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The human class I alcohol dehydrogenase (ADH) gene family consists ofADHI,ADH2, andADH3, which are
sequentially activated in early fetal, late fetal, and postnatal liver, respectively. Analysis of ADH promoters
revealed differential activation by several factors previously shown to control liver transcription. In
cotransfection assays, the ADHI promoter, but not the ADH2 or ADH3 promoter, was shown to respond to
hepatocyte nuclear factor 1 (HNF-1), which has previously been shown to regulate transcription in early liver
development. The ADH2 promoter, but not the ADHI or ADH3 promoter, was shown to respond to
CCAAT/enhancer-binding protein a (C/EBPa), a transcription factor particularly active during late fetal liver
and early postnatal liver development. The ADHI, ADH2, and ADH3 promoters all responded to the liver
transcription factors liver activator protein (LAP) and D-element-binding protein (DBP), which are most active
in postnatal liver. For all three promoters, the activation by LAP or DBP was higher than that seen by HNF-1
or C/EBPa4 and a significant synergism between C/EBPa and LAP was noticed for the ADH2 and ADH3
promoters when both factors were simultaneously cotransfected. A hierarchy ofADH promoter responsiveness
to C/EBPa and LAP homo- and heterodimers is suggested. In all three ADH genes, LAP bound to the same four
sites previously reported for C/EBPa (i.e., -160, -120, -40, and -20 bp), but DBP bound strongly only to
the site located at -40 bp relative to the transcriptional start. Mutational analysis ofADH2 indicated that the
-40 bp element accounts for most of the promoter regulation by the bZIP factors analyzed. These studies
suggest that HNF-1 and C/EBPa help establish ADH gene family transcription in fetal liver and that LAP and
DBP help maintain high-level ADH gene family transcription in postnatal liver.

Human class I alcohol dehydrogenase (ADH) is encoded
by three genes (ADHI, ADH2, and ADH3) which display
differential patterns of tissue-specific and developmental
gene expression (12, 39). In early human fetal liver develop-
ment (second trimester), ADHI is expressed, with the addi-
tional expression of ADH2 during late fetal liver develop-
ment (third trimester) and the additional expression ofADH3
during postnatal liver development at about 5 months after
birth (39). ADH catalyzes the oxidation of a wide variety of
xenobiotic or endogenous alcohols (12, 15). In addition to
the rate-limiting step in ethanol metabolism (27), human
class I ADH catalyzes vitamin A (retinol) oxidation (30),
which is the rate-limiting step in the conversion of retinol to
retinoic acid, a hormone known to control gene expression
at the transcriptional level (19, 32, 45). Retinoic acid has
been implicated as a control molecule for differentiation of
epithelial tissues (37, 40), and mammalian class I ADH gene
expression in the adult is restricted to epithelial cells, with
highest levels in liver epithelia (39). Thus, it is suspected that
a major physiological function ofADH in epithelial cells is to
catalyze retinoic acid synthesis needed for epithelial cell
differentiation (12), with the large amount of ADH in the
liver relating to the fact that this organ is also the major site
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of retinol storage and metabolic turnover (excretion) via
conversion to retinoic acid and further oxidized forms (3,
18). Analysis of the regulation of mammalian ADH gene
expression is beginning to clarify the importance of ADH in
liver development and retinoic acid-regulated processes.
The transcription factor CCAAT/enhancer-binding protein

a (C/EBPot) helps establish high-level transcription in the
developing liver (2). C/EBPa is a member of a family of
proteins termed bZIP proteins because of the presence of a
basic DNA-binding region followed by a leucine zipper
which allows dimerization (26). We have shown that human
ADH2 expression, but not ADHI and ADH3 expression, is
controlled by C/EBPot homodimers (42, 43). In comparison
with liver cells, hepatoma cells produce very low levels of
C/EBPa (17), and this correlates with the low level of ADH
seen in hepatoma cells (16, 39). In addition, we have
determined that ADH3 transcription, but not ADHI or
ADH2 transcription, is regulated by retinoic acid (14). We
have hypothesized that this constitutes a positive feedback
loop for establishing retinoic acid synthesis, since ADH
catalyzes the rate-limiting step in retinoic acid synthesis (13,
14). We also note that low ADH levels in hepatoma cells
would further predispose these cells to remain dedifferenti-
ated as the result of a reduction in the synthesis of retinoic
acid needed for liver differentiation.
We have now extended our studies of liver-specific regu-

