ATF
family of transcription factors (74) are important for en-
hancer function.

Distinct point mutations in subdomain —11/2 affect en-
hancer function in vivo and protein-DNA binding in vitro. To
test the significance of the binding of ubiquitous proteins to
the —11/2 domain in vitro, additional gene transfer experi-
ments were performed. We analyzed the activity of oligonu-
cleotides that carry distinct point mutations at nucleotides
whose methylation and mutation interfered with protein
binding in vitro (Fig. 6 and data not shown). Oligonucleo-
tides were cloned in front of the TK promoter and trans-
fected into FTO-2B hepatoma cells. Figure 7 illustrates that
the triple-point mutation, which abolished formation of the
specific complex obtained with oligonucleotide —11/2A
(Amut), reduced the stimulation of the TK promoter by this
enhancer domain to less than 10% of wild-type activity.
Mutation of the palindromic motif (Bmut) resulted in a
fourfold reduction. Thus, distinct point mutations in en-
hancer domain —11/2 interfere with the binding of ubiquitous
proteins in vitro and hepatoma cell-specific enhancer func-
tion in vivo.

In addition, we tested the effect of mutating two guanines
at bp —10535 and —10536, which showed altered reactivity
to DMS in vivo (Fig. 3) and which lie exactly between the
two DNase I footprints illustrated in Fig. 5 (Cmut in Fig. 7).
Mutation of the respective guanines in enhancer domain
—11/2 results in loss of more than 90% of wild-type activity.
Gel mobility shift assays with an oligonucleotide containing
sequences from bp —10526 to —10546 have failed to reveal
any in vitro protein-DNA complex sensitive to mutation of,
and corresponding to the in vivo footprint at, guanines
—10535 and —10536 (data not shown).

DISCUSSION

We have studied in detail a constitutive liver-specific
enhancer located approximately 11 kb upstream of the
promoter of the rat TAT gene. Contained within a 221-bp
fragment are important regulatory sequences which stimu-
lated the heterologous TK promoter more than 100-fold in
differentiated hepatoma cells. We have identified an HNF3
binding site as an essential enhancer motif (—11/3), the
deletion of which resulted in loss of 90% of enhancer
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FIG. 6. (A) Characterization of proteins binding to enhancer domain —11/2A. Ten femtomoles of labeled oligonucleotide —11/2A, which
corresponds to the 5’ half of enhancer domain —11/2 (lanes 2 to 7), or oligonucleotide —11/2Amut (lane 1; see panel C) was incubated with
7.5 ug of extract prepared from FTO-2B hepatoma cells in the presence of 300 ng of poly(dA-dT) and no oligonucleotide (lanes 1 and 3) or
a 40-fold (lanes 4 and 6) or 200-fold (lanes 2, 5, and 7) molar excess of the indicated unlabeled oligonucleotides. A, A™", and B denote
oligonucleotides —11/2A, —11/2Amut, and —11/2B, respectively. Protein-DNA complexes were subsequently separated from the unbound
probe in a 4% polyacrylamide gel. The arrow points to the specific complex. (B) Results of methylation interference experiments for the upper
and lower strand of oligonucleotide —11/2A. Preparative gel mobility shift assays with partially methylated oligonucleotide and FTO-2B
extracts were performed. DNA from the specific complex (lanes C) and the unretarded fraction (lanes F) was isolated and cleaved at
methylated purines as described in Materials and Methods. The purified DNA fragments were separated in a 15% denaturing polyacrylamide
gel. Triangles point at purines whose methylation strongly interferes with complex formation. (C) Summary of the methylation interference
pattern of complex —11/2A and comparison with the in vivo footprint (see Fig. 3). In the sequence of oligonucleotide —11/2A™, the
triple-point mutation is shown in boldface letters. (D) Gel mobility shift experiments with FTO-2B extracts, performed as for panel A in the
absence (—) or presence of a 40-fold (lanes 2 and 4) or 200-fold (lanes 3, S, and 7 to 10) molar excess of oligonucleotides corresponding to a
CCAAT box motif from the aldolase B promoter or a mutant thereof (lanes 2 to 5), the C/EBP binding site from the hepatitis B virus enhancer
(lane 7) or the albumin promoter (lane 8), and HNF3 and HNF4 binding sites from the transthyretin promoter (lanes 9 and 10). (E) Assay in

which extracts prepared from FTO-2B, HTC, and XC cells were incubated with oligonucleotide —11/2A as described for panel A.

activity. A second essential domain (—11/2) is constituted by
a 35-bp fragment, which itself conferred liver cell-specific
activity to the TK promoter. Thus, the enhancer has a
modular structure with at least two liver cell-specific do-
mains. These enhancer motifs are distinct from the essential
elements of the liver-specific TAT enhancer at —3.6 kb, in
which an HNF4 binding site and a CRE synergize to confer
cell-type-specific and cAMP-inducible activity (7, 47, 49,
70). However, HNF3 proteins are also involved in the
activation of the glucocorticoid-inducible enhancer of the
TAT gene in hepatoma cells (49).

