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Identification of a Transthyretin Enhancer
Site That Selectively Binds the Hepatocyte
Nuclear Factor-35 Isoform
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The upstream proximal region of the transthyretin (TTR) promoter and a distal enhancer are sufficient to
drive liver-specific expression of the TTR gene, as demonstrated by experiments in transgenic mice.
Previous analyses have characterized the binding of a number of liver-enriched transcription factors to the
TTR promoter including hepatocyte nuclear factors one (HNF-1), HNF-4, and three distinct HNF-3
proteins («, 3, and ), which are members of the winged helix (fork head) family. The TTR enhancer was
shown to bind members of the CCAAT/enhancer binding protein (C/EBP) family at two distinct sites
(TTR-2 and TTR-3), and an oligonucleotide containing the activation protein one (AP-1) binding se-
quence competed for recognition to a third enhancer site (TTR-1). In this study, we have carried out a
detailed analysis of the transcription factors that recognize the TTR enhancer elements (TTR-1, TTR-2,
and TTR-3 oligonucleotide sequences). Analysis of the TTR-1 site demonstrates that the putative AP-1
site in the TTR enhancer binds a ubiquitously expressed factor that is distinct from the AP-1 family of
proteins. Next we demonstrate, via gel shift analysis, that the TTR-3 site is recognized by the C/EBP
family in liver nuclear extracts. We also show that whereas the TTR-2 enhancer site is capable of binding
recombinant C/EBP proteins, it does not bind C/EBP proteins from liver nuclear extracts. The TTR-2
site does, however, contain a variant HNF-3 recognition sequence that exclusively binds the HNF-383
isoform. Mutation of this HNF-38-specific recognition sequence caused reductions in TTR enhancer
activity. We had previously observed a 95% decrease in HNF-3« expression and a 20% reduction in
HNF-38 expression in acute phase livers, which correlated with a 60% decrease in TTR gene transcription.
We propose that the HNF-38-specific binding site in the TTR enhancer may play a role in maintaining
TTR gene expression during the acute phase response in spite of the dramatic reduction in HNF-3« protein
levels.

Winged helix Liver-enriched transcription factor
Isoform-specific DNA binding site

Hepatocyte nuclear factor 3 Fork head
Hepatocyte-specific gene transcription

CELLULAR differentiation results in transcrip-
tional induction of distinct sets of tissue-specific
genes whose expression is vital for organ function
(19). Deciphering transcriptional control mecha-
nisms is thus critical to understanding the events
involved in cellular differentiation. Toward this
goal, functional dissection of numerous hepato-
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cyte-specific promoter and enhancer regions has
determined that such regulatory regions are struc-
turally complex, consisting of multiple DNA
binding sites recognized by distinct families of
liver-enriched transcription factors (66). The com-
binatorial action of these factors on multiple DNA
sites is required for the activation of transcription
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and plays a role in maintaining hepatocyte-specific
gene expression (13). Structural similarities in the
DNA binding and/or dimerization domains define
five distinct families of liver-enriched factors: the
winged helix/fork head family members hepato-
cyte nuclear factor (HNF)-3«, -38 and -3y pro-
teins (37,38); the steroid hormone receptor family
members HNF-4 (59) and apolipoprotein Al regu-
latory protein-1 (ARP-1) (36); the POU-
homeodomain family members HNF-1« and -13
proteins (8,23); the basic region leucine zipper
(bZIP) family members CCAAT/enhancer bind-
ing protein o« (C/EBPa) (39,40), C/EBPS3, and
C/EBP$ (1,10,20,33,50,64); and the proline and
acidic amino acid-rich (PAR) bZIP subfamily
members albumin D-box binding protein (DBP)
(45), chicken vitellogenin gene-binding protein
(VBP)/mouse thyrotroph embryonic factor
(TEF) (22,31), and hepatic leukemia factor
(HLF) (28,29).