lation of ADH gene expression by analyzing other factors
which play a role in the differential developmental expres-
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sion of the humanADHl,ADH2, andADH3 genes. We have
determined that three additional liver transcription factors
regulate ADH gene family transcription: (i) liver activator
protein (LAP) (10), also known as NF-IL6 (1), IL-6DBP (33),
AGP/EBP (7), or C/EBPP (5); (ii) D-element-binding protein
(DBP) (31); and (iii) hepatocyte nuclear factor 1 (HNF-1)
(29). C/EBPao and LAP are members of a bZIP protein
subfamily since they share 71% homology in their basic
DNA-binding region and leucine zipper region, and they
have been shown to form heterodimers (5, 9). DBP has a
degenerate leucine zipper, and a basic DNA-binding region
similar to that of C/EBPct and LAP, but falls into a separate
class of bZIP proteins since it does not heterodimerize with
C/EBPa or LAP (31). HNF-1 contains a homeodomain
DNA-binding region and plays a major role in fetal liver gene
expression (29). C/EBPa, LAP, DBP, and HNF-1 have
previously been shown to play a role in transcription of the
albumin gene, which is highly active only in the liver. The
bZIP proteins C/EBPx, LAP, and DBP bind a similar
sequence in the albumin promoter near position -100 bp
relative to the transcription start site (9, 31), whereas HNF-1
binds a distinct sequence near -50 bp (8). Albumin and
ADH have similar patterns of gene expression in the liver,
both being turned on at a low level in late fetal development
and induced tremendously after birth. We now show in
transient transfection assays that C/EBPot, LAP, DBP, and
HNF-1 differentially regulate ADHI, ADH2, and ADH3
transcription, and we propose that this accounts for the
sequential turn-on of these three human ADH genes during
liver development.

MATERUILS AND METHODS

Plasmid constructs and site-directed mutagenesis. Fusion of
various lengths of the 5'-flanking sequences of the human
ADHI, ADH2, and ADH3 genes to the chloramphenicol
acetyltransferase (cat) gene has been described elsewhere
(41, 43). A human albumin-cat construction containing albu-
min DNA from -3100 bp to -17 bp was provided by D.
Wilson (Baylor College of Medicine). In all constructions,
the AUG translation start codon of cat is the first such codon
to appear downstream of the transcription start point.
Most of the mutant ADH promoters used in this study

have been described previously (43). Two additional oligo-
nucleotide site-directed mutations were constructed, one in
the ADH2 TATA box and one in the ADH3 TATA box, by
the method of Kunkel et al. (23). Because of complete
sequence conservation in their TATA boxes, both ADH2
and ADH3 have the wild-type sequence 5'-CAAAATAAA
TA-3' between -32 and -22 bp, and this was changed to
5'-GGTACCGCTCG-3' in both mutants. The presence of the
appropriate mutation was confirmed by the presence of a
new KjpnI restriction site and by chemical DNA sequence
analysis (28).

All plasmids used for transfection and DNA-binding stud-
ies were purified by preparation of an alkaline-cleared lysate
(38) followed by chromatography on a Qiagen column, using
a protocol specified by the manufacturer.

Cell culture and transfection analysis. Transfection assays
were used to analyze the regulation of wild-type and mutant
ADH-cat fusions by cotransfected mammalian cDNA
expression vectors encoding various liver transcription fac-
tors. C/EBPa was expressed from plasmid pMSV-C/EBP
(17), LAP was expressed from pSCT-LAP (9), DBP was
expressed from pCMV-DBP (31), and HNF-1 was expressed
from pRSV-B1 (44). The vector pSCT-LAP used for LAP

production does not produce the shorter translation product
termed LIP which was recently shown to inhibit LAP
function (10). Transfections and chloramphenicol acetyl-
transferase (CAT) assays were performed by a modification
of previously described methods (20, 21). HepG2 cells (22)
were cultured in minimal essential medium supplemented
with 10% fetal bovine serum. Cells were seeded in 100-mm
tissue culture dishes and the following day were changed to
fresh medium. Transfection by the calcium phosphate copre-
cipitate method was performed with a mixture of DNA
including 15 ,ug of a reporter cat plasmid, 20 ,ug of carrier
herring sperm DNA, and 5 ,ug of an internal control plasmid,
pCH110, which contains a simian virus 40 early promoter-
lacZ fusion used to correct for plate-to-plate differences in
transfection efficiency (21). For cotransfections with expres-
sion vectors for C/EBPa, LAP, DBP, and HNF-1, various
amounts of these plasmids (from 10 to 20 ,ug) replaced an
equal amount of carrier DNA to keep the total amount of
DNA constant at 40 ,ug. The DNA precipitate (40-,ug total)
was added to the cells for 16 h, after which time the cells
were washed and supplemented with fresh medium. Cells
were harvested 48 h after DNA addition, and cell extracts
were prepared. Extracts were assayed for ,-galactosidase
activity, and then appropriate amounts of extract normalized
for P-galactosidase activity were used in the CAT assay (21).
CAT assay reaction mixtures were incubated for 2 h at 37°C,
and the reaction products were analyzed by thin-layer chro-
matography. The amount of CAT activity (percent acetyla-
tion of chloramphenicol) was quantitated by cutting out
substrate and product spots from the thin-layer chromato-
grams and counting the radioactivity by liquid scintillation.
Reported promoter induction values for the various cotrans-
fected transcription factors were estimated as the mean of
the ratio between cotransfected and control CAT activity
from three or more experiments. Standard deviations were
in the range of + 10 to 25% of the reported values.
DNA footprint analysis using bacterially expressed tran-

