One Factor Recognizes the Liver-Specific Enhancers
in o;-Antitrypsin and Transthyretin Genes
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Four different regulatory sites required for transcriptional stimulation by the en-
hancers of two unrelated liver-specific genes o;-antitrypsin and transthyretin appear to
bind the same nuclear protein that is found mainly in the liver. Such proteins may
provide a basis for a coordinated, hepatocyte-specific control of gene transcription.

THE REGULATION OF GENE EXPRES-
~ sion in mammalian cells is an area of
intense research activity. Nuclear
proteins that are present in a wide variety of
cell types and that play a role in expression
of RNA -polymerase II transcription units
have been discovered, several have been
purified, and the genes encoding these gen-
erally distributed factors already are or are
soon to be cloned. An emerging rule regard-
ing the regulatory elements controlling
widely expressed viral genes (I-3) and cer-
tain cellular genes [histones (4, 5), human
thymidine kinase (6), metallothionein (7),
and heat shock (8)] is that multiple DNA
regions are required for the expression of
each gene. The functionally defined DNA
elements are recognized by different pro-

teins found in many cell types, and this

interaction is required for active transcrip-
tion of these genes. The resulting interac-
tions between protein and DNA play a role
in mediating the transcriptional activity of
these genes.

Cell-specific, coordinated control of
groups of genes that are expressed only or
mainly in a single tissue or a single cell type
raises three important questions: Do these
genes also require multiple protein factors
for expression? If so, are any of the factors
limited in cell distribution, perhaps to a
single differentiated cell type? Finally, do
any such cell-specific factors regulate several
genes coordinately?

To answer these questions we have been
analyzing mouse genes transcribed only (or
mainly) in hepatocytes (9-12). Upstream
enhancer sequences as well as sequences
proximal to the RNA start site in two of
these genes, aj-antitrypsin («1-AT) and
transthyretin (TTR), are required for cell-
specific expression in a human hepatoma
(Hep G2) cell line (13, 14). In the 100-
nucleotide-long enhancer region of the TTR
gene, three DNA regions are required for
full activity. Two of these sequences repre-
sent independent protein-binding sites that
interact with a factor that is liver-specific,
while a third region binds a widely distribut-
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ed factor (13). Here we show that the three
DNA regions within the a1-AT enhancer,
each of which is required for function (14),
are recognized by factors that are shared
between these two enhancers. Four of these
sites compete for the same liver-specific pro-
tein factor, whereas two sites compete for a
factor in all of the extracts tested.