Our analysis of transgenic mice carrying reporter genes
with different TAT upstream sequences suggests that the
enhancer at —11 kb is required for regulated expression (3).
We have shown here that the liver-specific factors HNF3a,
-B, and -y (38, 39) are capable of interacting in vitro with an
essential element of this enhancer, giving rise to a methyla-
tion interference pattern which shows a good correspon-
dence to the in vivo footprint observed in hepatoma cells.
HNF3 binding sites have also been identified in the distal
enhancers of the albumin, a-fetoprotein, and phosphoenol-
pyruvate carboxykinase genes (21, 31, 73). In each case, the
enhancers are required for high levels of liver-specific ex-
pression in transgenic mice (9, 27, 54). In the mouse, the
HNPF3a, -8, and -y genes are expressed at day 9, when the
liver bud has just formed (34). This fact is compatible with
the observation that the TAT enhancer at —11 kb is charac-
terized by a DNase I-hypersensitive site in fetal liver which

appears prior to the hypersensitive sites corresponding to
the other regulatory regions of the TAT gene (62). Thus, we
propose that one or all of the HNF3 proteins may be
involved in opening the TAT expression domain.

HNF3 proteins contain a conserved DNA binding domain
with high homology to the Drosophila protein fork head,
which is implicated in the regulation of endoderm develop-
ment (39, 68). The HNF3 proteins bind to the same DNA
sequences in vitro; however, differences in affinity have
been observed among them (39). The HNF3 motif in the
TAT gene enhancer shows a significant sequence homology
to the strong HNF3 binding site in the transthyretin gene
promoter, and it interacts with all three proteins. It is,
however, unclear whether this interaction is more selective
in vivo. Analyses in the dedifferentiated hepatoma cell line
HTC indicate different functional roles of the three HNF3
proteins. Whereas in FTO-2B cells, which express all three
factors, four tandem repeats of the HNF3 motif stimulated
the TK promoter at least 50-fold, the same construct was
inactive in the HTC cell line even though it contains high
levels of HNF3B DNA-binding activity. Since we also did
not observe any in vivo footprint at the HNF3 motif in HTC
cells (data not shown), it appears that HNF3pB does not bind
in vivo. One possible explanation is that in HTC cells,
HNF38 is lacking some modification which is essential for
its activity. Recently, two putative casein kinase I phosphor-
ylation sites have been described (53a). Another, more
speculative interpretation of the results obtained with the
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FIG. 7. Mutation of the binding sites for the ubiquitous proteins
results in reduced enhancer activity. FTO-2B cells were transfected
with constructs containing either the wild-type (wt) sequence of
enhancer domain —11/2 or distinct mutants thereof in front of the
TK promoter driving the CAT gene. (A) Mutations and relationship
to in vivo and in vitro protein-DNA interactions. Open and filled
squares correspond to guanosines that show reduced and enhanced
reactivity to DMS treatment in vivo, respectively; triangles indicate
guanosines whose methylation interferes with protein binding in
vitro (Fig. 3B and 4B and data not shown); horizontal arrows outline
the palindromic sequence underlying enhancer motif —11/2B. (B)
Results of transfection experiments in FTO-2B cells, showing the
relative CAT activities of the different constructs. The activity of the
wild-type construct was set at 100. The mean values and standard
deviations of three independent experiments are given.
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HTC cell line is that HNF3a and/or -y but not HNF3p are
involved in activating the TAT gene via the enhancer at —11
kb. Functional differences between the three HNF3 proteins
are also suggested by the differential expression of the
respective genes in hepatoma x fibroblast hybrids, in which
expression of HNF3B and -y but not HNF3a is down-
regulated (50).

The second liver-specific enhancer domain (—11/2) inter-
acts in vitro with two ubiquitous proteins, whereas in vivo
protein binding seems to be restricted to hepatoma cells, as
evidenced from genomic footprinting experiments. Although
it cannot be excluded that the corresponding liver-enriched
factors have not been detected in the in vitro analyses, the
identification of distinct point mutations which abolish pro-
tein binding as well as enhancer activity strongly suggests a
role of the corresponding proteins in enhancer function.
Cell-type-specific in vivo binding of ubiquitous proteins has
been observed before (1). These data suggest that transcrip-
tion factors which are ubiquitously expressed can also
contribute to tissue-specific expression patterns. Several
different mechanisms, which could act on the level either of
the regulatory protein or of the target DNA, can be envis-
aged.

Changes in chromatin structure and/or DNA modifications
could influence the binding of factors to their target DNA. A
function of chromatin structure in the control of gene activ-
ity is suggested by several observations, including the re-
pression of in vitro transcription by nucleosomes and histone
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H1 and the specific loss of positioned nucleosomes during
hormone induction (see reference 17 for a review). The role
of CpG methylation is still unclear; however, the recently
described proteins, which specifically interact with methyl-
ated DNA, could mediate a possible regulatory function in
the control of gene expression (reference 5 and references
therein). In the TAT gene, CpG methylation is observed at
control regions in nonexpressing cells; however, demethy-
lation of the genomic DNA did not restore in vivo protein
binding (1, 69). Thus, DNA methylation is probably not a
primary regulator of protein-DNA interactions in vivo.

Modification, in particular phosphorylation, of transcrip-
tion factors is a frequent event (reviewed in reference 30). It
also contributes to the liver cell specificity of the TAT
enhancer at —3.6 kb, where hepatoma cell-specific binding
of the ubiquitous factor CREB is regulated by protein kinase
A (47, 70). In addition, the transcriptional activation by
CREB is regulated by phosphorylation (22). The activity of
ubiquitous factors could be controlled also by cell-type-
specific protein-protein interactions involving adaptors (20)
or heterodimerization. Of particular interest are the exam-
ples of dominant repressors, which have been described for
several groups of cell-type-specific transcription factors such
as the helix-loop-helix, POU, and C/EBP families (4, 13, 57,
66). Cloning of the proteins binding to the enhancer domain
—11/2 will help to elucidate whether protein modification
and/or specific protein-protein interactions restrict the bind-
ing in vivo to hepatoma cells.
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