scription factors. Bacterial expression vectors encoding
C/EBPa (26), LAP (9), and DBP (31) were used to prepare
samples of these proteins for DNA footprinting studies.
Escherichia coli extracts containing C/EBPa and LAP were
prepared as previously described, including the DEAE-
cellulose chromatographic step (26). E. coli extracts contain-
ing DBP were prepared as described previously (31) and then
passed over a DEAE-cellulose column under the conditions
described for bacterial C/EBPa (26) with the exception that
urea was omitted.
DNA templates for footprint analysis were 5' end labeled

by using the polymerase chain reaction (PCR) as follows.
Plasmids containing ADH1, ADH2, and ADH3 promoters
fused to cat, i.e., ADHJ-cat(-228), ADH2-cat(-272), and
ADH3-cat(-328) described previously (43), were used as
templates for PCR. A 23-mer primer (5'-AGCTCCTG
AAAATCTCGCCAAGC-3') derived from the noncoding
strand of the 5' end of the cat gene was 5' end labeled with
3p as described previously (38) and then used as the
downstream primer for PCR of all three promoters. For
ADHI-cat(-228), the upstream PCR primer was a 23-mer
(5'-CTCTGATGCCGCATAGTTAAGCC-3') derived from a
region of the vector pSVOCAT (20) just upstream of the
coding strand of theADHI promoter. For ADH2-cat(-272)
and ADH3-cat(-328), the upstream PCR primer was a
23-mer (5'-TTAGGAAGCAGCCCAGTAGTAGG-3') de-
rived from a region of the vector pA1OCAT2 (25) just up-
stream of the coding strand of theADH2 orADH3 promoter.
PCR was performed in a 100-,ul reaction mixture containing
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FIG. 1. Summary of DNA-binding sites in the human class I

ADH promoters. The hatched bar indicates a composite of the
promoter-proximal regions of the human ADHI, ADH2, and ADH3
genes. Six regions labeled A to F common to all three genes are

DNA-binding sites for rat liver nuclear proteins, whereas the site
labeled RARE (retinoic acid response element) is present only in the
ADH3 promoter. The numbers above indicate the sites where
binding of proteins present in a rat liver nuclear extract occurs, and
the particular factors identified are shown graphically bound to the
hatched bar. Binding of the bZIP proteins C/EBPa, LAP, and DBP
is somewhat complex and the particular binding sites identified for
ADHI, ADH2, and ADH3 by DNA footprint analysis are indicated
below. RAR, retinoic acid receptor.

0.2 ,uM 32P-labeled downstream cat primer, 0.2 ,uM up-

stream primer, 0.2 ng of cat plasmid, 50 mM Tris-HCl (pH
9.0), 1.5 mM MgCl2, 20 mM (NH4)2SO4, and 1 U of Hot Tub
DNA polymerase (Amersham). The reaction was overlayed
with 100 ,ul of mineral oil and then subjected to 35 cycles in
a COY temperature cycler with the following sequence of
settings: (i) 96°C, 20 s, 0.1 ramp rate; (ii) 94°C, 1.5 min, 0.01
ramp rate; (iii) 62.5°C, 20 s, 0.1 ramp rate, (iv) 65°C, 2 min,
0.01 ramp rate; (v) 74°C, 20 s, 0.1 ramp rate; (vi) 72°C, 2 min,
0.01 ramp rate. This procedure was followed by a final cycle
at 4°C to hold the sample until further use. The sample was

extracted once with chloroform to remove mineral oil and
then subjected to native polyacrylamide gel electrophoresis
to purify the 5'-labeled amplified DNA band (38).
The conditions for DNA footprinting were the same as

those described in our previous study using bacterially
expressed C/EBPa (43). Each footprint reaction mixture
contained approximately 50,000 cpm of 5'-labeled template
DNA and 30 ,ug of total protein extract from bacterially
expressed C/EBPt, LAP, or DBP.

RESULTS

C/EBPa-, LAP-, and DBP-binding sites in human ADHI,
ADH2, and ADH3 promoters. The promoter-proximal re-

gions of the human ADHI, ADH2, and ADH3 promoters
were previously analyzed by DNA footprint analysis using
rat liver nuclear proteins, and several areas of protection
common to all three genes termed sites A to F (Fig. 1) were
described (43). Sites A, D, and E have been shown to bind
C/EBPa expressed in E. coli, with site A containing two
C/EBPa-binding sites flanking each side of the TATA box
(42, 43). The rat class I ADH gene has also been shown to
bind C/EBPao, but only in a region just downstream of the
TATA box which is homologous to the downstream portion

of human site A (35). Sites B, C, and F have been implicated
in binding the transcription factors USF (6, 34), Spl (6), and
HNF-1 (4), respectively. An ADH3-specific DNA-binding
site located near -300 bp has been identified as a retinoic
acid response element and binds the retinoic acid receptor ,B
(14).