A diagram of the relevant regulatory re-
gions of the two genes TTR and al-AT is
shown (Fig. 1A). Both these genes are
expressed at high rates in the liver at the
same period during mouse development and
are not transcribed in the majority of other
cell types in the animal (11). The proteins
encoded by the two genes are secreted into
the blood, but the protein sequences and
their associated functions are unrelated (15,
16). For maximal cell-specific transcription,
both genes require sequences within the first
150 to 200 nucleotides 5’ to the RNA start
site (promoter proximal elements) and more
distant cell-specific enhancer elements (13,
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of the TTR and al-AT genes of
mice. The start sites and direction
of RNA synthesis are indicated by
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14). Both the enhancer and promoter proxi-
mal sequences are required for maximal
transcription in hepatoma cells, but neither
enhancer nor promoter proximal sequence
are active in HeLa cells (13, 14). The neces-
sary protein-binding regions in the TTR
enhancer are labeled 1, 2, and 3 and those in
the a1-AT enhancer are labeled A, B, and C.
The sequences of the oligonucleotides are
given in Fig. 1B and are discussed below.
No obvious conserved sequence exists in
the protein-binding sites of the a1-AT or of
the TTR enhancer or promoter regions. In
spite of the apparent lack of sequence simi-
larity, sites 2 and 3 in the TTR enhancer
region cross-compete in protein-binding or
gel-shift assays (13). Therefore, we deter-
mined whether any of the binding sites (A,
B, or C) in the a1-AT enhancer region were
related to each other. Protein-binding ex-
periments with both methylation-protection
and methylation-interference assays (14)
had defined 15 to 20 nucleotide-binding
sites in the regions designated A, B, and C.
Therefore, we synthesized oligonucleotides
(25 to 30 bp from each strand) that corre-
sponded to the binding sites in the A, B, and
C regions (Fig. 1B). Each of these double-
stranded oligonucleotides was end-labeled
and incubated with nuclear extracts of liver
or Hep G2 cells (Fig. 2, left). Each oligonu-
cleotide bound to a presumed factor or
factors and exhibited one or more slowly
migrating or “shifted” bands after gel elec-
trophoresis and autoradiography (17, 18).
The bands were specific for the particular
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arrows. The open blocks of sequence show immediate upstream promoter proximal regions (to —202
nt in TTR and —160 nt in «1-AT) that serve a hepatoma cell-specific promoter function resulting in
low-level expression. Not shown are the TATA consensus sequences located at position —30 nt relative
to the RNA start sites. Sequence blocks further upstream (~—1.8 to —1.9 kb for TTR and —190 to
—500 bp in al-AT) serve a hepatoma cell-specific enhancer function resulting in a 10- to 30-fold
transcriptional induction (13, 14). Double-stranded oligonucleotides 1, 2, and 3 of TTR and A, B, and
C of al-AT were constructed from each gene sequence to include 25- to 28-nucleotide stretches to
which liver and hepatoma nuclear proteins were shown to bind (13, I4). These DNA regions were
necessary for full enhancer activity. (B) Proposed consensus sequence for liver-specific and common
binding sites within the TTR and «l-AT enhancers. The first five lines are the sequences of
oligonucleotides used. The alignment maximizes overlap in a proposed binding site of a liver-specific
factor (sixth line). Oligomer C is shown in two alignments since base contacts have been observed in
two areas of this oligonucleotide region. Boldface letters represent sites where methylation protection
and interference experiments indicated protein binding (13, 14). Within the consensus region, two
mutant sequences of oligomer 3 were constructed [lines 7 and 8; oligo 3(4X) and oligo 3(2x)]. The
dots indicate the altered bases within the sequence. The bottom three lines show the relation to the AP-
1 consensus (19, 20) of the sequences within the TTR oligomer 1 and the a1-AT oligomer B.
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oligonucleotide because unlabeled homolo-
gous oligonucleotide in a 50-fold molar
excess was capable of interrupting the for-
mation of the different gel-shift bands. This
assay allowed us to compare the specific
nuclear-binding proteins recognizing the
various al-AT oligonucleotides.

In cross-competition experiments unla-
beled oligomer A interrupted the band shift
of labeled oligomer C and vice versa (Fig. 2,
left side, left and right). However, when
oligomer B was labeled and used in a gel-
shift assay neither unlabeled oligomer A nor
C competed the specific shifted band (Fig.
2, left, center). The unlabeled oligomer B
did, however, reduce the formation of gel-
shift bands by labeled oligomers A or C but
did not block these bands completely. Thus
the pattern previously seen in the TTR gene
was also observed with the a1-AT enhancer:
multiple binding sites existed within an en-
hancer region, at least two of which were
related.

Oligomer B
-ABC

Oligomer C
-ABC

Oligomer A
- ABGC

Fig. 2. Cross-competition experiments with vari-
ous oligonucleotides. Gel-shift assays (13, 14, 17,
18) involved end-labeling double-stranded oligo-
nucleotides by filling in the unpaired ends with
32p-labeled deoxyribonucleotides. The resulting
labeled product (1 ng) was incubated with pro-
teins extracted from nuclei of human hepatoma
cells (6 to 8 g of protein in a 20-ul volume in the
presence of 4 to 6 pg of the double-stranded
alternating  heteropolymer  poly(dI-dC). The
products of the reaction were separated by elec-
trophoresis through a nondenaturing acrylamide
gel, and DNA-protein complexes were detected
by autoradiography. The labeled probe used is
indicated at the top of each section of the figure.
During the binding reaction, labeled probe was
incubated either with no competitor (—) or in the
presence of the indicated competitor at a 50-fold
molar excess for the left portion and at the

Therefore, we next compared each of the
sites in the two enhancers. The experiments
indicated that the two related TTR oligo-
mers, 2 and 3, did in fact cross-compete for
binding with the two similar a1-AT oligo-
mers, A and C (Fig. 2, right). All of these
sites therefore may bind a single liver-specif-
ic protein. Likewise the two sites that bind
the factor present in all cells, oligomer 1 of
TTR and oligomer B of a1-AT, also showed
cross-competition.