The HNF-3 proteins were originally identified
as factors mediating hepatocyte-specific transcrip-
tion of the transthyretin (TTR; encodes a serum
carrier protein of thyroxine and vitamin A) and
al-antitrypsin genes (15). The HNF-3 proteins
share homology within a 100-amino acid winged
helix DNA binding domain (12,38), which directs
monomeric recognition of the DNA consensus se-
quence 5’-A(A/T)TRTT(G/T)RYTY-3’ (48).
Subsequent studies showed that HNF-3 activates
transcription of numerous liver genes encoding
proteins important for liver function, including:
the serum carrier proteins transferrin, albumin,
a-fetoprotein, apolipoprotein B (ApoB), ApoAl,
and insulin-like growth factor binding protein-1
(IGFBP-1) (6,9,15,21,26,41,60), and the enzymes
tyrosine aminotransferase (TAT), cholesterol 7a-
hydroxylase, phosphoenolpyruvate carboxyki-
nase, phosphofructokinase, and aldolase B
(30,43,46,54), and the human hepatitis B virus
(11,47,53). In support of HNF-3’s role in regulat-
ing the expression of these hepatocyte-specific
genes, a hepatoma cell line that expresses a domi-
nant negative HNF-3 mutant extinguished tran-
scription of several HNF-3 target genes (61). Fur-
thermore, cytokines reduce hepatic HNF-3« and
C/EBPua expression levels during the acute phase
response, which correlates with a decrease in the
expression of several of its target genes (52). The
HNF-3 proteins also serve as accessory factors to
the glucocorticoid receptor protein and provide
hepatocyte-specific hormone induction of the
TAT and IGFBP-1 genes (46,60). Furthermore, in
vivo footprinting studies of the —10 kb albumin
enhancer region have demonstrated that the
HNF-3 proteins are involved in organizing the
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nucleosome pattern of the albumin enhancer ex-
clusively in hepatocytes (42). The HNF-3 proteins
thus not only play a role in transcriptional activa-
tion, but may also be involved in establishing he-
patocyte-specific accessibility within these genes’
regulatory regions.

Mammalian HNF-3 (37,38) and the Drosophila
homeotic gene fork head (fkh) (62) are prototypes
of a family of transcription factors that share ho-
mology in their winged helix motif. To date, the
mammalian winged helix protein family consists
of over 30 distinct members, which are involved in
the differentiation of diverse cellular lineages [for
review see (13,27)]. In situ hybridization studies
of stage-specific embryos demonstrate that the
HNF-3« and HNF-38 genes also participate in
pattern formation of the embryo. The HNF-33
genes begin expression during the primitive streak
stage of the mouse embryo in the node that gives
rise to endoderm, notochordal mesoderm, and
neuroepithelium (4,44,55,57). HNF-3 expression
is restricted to neuroepithelium in the floorplate
of the neurotube, in the notochord, and through-
out the gut endoderm. In support of the impor-
tance of HNF-3 expression in these developing
structures, HNF-38 mutant embryos lack node
and notochord, leading to defects in neurotube
formation, somite organization, and gut endo-
derm invagination (3,63). Furthermore, ectopic
hindbrain expression of the HNF-38 gene in trans-
genic mice mediates the conversion of hindbrain
to floorplate as evidenced by activation of the en-
dogenous HNF-3« and HNF-33 genes as well as
several additional floorplate marker genes (58).
The HNF-3« and -33 genes are also induced dur-
ing retinoic acid (RA)-mediated differentiation of
embryonic carcinoma F9 cells to visceral endo-
derm (18,32). HNF-3 expression in differentiated
F9 cells precedes activation of its target genes and
results in decreased cellular proliferation. These
embryonic studies suggest that the HNF-3 proteins
play an important regulatory role in cellular com-
mitment events.

We have used the TTR proximal promoter and
distal enhancer regions (Fig. 1) as a model to un-
derstand hepatocyte-specific gene expression.
These regulatory sequences are necessary and suf-
ficient to elicit a normal hepatic expression pattern
in transgenic mice (14,15,17,18,52,65). In TTR
enhancer sequences required for transcriptional
activation we previously identified two DNase 1
protected regions with recombinant C/EBP« pro-
tein (Fig. 1), designated TTR-2 and TTR-3
(16,17). We now demonstrate that liver-derived
C/EBP proteins form specific complexes with the
TTR-3 sequence only and not with TTR-2. We
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TTR DISTAL TTR PROXIMAL
ENHANCER PROMOTER
HNF-3(3 C/EBPW HNF-4W C/EBPS HNF-4W HNF-3|3 HNF-1W HNF-3S

-CTACCTCGTGATCGCCCGGC /LATGTTCAAACATGTCCTAATACTCTGTCTCTGC GTTTTCCATCTTACTCAACATCCTCC-3*
-GATGGAGCACTAGCGGGCCG/ /GAC|AA|GTTTGTANGGATTATGAGACAGAGACG / CAAAAGGTAGAATGAGTTGTAGGAGG-5"