Recently, additional bZIP proteins with DNA-binding
domains homologous to C/EBPot have been discovered (5, 9,
31, 46), and it is now clear that the regulation of liver gene
expression by C/EBPot cannot be fully understood unless
these other bZIP proteins are taken into account. One such
bZIP protein, called LAP, has previously been shown to
bind the rat albumin promoter at four sites in a manner
indistinguishable from that of C/EBPot and was demon-
strated to form heterodimers with C/EBPot (9). Another bZIP
protein, called DBP, does not form heterodimers with either
C/EBPot or LAP but was shown to bind to the rat albumin
promoter specifically to only one of the four sites (near -105
bp) bound by either C/EBPa or LAP (31). All three bZIP
proteins are suspected to play a role in albumin transcrip-
tion, but their relative importance has not been reported. It
has been proposed that there may exist liver-specific pro-
moters designed to differentially respond to either DBP or to
homo- or heterodimers of C/EBPao and LAP (9). We have
decided to test this hypothesis by using the human class I
ADH multigene family members as test promoters, since
they have been known for some time to be differentially
expressed during liver development (39).
We used LAP expressed in E. coli to perform DNA

footprint analysis on the ADH1, ADH2, andADH3 promot-
ers (data not shown) and found that it bound to sites A, D,
and E in a manner indistinguishable from what we had
previously observed for C/EBPa (43). We also used DBP
expressed in E. coli to perform DNA footprint analysis on
ADH promoters and found that it bound only to site A of
each promoter, protecting regions which closely, but not
perfectly, correspond to the C/EBPao or LAP footprints (Fig.
2). Interestingly, DBP bound to sites flanking both sides of
the TATA box for ADH2 but only to the upstream site for
ADHI and ADH3 (Fig. 2). Thus, much like the case for the
rat albumin promoter, the human ADH promoters show
more selective binding for DBP than for either C/EBPa or
LAP (summarized in Fig. 1).
Response of class I ADH promoters to liver transcription

factors. To help determine the relative importance of
C/EBPx, LAP, and DBP on ADH liver transcription, as well
as the importance of the liver-enriched transcription factor
HNF-1, which has been implicated in binding site F in the
human ADH promoters (Fig. 1), we turned to the use of
transient transfection of HepG2 human hepatocellular carci-
noma cells. Plasmids containing ADH1-cat, ADH2-cat,
ADH3-cat, and albumin-cat were transfected into HepG2
cells either alone or with expression plasmids for C/EBPa,
LAP, DBP, or HNF-1 (Fig. 3). Differential induction by the
various factors was observed. As noted previously (42, 43),
only ADH2 and albumin responded to C/EBPa. All three
ADH promoters as well as albumin responded quite well to
DBP, and all except ADH3 responded well to LAP. Only
ADHI and albumin responded to HNF-1. Since C/EBPot and
LAP produced by simultaneous cotransfection in tissue
culture cells have previously been shown by others to form
heterodimers intracellularly (46), we mixed C/EBPot and
LAP expression vectors (1:1) and tested the effect of this
combination on ADH-cat and albumin-cat expression. We
observed a very significant synergistic effect for the ADH3
promoter, with a smaller synergistic effect for ADH2 and
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FIG. 2. DNA footprint analysis of ADHI, ADH2, and ADH3,
using bacterially expressed DBP. The bars indicate the sites of DNA
protection in a DNase I footprinting assay when DBP is incubated
with the template DNA corresponding to the noncoding strand of
the three promoters. The arrows indicate DNase I-hypersensitive
sites. Lanes: GA, guanosine-plus-adenine chemical DNA sequence
reaction; 0, DNase I reaction in the absence of added extract; DBP,
DNase I reaction in the presence of 30 ,ug of total protein extract
from E. coli expressing rat liver DBP.

albumin and no synergism forADHI. A 1:1 mixture of DBP
with either C/EBPa or LAP did not show any synergistic
effects on any of the promoters tested (data not shown),
which is consistent with the knowledge that DBP does not
heterodimerize with either C/EBPot or LAP (31).

Cotransfection of a deletion series of ADH-cat fusions
with C/EBPa, LAP, DBP, or HNF-1 was undertaken, and
the results indicated as fold inductions are shown (Fig. 4).
ADHI was unique in that it was the only ADH promoter able
to respond to HNF-1, and this ability was lost when se-

quences between -228 and -76 bp containing a putative
HNF-1-binding site were removed. ADH2 responded solely
to C/EBPa, and this ability was lost when sequences be-
tween -171 and -72 bp containing two C/EBPao-binding
sites were removed. All three genes responded well to DBP
transactivation, and the deletion mutants for ADH2-cat
indicate that the DBP-binding site near -40 bp must be
removed to severely effect DBP transactivation. ADH1 and
ADH2 both responded well to LAP transactivation, relative