A sample of these results showing the
quantitative competing ability of various
oligonucleotides is presented in Fig. 2,
right. For example, with labeled al-AT
oligomer A an equal competition by al-AT
oligomer C was found (Fig. 2, right, a), but
a more potent inhibition of complex forma-
tion by either TTR oligomer 2 or 3 was
noted (Fig. 2, right, c). Furthermore, la-
beled oligomer 2 was competed equally well
by unlabeled TTR oligomer 2 or 3 and not
as cffectively by either unlabeled al-AT

Probe (1 ng) o1-AT oligomer A
Competitor al-ATA | «al-ATC
Amount (Ng) -255102025304050255 10 152025 30 4050

Probe (1 ng) TTR oligomer 2
Competitor TTR2 {5 = L
Amount(ng) — 123 4510123 451020

Probe
Competitor ~ «1-ATA | TTR2 | TTR3 |1
Amount(ng) —24681024681024681020

c

o1-AT oligomer A

Probe
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TTR oligomer 2
! a1-ATA | o1-ATC | 1
Amount(ng) - 2 4681024 68102 4 681020

TTR2

Probe a1-AT oligomer B

Competitor al-ATB | TTR1

Amount (ng) - 12345105102030 4050
e :

indicated excess in the right portion of the figure. The heavy black bands at the bottom of the left gels
represent unbound probe, while the gel-shift (protein-bound) bands are seen in the upper part of the
figure. For the quantitative experiments in the right side of the figure (sections labeled a to ¢)
nonspecific, uncompeted bands are seen along with competed specific bands in parts b and c. The
photographs in the right side of the figure include only the relevant region of each gel.
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oligomer A or C (Fig. 2, right, b and d).
(Five to ten times as much al-AT oligomer
A is required to achieve an equal competi-
tion as with unlabeled TTR oligomer 2.)
Neither labeled TTR oligomer 2 nor labeled
al-AT oligomer A was competed by a 20-
fold molar excess of TTR oligomer 1 (Fig.
2, right, b, ¢, and d). These results establish
a family of related binding sites (TTR oligo-
mers 2 and 3; al-AT oligomers A and C
with a hierarchy of binding affinities: 2, 3 >
A, C). The other two sites under consider-
ation, TTR oligomer 1 and a1-AT oligomer
B also showed cross-competition with each
other, with a1-AT oligomer B having a five-
to tenfold greater competing capacity for
both labeled oligomers (Fig. 2, right, ¢).

We next determined whether the nuclear
proteins that bound to any of the enhancer
sites of a1-AT were limited in their cellular
distribution. The factors that bound to
oligomers 2 and 3 of TTR had previously
been shown to be more prevalent in liver
than other cells, whereas oligomer 1 of TTR
bound to nuclear proteins extracted from all
cells tested (13). Extracts of nuclei from
cultured HeLa and Hep G2 cells and ex-
tracts of nuclei from rat liver, brain, and
spleen were each used in separate gel-shift
experiments. All of the extracts contained
nuclear protein capable of interacting with
the labeled element B of a1-AT, producing
a major gel-shift band that could be compet-
ed with the unlabeled homologous oligomer
(Fig. 3, right). Within the footprint region
of oligomer B (I4) is the sequence GTC-
ACTA, which is the reported AP-1 consensus
sequence (19, 20). Thus the AP-1 protein,
which is involved in the stimulation of several
viral and cellular enhancers, is a likely candi-
date for binding to oligomer B of al-AT.