HNF-3 C/EBP C/EBP

FIG. 1 Transcription factors binding to the transthyretin (TTR) regulatory region. Schematically
shown on the TTR promoter and enhancer region are the weak affinity protein binding sites for
the hepatocyte nuclear factor-1 (HNF-1W), HNF-4W, activating protein-1 (AP-1) (15,52,59), and
ubiquitous factor (UF; this study). There are weak and strong affinity sites for the CCAAT/enhancer
binding protein (C/EBPW and C/EBPS) [(16,17) and this study] and two HNF-3/3 binding sites that
are recognized exclusively by the HNF-3/3 isoform and a strong affinity HNF-3S site that binds the
HNF-30;, HNF-3(3 and HNF proteins [(38) and this study]. The sequences of three oligonucleo-
tides in the TTR enhancer are shown (TTR-1, TTR-2, and TTR-3) and indicated on the sequences are
the positions of the C/EBP (16,17,25) and HNF-3 binding sites (boxed residues indicate mismatches
with the HNF-3 consensus) (48). The TTR-1 and TTR-2 oligonucleotide sequences are separated by
two nucleotides whereas the TTR-2 and TTR-3 oligonucleotide sequences are separated by 14 nucleo-
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tides that contain the HNF-4 binding site.

also identify a variant HNF-3 site in the TTR-2
sequence, which selectively binds the HNF-3/3 iso-
form, and show that this sequence is important
for transcriptional activation. We suggest that the
HNF-3/3-selective site may be important for main-
tenance of TTR gene expression during the acute
phase response when expression of HNF-3ce and
C/EBPa transcription factors drop precipitously
(2,52). A third functional TTR enhancer site,
TTR-1, was proposed to be a binding site for the
AP-1 proteins on the basis of competition by an
AP-1 binding site from the cel-antitrypsin (cel-
AT-B site) enhancer (17,25). In this study we dem-
onstrate that the ubiquitously expressed factor
binding to the TTR-1 sequence is not induced by
TPA and is distinct from the AP-1 proteins,
whereas the cel-AT-B sequence binds both the
TTR ubiquitous factor and the AP-1 protein.

MATERIALS AND METHODS

Transfections to Generate Proteinfor
Gel Shift Analysis

The cytomegalovirus (CMV) promoter-driven
expression vectors containing the HNF-3o:, HNF-
33, HNF-37, C/EBPce, or C/EBP@ cDNAs were
transfected into human epithelial HeLa cells via
calcium phosphate precipitation and nuclear ex-
tracts prepared 36 h later. Gel mobility shift assay
was performed as described previously (52,56). A

100-fold molar excess of unlabeled oligonucleo-
tide was included in the reaction when competition
experiments were performed, unless otherwise in-
dicated. Oligonucleotides used in gel mobility shift
studies include the following: sites in the TTR en-
hancer comprising TTR-1, TTR-2, and TTR-3
[(17), Fig. 1], and the strong affinity HNF-3
(HNF-3S) site from the TTR promoter [—111/
-88 base pair (bp)] (15), the HNF-3(3 promoter
(—97/ —67 bp) sequence containing both a weak
affinity HNF-3 (HNF-3W) site and a strong affin-
ity C/EBP site (49,56), a strong affinity C/EBP
site derived from the hemopexin promoter (Hpx)
(50), the al-AT-B sequence containing an AP-1
consensus (5-TKASTCA-3r where K= Gor T
and S = C or G) from the al-antitrypsin en-
hancer (25), and the AP-1 site from the SV40 virus
enhancer (5). Where indicated, HepG2 cells were
treated with 160 nM of 12-O-tetradecanoyl-
phorbol- 13-acetate (TPA,; dissolved in DMSO) or
mock treated with DMSO in DMEM containing
0.5% fetal calf serum and nuclear extracts were
prepared 4 h thereafter as previously described
(52).

Generation and Analysis of Site-Directed
Mutants via CA T Assay

Site-directed mutagenesis was performed via a
PCR protocol previously described (52), with the
following oligonucleotides (DNA International)
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and their opposite strand correlates: 5'-TCG CCC
GGC CCCTGG AATTCT AGATCCTAA TAC
TCT-3’ for conversion of the HNF-383-specific
site to a nonbinding site, and 5’-TCG CCC GGC
CCC TAA ACA AAC ATT GCC TAA TAC
TCT-3’ for conversion of the HNF-38-specific
site to an HNF-3 strong site. Human hepatoma
HepG2 cells (34) were transfected with plasmid
DNA using 10 ul of lipofectin as per manufacturer
protocol (Bethesda Research lab) and then har-
vested 3 days later for preparation of cytoplasmic
extracts. Quantitation of CAT enzyme levels was
performed via butyrylation (Pharmacia) of
["“C]chloramphenicol (ICN) followed by xylene
extraction of the product and liquid scintillation
counting (Promega Technical Bulletin, 1994). The
CMV-driven 3-galactosidase plasmid was included
in each transfection to normalize extracts for dif-
ferences in transfection efficiency, as described
previously (51,52,56).