FIG. 3. CAT assay of HepG2 cells cotransfected with ADH-cat
fusions and expression vectors for various liver transcription fac-
tors. HepG2 cells were transfected with the albumin-cat orADH-cat
constructs indicated. Control transfection reaction mixtures con-
tained 20 ,ug of herring sperm carrier DNA (-), and cotransfection
reaction mixtures contained the following amount of DNA:
C/EBPoa, 20 ,ug of pMSV-C/EBP; LAP, 20 ,ug of pSCT-LAP; LAP +
C/EBPa, 10 Fg of pSCT-LAP plus 10 ,ug of pMSV-C/EBP; DBP, 10
,ug of pCMV-DBP plus 10 ,ug of carrier DNA; or HNF-1, 10 ,ug of
pRSV-Bl plus 10 ,ug of carrier DNA. The results of a thin-layer
chromatographic CAT assay are shown. C, chloramphenicol sub-
strate; AC, acetylated chloramphenicol product.

to ADH3, and this ability was reduced greatly by removing
sequences upstream of -72 bp containing two LAP-binding
sites and even further reduced for ADH2 by removing the
LAP-binding site just upstream of the TATA box at -40 bp
[see ADH-cat(-36) in Fig. 4]. Evidently, the small LAP
response for ADH3 indicates that its LAP-binding sites do
not function the same as do those in the other ADH genes.
This notion is further emphasized by the observation that a
1:1 mixture of C/EBPa and LAP had its greatest synergistic
effect on the ADH3 promoter. The induction levels for
ADH3 were 1.5-fold for C/EBPot alone and 3.5-fold for LAP
alone (20 ,ug of expression plasmid in each case) but was
20-fold for the mixture (10 ,ug of each expression plasmid to
equal 20 ,ug in total), indicating a clear synergistic effect (Fig.
4). ADH1 did not display a synergistic effect of C/EBPat and
LAP but displayed a high effect of LAP alone (25-fold
induction for LAP alone and 26-fold for C/EBPa plus LAP).
ADH2 and albumin displayed synergistic effects of C/EBPa
and LAP, reaching inductions of 32- and 39-fold, respec-
tively, but LAP alone worked well for these promoters at 13-
and 22-fold, respectively. Thus, the more significant syner-
gistic effect on ADH3 suggests that C/EBPa and LAP may
not be able to effectively transactivate this promoter individ-
ually but instead must work together.

Effects of promoter-proximal mutations on ADH2 response
to bZIP factors. Since we had previously shown that muta-
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-3100 +17

-E"""""m albumin-cat (-31 00)

+1

-228 +55

_ _ 3 ADH 1 -cat (-228)
-76 +55

_ @CT ADH1 -cat (-76)

+1

-272 +34

/ C:A:T:> ADH2-cat (-272)
_l171 +34

WWW117114DCA ADH2-cat(-171)

-72 +34

C ADH2-cat (-72)

-36 +34

3-FI~T~ ADH2-cat (-36)

+1

-328 +55
...................... ADH3-cat (-328)

-72 +55

ADH3-cat (-72)

FOLD INDUCTION WHEN FACTO R
COTRANSFECTED

C/EBPoa LAP C/EBPc.+LAP DBP HNF-1

1 0.0 22.0 39.0 28.0 4.0

1.6 25.3 26.0 7.2 4.1

0.8 2.5 2.9 4.2 0.7

6.0 13.5 32.5 9.0 1.0

4.1 1 8.0 42.0 8.5 ND

0.7 10.6 8.2 5.1 1.1

1.3 3.4 2.6 1.5 ND

1.5 3.5 20.0 19.5 1.0

1.3 4.3 4.6 22.0 1.3

FIG. 4. Transfection analysis of a deletion series of ADH-cat fusions. ADH-cat fusions containing various lengths of promoter DNA as
well as an albumin-cat fusion were cotransfected with expression vectors for C/EBPa, LAP, DBP, and HNF-1 as described for Fig. 3.
Indicated are the fold inductions for the various transcription factors determined by the ratio of CAT activity between samples cotransfected
with a transcription factor expression vector and samples treated only with carrier DNA. ND, not determined.

tions in either C/EBPa-binding site flanking each side of the
ADH2 TATA box blocked C/EBPoa binding and eliminated
transactivation by cotransfected C/EBPoL (42, 43), we ana-
lyzed these mutants for LAP and DBP binding. We deter-
mined by footprint analysis that these mutations also
blocked binding of either LAP or DBP at the site mutated

I = block mutation

- 272 TATA +34

v,MM11_*IIMI C:A::T: ADH2-cat (-272)
wild-type

C:AT ADH2-cat (-272)
A-A mnutant

271 TATA +34

///////////////C/AT ADH2-cat (-272)
A-B mutant

-221 T AT A 1 +34

////////////////C/AT ADH2-cat (-272)
double mutant

(data not shown), as previously observed for C/EBPoa (43).
The mutants were analyzed for transactivation by C/EBPa,
LAP, DBP, and a 1:1 mixture of C/EBPcx and LAP (Fig. 5).
Surprisingly, the downstream mutant ADH2-cat(-272)A-A
responded like the wild type to both LAP and DBP, with
inductions of about 14- and 9-fold, respectively. This muta-