In contrast to the results obtained with
oligomer B of a1-AT, when labeled oligomer
A was used in assays with various nuclear
extracts, liver and Hep G2 nuclear proteins
produced strong gel-shift bands, while all the
other extracts produced very faint bands (Fig.
3, left panel). The same results were obtained
with oligomer C (data not shown). Thus the
protein(s) that interact with oligomer B are
present in many cell types, but the proteins
that recognize oligomers A and C are much
more prevalent in cells of hepatic origin.

The results described so far indicate that
within the various regions of protein interac-
tion in the TTR and al-AT enhancers there
appear to be two families of sequences. The
sequences of al-AT oligomer B showed an
exact match with the consensus sequence for
the widely distributed transcriptional factor
AP-1 (19, 20). Therefore, one of these se-
quence families is served by a previously
recognized factor. TTR oligomer 1 contains a
similar sequence and on the basis of this
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Fig. 3. Tissue or cell distribution of proteins that
bind al-AT oligomers A and B. Nuclear extracts
from the indicated cells or tissues were exposed to
either labeled oligomer A or B without (—) or
with (+) a 50-fold molar excess of unlabeled
homologous oligomer. The cell and tissue extracts
were prepared as described (13, 14).

Fig. 4. Effect of mutations in oligomer 3 of TTR
in DNA-binding assays. Gel-shift experiments
were performed as in Figs. 2 and 3. Labeled TTR
oligomer 2 or 3 or labeled al-AT oligomers A or
C were competed in gel-shift assays by a tenfold
excess of homologous unlabeled oligonucleotide
or by a 100-folc§ excess of either of the two
mutant oligonucleotides [oligo 3(2X) or oligo

weaker competition for the same factor as al-
AT oligomer B. Both the DNA regions con-
taining a1-AT oligomer B and TTR oligomer
1 have been found to bind by a footprint assay
(21) in the same regions where we identified
sites of methylation protection (13, 14). Thus
both these sites do bind and function through
the AP-1 protein (Fig. 1B). Computer search-
es for similarity in the regions of TTR oligo-
mers 2 and 3 and a1-AT oligomers A and C
of al-AT revealed several weak homologies.
The sequence alignment that gave the maxi-
mal overlap within the regions that had earlier
(13, 14) been shown by chemical tests (meth-
ylation protection and methylation interfer-
ence) to interact with protein is shown in Fig.
1. An interrupted consensus (two bases, skip
one base, five bases) was present: five or six
bases of the seven conserved sites matched in
all four binding sites.

To test whether this alignment might in-
deed indicate important bases for protein
binding, two separate mutants in TTR
oligonucleotide 3 were constructed: oligo
3(2x) had the most highly conserved A and
T changed to C and A and oligo 3(4x) had
the conserved ACTC changed to CGAA
(Fig. 1, nucleotides indicated by dots). The
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remaining 27 or 25 bases in the oligonucleo-
tide remained unchanged. Both the mutant
oligonucleotides were then tested in sepa-
rate competitions with oligomers A and C of
al-AT or 2 and 3 of TTR (Fig. 4). The
results strongly indicate that the consensus
sequence shown in Fig. 1 must have some
functional significance for protein binding
at least for TTR oligomer 3. The mutant
oligo 3(4X) was completely unable to com-
pete at a hundredfold molar excess for band
formation with any of the four labeled,
interrelated oligonucleotides. The mutant
oligo 3(2X) with only two changes out of
30 bp had a greatly reduced capacity to
compete for band formation in the gel-shift
assay with each one of the four labeled
oligonucleotides. A hundredfold molar ex-
cess of oligo 3(2X) compared to the labeled
probe produced less competition than a
tenfold excess of unlabeled competitor of
the wild-type sequence. Thus we propose
that the consensus sequence shown in Fig. 1
(TCNTACTC) is at least part of the binding
site for a liver-specific enhancer factor. This
liver-specific factor, which binds at least four
sites in these two unrelated genes, seems
very likely to be involved in mediating the

activity of these two cell-specific enhancers.

Different immunoglobulin genes are
thought to share similar enhancer factors
but those genes are, of course, ancestrally
related (22). We believe this is the first
known case of a single factor or factors
acting in a cell-specific fashion on apparently
unrelated but coordinately expressed genes
of mammals (23).
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