RESULTS

The TTR-3 Site Possesses a Greater Affinity
for Recombinant C/EBP Protein Than
the TTR-2 Site

The TTR enhancer is critical for hepatic expres-
sion of the TTR minigene in transgenic mice
(18,65). This enhancer stimulates activity of the
proximal TTR promoter region by 5-to 10-fold in
HepG2 cell transfections (14,15,17,52). Further-
more, transcriptional activation by the TTR en-
hancer requires two C/EBP binding sites desig-
nated TTR-2 and TTR-3 [(16,17), Fig. 1]. To
determine the relative C/EBP binding affinity of
these sites, we carried out gel mobility shift assays
with recombinant C/EBP« and C/EBPS proteins
and the TTR enhancer sequences (Fig. 2A). Com-
petition studies showed that binding of recombi-
nant C/EBP protein to the TTR-3 sequence was
competed by unlabeled TTR-3 oligonucleotide
(100-fold molar excess) as well as by a HNF-33
promoter oligonucleotide that contains binding
sites for C/EBP and HNF-3 proteins (49,56). The
C/EBP binding site from the hemopexin (Hpx)
promoter (50) was a more effective competitor for
C/EBP binding to the TTR-3 oligonucleotide. By
contrast, the TTR-2 sequence possessed low bind-
ing affinity for the C/EBP protein because it was
unable to compete efficiently for C/EBP complex
formation with itself or the TTR-3 sequence (Fig.
2A). These results suggest that the TTR-3 se-
quence possesses greater affinity for the C/EBP
family of proteins than the TTR-2 sequence.
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The TTR-2 Enhancer Sequence Selectively Binds
the HNF-33 Isoform

Because of the weak C/EBP binding affinity
exhibited by the functionally important TTR-2 se-
quence, we performed computer searches for
other transcription factor binding sites and found
homology with the HNF-3 binding site consensus
(5'-AWTRTTKRYTY-3’, where R = AorG; W
=AorT; K=GorT; Y =T or C) (48). We
carried out gel mobility shift assays with the
TTR-2 sequence and recombinant HNF-3«, HNF-
383, and HNF-3v proteins (Fig. 2B). Each of the
recombinant HNF-3 protein preparations was ac-
tive as evidenced by complex formation with the
strong affinity HNF-3S binding site from the TTR
promoter (15). To our surprise, the TTR-2 se-
quence was exclusively bound by recombinant
HNF-38 protein and not recognized by either
HNF-3« or HNF-34 proteins (Fig. 2B). We attri-
bute the selective recognition of the TTR-2 se-
quence to several nucleotide differences at both
ends of the HNF-3 consensus sequence (Fig. 1,
boxed residues). Such nucleotide differences have
been shown to influence recognition by winged
helix family members (48). Furthermore, similar
inhibition of HNF-38 complex formation was ob-
served with either self-competition or cross-
competition with a weak affinity HNF-3 site
(HNF-3W) from the HNF-33 promoter region
(49,56), whereas an oligonucleotide correspond-
ing to the HNF-3S site was a more effective com-
petitor (Fig. 1 and 2B). Moreover, the HNF-3 pro-
teins did not bind to the TTR-3 sequence nor did
C/EBP binding sites compete for HNF-33 com-
plex formation with the TTR-2 oligonucleotide
(Fig. 2B, TTR-3, and Hpx). These gel shift studies
identify an HNF-3 site in the TTR-2 enhancer se-
quence that exclusively binds the HNF-33 iso-
form. It is interesting to note that a second HNF-3
binding site in the TTR promoter (—140/—130,
see Fig. 1) has also been shown to bind the
HNF-33 protein preferentially (38).