FOLD INDUCTION WHEN FACTOR
COTRANSFECTED

C/EBPoc LAP CIEBPmc +LAP DBP

6.0 13.5 32.5 9.0

1.9 15.3 14.4 9.7

1.4 3.2 3.3 1.0

1.1 3.7 3.2 1.1

FIG. 5. Effect of ADH2 promoter-proximal mutations on transactivation by bZIP factors. Mutant forms of ADH2-cat(-272) which
eliminate the bZIP-binding sites flanking either side of the TATA box were subjected to cotransfection analysis as described for Fig. 3. The
fold inductions for the various transcription factors are indicated.
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l = block substitution mutation
A = deletion mutation
-228 TATA +55

ADHI -cat (-228)
wild-type

-228 TATA +55

_ { ADH 1 -cat (-228)
,AT AT A

bp deletion

-272 TAA 34

a//X, 1://///AT ADH2-cat (-272)
wild-ty pe

-272 T A+34
CAT ADH2-cat (-272)

TATA mutant

-328 T5AT5

:.-:-:-:-:-:-:-::- :- -:: -:::: ADH3-cat (-328)
;41A_+,. ".

I ~~~~wliu-type
-328 ii-55p-38 TATA

[.........:-:-: ... .:.:-.:-. ADH3-cat (-328)
-" TATA mutant

FO LD INDUCTIO N WHEN FACTOR
COTRANSFECTED

C/EBPa LAP CIEBRP+LAP DBP HNF-1

1.6 25.3 26.0 7.2 4.1

4.5 35.0 84.0 7.8 4.1

6.0 13.5 32.5 9.0 1.0

5.1 14.8 27.5 11.5 ND

1.5 3.5 20.0 19.5 1.0

1.6 3.5 18.7 16.0 1.4

FIG. 6. Effects of ADH TATA mutants on transactivation by liver transcription factors. Cotransfection analysis using C/EBPa, LAP,
DBP, and HNF-1 expression vectors was performed as described for Fig. 3 on the wild-type and mutantADH-cat fusions indicated. Mutants
included a 4-bp deletion in the ADHI TATA box and 11-bp block substitutions in the ADH2 and ADH3 TATA boxes. The fold inductions
for the various transcription factors are indicated. ND, not determined.

tion did reduce the response to C/EBPa as well as the
synergistic effect between C/EBPa and LAP, thus suggest-
ing that the region downstream of the TATA box is impor-
tant for C/EBPao transactivation even when this factor is in
the form of a presumptive C/EBPa-LAP heterodimer.
The upstream mutant ADH2-cat(-272)A-B responded

very poorly to LAP and was unresponsive to both C/EBPat
and DBP (Fig. 5). Similarly, a double mutant in which both
sides of the TATA box were mutated responded poorly.
Thus, the upstream binding site appears to be the single most
important element controlling ADH2 transcription by bZIP
factors. The position of this element at about -40 bp places
it in an ideal location to interact with the basal transcription
machinery.
TATA mutations in ADH1, ADH2, and ADH3. Because of

the presence of bZIP binding sites both upstream and
downstream of the ADH TATA box, we had previously
prepared TATA mutants of theADHI andADH2 promoters.
The ADHI promoter (normally unresponsive to C/EBPa)
naturally contains 4 extra bp in the TATA region relative to
ADH2 and ADH3 (see Fig. 7), but removal of these bases
allowed C/EBPa to now transactivate, possibly as a result of
bringing the two flanking C/EBPa-binding sites one-half turn
of the DNA helix closer together (43). We now show that
ADHI-cat(-228)ATATA, containing this 4-bp deletion, has
a synergistic response to a 1:1 mixture of C/EBPa and LAP
(Fig. 6). This mutant now responds much more like the
ADH2-cat(-272) construction. This finding further rein-
forces our view that the precise location of bZIP-binding
sites around the three ADH TATA boxes contributes to
differential expression of these genes.
We previously showed that a block substitution mutation

of 6 bp in the ADH2 TATA box did not effect C/EBPa
transactivation (43). To further examine this issue, we pre-
pared 11-bp block substitution mutations in both the ADH2
andADH3 TATA boxes to ensure that every possible A and

T in the vicinity was disturbed. In both cases, the TATA
mutations did not effect the response to C/EBPa, LAP, the
C/EBPa-LAP mixture, or DBP (Fig. 6). Thus, human ADH
promoters may not require this TATA element to respond to
the bZIP transcription factors examined. Another possibility
is that transcription of bothADH2-cat andADH3-cat fusions
is not initiated at the correct ADH cap sites in the transfec-
tion assay. However, vitro transcription assays of ADH2-
cat(-272) indicate that C/EBP induction occurs using the
correct initiation site (40a).

DISCUSSION

We have analyzed several liver transcription factors to
determine their roles in the sequential turn-on of human
ADH genes during liver development. The bZIP transcrip-
tion factors C/EBPa, LAP, and DBP, as well as the homeo-
domain transcription factor HNF-1, were examined. Analy-
sis of the human ADH1, ADH2, and ADH3 promoters has
revealed a differential activation by these factors, which can
roughly explain why they are expressed in the sequence
observed. A summary of the promoter elements involved
indicates that each of the three promoters has a unique set of
functional elements which allow sequential turn-on during
early fetal liver (ADH1), late fetal liver (ADH2), and post-
natal liver (ADH3) development (Fig. 7). Thus, ADH1 con-
tains an element near -200 bp (corresponding to site F
identified by liver nuclear extract footprinting) which allows
it to respond to HNF-1 transactivation. Evidently, the
homologous HNF-1-binding sites in the ADH2 and ADH3
promoters are insufficient to activate transcription. The
expression of ADHI in early fetal liver correlates with the
expression of HNF-1, which has also been shown to be
expressed at very early stages of fetal liver development (11,
24).ADH2 contains several elements rendering it responsive
to C/EBPa homodimers, unlike either the ADHI or ADH3
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ADH 1 early fetal liver - HNF 1 (element near -200 bp)

late fetal liver - HNF1 (element near -200 bp)

postnatal liver - LAP homodimers, DBP

-54 LAP TATA-box 10 !
RATTGGGTGTTATTCRAGCARRARARATRARTARRTACCTRTGCARTRCACCTGCTTTA

1- --- _ 7_

DBP

ADH2 early fetal liver - off

late fetal liver - C/EBPoa homodimers

postnatal liver - C/EBPcx & LAP homo- and heterodimers, DBP

-50 LAP + C/EBPa 30 TATA-box C/EBPom -10 +1
RATTGGATGTTACRCRAGCARACRRRRTARATR----TCTGTGCRRTATRTCTGCTTTR

DBP

ADH3 early fetal liver - off

late fetal liver - off

postnatal liver - C/EBPa-LAP heterodi mers, DBP

-50 LAP + C/EBP -30 TATA-box -10 +1
RATTGGGTGTTATATGAGCARACARRATRARTA----CCTGTGCARCATACCTGCTTTA

DBP

FIG. 7. Summary of promoter elements involved in the sequen-
tial expression of human class I ADH genes. In early human fetal
liver development (second trimester), ADH1 is expressed, with the
additional expression ofADH2 during late fetal liver development
(third trimester) and the additional expression of ADH3 during
postnatal liver development at about 5 months after birth (39). A
model of the liver transcription factors which may be involved with
this sequential turn-on is presented. The functional binding sites for
the factors C/EBPca, LAP, DBP, and HNF-1 in the three ADH
promoters are indicated, along with the time during development
when they are likely to exert their strongest effect on ADH tran-
scription.

promoter. The late fetal liver appearance of ADH2 expres-
sion coincides with a burst of C/EBPot expression which also
occurs in late fetal liver development (2). LAP begins to be
expressed during late fetal liver development but accumu-
lates to much higher levels postnatally (10). Also, DBP is not
expressed until adult liver development (31). Thus, these
factors may not be present in high enough amounts to effect
ADH gene expression prenatally. The restriction of ADH3
expression to early postnatal liver can thus be attributed to
its lack of response to HNF-1 as well as C/EBPoa and LAP
homodimers. The strong synergistic transactivation of
ADH3 that we observed by using cotransfection of a mixture
of C/EBPaL and LAP (presumably forming heterodimers)
could conceivably occur in vivo during early postnatal liver
development, when there is an increase of LAP relative to
C/EBPa. Thus, ADH3 expression could be delayed until a
critical ratio of LAP and C/EBPa was achieved postnatally.

After their initial turn-on in the liver, all three human ADH
genes continue to increase in expression until they reach
maximal expression at about 5 years of age (39). This
increase correlates with the strong transactivation of all
three promoters by DBP, which is expressed highly only late
in liver development. Thus, it can be proposed that HNF-1,
C/EBPa, and C/EBPa-LAP are instrumental in the estab-
lishment ofADH1, ADH2, andADH3 transcription, respec-
tively, during early liver development and that DBP is
instrumental in the maintenance of high-level transcription
of all three ADH genes during late liver development. It is

- DBP binding site
C/EBP or LAP palindrome

rat albumin site D -110 T G A T T T T G T R A T G G -97

human ADH2 -35 T G C T T G T G T R R C R T -48
human RDH3 -35 T G C TKER ETA A C A C -48
human ADH1 -39 GC [G A |T A RIC A C -52

FIG. 8. Homology of the critical bZIP protein binding sites in
ADH and albumin promoters. The transfection and DNA-binding
studies performed herein indicate that the bZIP protein-binding site
centered around -40 bp in the ADH promoters is the most critical
element for transcriptional regulation. These elements in the human
ADHI, ADH2, and ADH3 promoters are shown aligned with the
comparable element from the D-binding site of the rat albumin
promoter. Conserved base pairs are boxed between the various
promoters. The perfect C/EBP-LAP palindrome (ATTGCGCAAT)
element is approximated in all four promoters indicated by the
inverted repeat arrows. This palindromic element is also an integral
part of the DBP-binding site, as shown previously (31).

also conceivable that the other factors HNF-1, C/EBPoa, and
LAP continue to play a role in maintaining ADH transcrip-
tion in adult liver in conjunction with DBP.
The results of the mutational analysis of ADH2 indicate

that the bZIP-binding site just upstream of the TATA box
near -40 bp is the most critical for transactivation by LAP
and DBP and is also needed for C/EBPa transactivation.
This site inADH2, as well as the homologous sites inADHl
and ADH3, share extensive homology with the D-binding
site of the rat albumin gene, which binds all three of these
bZIP proteins (Fig. 8). Interestingly, these sites in the three
ADH genes lie very close to the TATA box and may replace
its function, since we have shown that TATA substitution
mutants of ADH2 and ADH3 still respond to these three
bZIP proteins. This phenomenon is not restricted to trans-
activation by bZIP proteins because we have shown that the
retinoic acid response element located at -289 bp in the
ADH3 promoter (14) still functions in the TATA mutant
(44a). Thus, bZIP proteins binding to the -40 bp element
may be able to communicate with the basic transcription
apparatus in the absence of a TATA box for binding of
TFIID and may be able to facilitate the transactivation of a
distantly bound factor such as the retinoic acid receptor,
which has a zinc finger DNA-binding domain. Transcription
from a TATA-less promoter has recently been examined in
detail and found to still require a functional TFIID complex
of which there exist many subforms (36). This finding
suggests that TFIID does not always need to bind to the
TATA box to help assemble the transcription complex and
may instead communicate with other DNA-binding proteins
in the vicinity of the transcription initiation site. Despite
ADH promoters appearing to have TATA boxes, they may
not be used as DNA-binding sites for TFIID during the
establishment of high-level transcription in the liver. In-
stead, the putative ADH TATA boxes may be used only in
other tissues in which ADH is expressed at low levels and in
which the bZIP proteins examined here are at low levels or
nonexistent. In liver, the critical promoter element for ADH
transcription complex formation appears to be the -40 bp
site which binds the bZIP proteins C/EBPco, LAP, and DBP.
The transfection experiments performed in this study,

using C/EBPa and LAP alone as well as a 1:1 mixture of
each, indicated that theADHl,ADH2, andADH3 promoters
have evolved to differentially respond to these factors. If we
assume that the factors transfected individually produce
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C/EBPcx-LAP LAP C/EBPax
heterodimer homodimer homodimer

ADH1 >>

ADH2 UW
ADH3 >

FIG. 9. Hierarchy of ADH promoter responsiveness to C/EBPa
and LAP. C/EBPa and LAP are known to form both homo- and
heterodimers (5, 9). On the basis of the results ofADH-cat cotrans-
fection with C/EBPa alone and LAP alone (which presumably
produces homodimers of each factor), and a 1:1 mixture (which
presumably produces some heterodimers), we have ranked the
ADHI, ADH2, andADH3 promoters according to their responsive-
ness to particular dimeric forms. The dotted circles correspond to
C/EBPao monomers, and the hatched circles correspond to LAP
monomers. =, approximately the same response; >, greater re-

sponse, >>, much greater response.

homodimers and that the mixture produces heterodimers as

previously shown by Williams et al. (46), we can establish a

hierarchy of responsiveness of each of the promoters to the
homo- or heterodimers (Fig. 9). In particular, ADH1 has a

very good response to both the heterodimer and the LAP
homodimer relative to the C/EBP homodimer. ADH2 is a
little more responsive to the heterodimer than to the LAP
homodimer and shows a relatively weak response to the
C/EBPao homodimer. ADH3 responds strongly only to the
heterodimer, with the LAP and C/EBP homodimers giving
weak responses. Thus, C/EBPa and LAP do appear to have
a synergistic effect onADH2 and especiallyADH3 transcrip-
tion. Also, according to our results, the human albumin
promoter responds to the heterodimer with a synergistic
effect similar to that of the human ADH2 promoter (Fig. 4).
Since previous studies on the mouse albumin promoter did
not indicate any synergism between C/EBPao and LAP (46),
this finding may reflect an evolutionary difference between
the mouse and human promoters.

In summary, the human ADH multigene family has pro-
vided examples of classes of promoters which clearly re-

spond differentially to C/EBPac and LAP homo- and het-
erodimers, DBP and HNF-1. We suggest that the differential
responses of ADHI, ADH2, and ADH3 to these liver tran-
scription factors which we have observed in transfection
assays may be physiologically significant for the sequential
turn-on of ADH genes during liver development. Since ADH
plays a role in the synthesis of retinoic acid (12), a compound
implicated in development of the epithelial cells of the liver
as well as many other developmental processes, the sequen-
tial turn-on of three ADH genes in human liver may be
needed as part of the establishment of retinoid homeostasis
for correct human development.
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