HNEF-33 Protein Is the Major TTR-2 Binding
Protein in Mouse Liver Nuclear Extracts

To examine whether liver-derived C/EBP and
HNF-33 proteins could form complexes with the
TTR-2 oligonucleotide, protein extracts were pre-
pared from mouse liver nuclei. Analysis of this
liver nuclear extract in DNA binding assays dem-
onstrated recognition of the TTR-2 sequence by
the HNF-33 isoform, because the TTR-2 protein/
DNA complex was disrupted with HNF-33 anti-
body but not with HNF-3a or HNF-3v antisera
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FIG. 2. The TTR-2 sequence contains a divergent HNF-3 site that exclusively binds the
HNF-3/3 isoform. (A) Recombinant C/EBPa: and C/EBP/3 proteins synthesized in HelLa
cells were used for complex formation with the TTR-2 and TTR-3 oligonucleotides, and a
100-fold molar excess of the indicated competitors was included to examine binding affinit-
ies (see Fig. 1). This includes the HNF-3|8 promoter oligonucleotide (—97/—67), which
binds both HNF-3 and C/EBP proteins (49,56), and the strong affinity C/EBP binding
site from the hemopexin (Hpx) promoter (50). The position of the C/EBPa and C/EBP/3
protein/DNA complexes and a nonspecific (NS) band that did not compete with C/EBP
binding sites are also indicated. Control HeLa cell nuclear extracts did not contain any
binding activity to the TTR-2 or TTR-3 oligonucleotides. (B) The TTR-2 sequence selec-
tively binds the HNF-3/3 isoform. Recombinant HNF-3a, HNF-3/3, and HNF-37 proteins
were used for complex formation with the TTR-2 and TTR-3 oligonucleotides and a
100-fold molar excess of the indicated competitors was included [HNF-3W is the same as
HNF-3/3 in (A)]. The strong affinity HNF-3 site (HNF-3S) from the TTR promoter (15)
was included to demonstrate that all of the recombinant HNF-3 isoforms were active for
DNA binding activity and TTR-3 was used as a negative control. The position of the
HNF-3 protein/DNA complexes (HNF-3) and several nonspecific complexes (NS) that
were not inhibited by competition with HNF-3 binding sites are also indicated.



28

HNF-3p — ~ jp

B

Probe

Competitor

HNF-3(3
NS

FIG. 3. The HNF-3/3 protein is the major TTR-2 binding pro-
tein in mouse liver nuclear extracts. (A) Only the HNF-3/3
complex is disrupted when the TTR-2 oligonucleotide is used
as the gel shift probe with HNF-3 isoform-specific antibodies.
Shown is the top portion of the gel depicting the protein/DNA
complexes with liver nuclear extracts. Included in the binding
reactions are either competitions with the binding site oligonu-
cleotides described in Fig. 2 legend or HNF-3 isoform-specific
antisera. (B) Liver-derived C/EBP forms complexes with the
TTR-3 site but not TTR-2. Gel shift competition assays using
the TTR-2 and TTR-3 oligonucleotides and mouse liver nuclear
extracts. Note that the HNF-3S site competes all of the TTR-2
protein complexes and it is not inhibited by the C/EBP site
from the Hpx promoter. In contrast, TTR-3 is inhibited by C/
EBP sites but not by HNF-3 sites.

(Fig. 3A). The HNF-3/3 protein complex with the
TTR-2 sequences was not disrupted by the C/EBP
binding sites but was effectively competed by itself
and HNF-3 binding sites from the HNF-3/3 and
TTR promoters (Fig. 3B). These gel shift assays
also demonstrate that the TTR-2 oligonucleotide
did not form detectable C/EBP complexes with
liver nuclear extracts as evidenced by lack of com-
petition with the Hpx or TTR-3 oligonucleotides
(Fig. 3B).

Consistent with the recombinant C/EBP bind-
ing studies, the TTR-3 oligonucleotide formed
abundant protein complexes that were effectively
competed by unlabeled TTR-3 and with C/EBP
binding sites derived from the Hpx and HNF-3/3
promoters. The multiple complexes are consistent
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with the recognition by homo- and heterodimers
of the C/EBP protein family, which differ in their
gel mobility (10,64). Furthermore, the TTR-2 and
HNF-3S oligonucleotides were not effective com-
petitors of C/EBP complex formation with the
TTR-3 sequence. These studies suggest that TTR-3
is an authentic C/EBP binding site whereas the
TTR-2 site is a selective binding site for HNF-3/3
protein. These results are consistent with the fact
that the TTR-3 sequence contains the C/EBP con-
sensus binding sequence (1) 5-TKNNGNAAK-
3" (5-TTGAGTAAG-3' Fig. 1, bottom strand)
whereas the TTR-2 sequence does not match the
C/EBP consensus.

Disruption of the HNF-3”-Specific Site
Results in Reduced TTR
Enhancer Activity

To assess the contribution of the HNF-3/3 site
in the TTR enhancer, we made site-directed muta-
tions in the TTR enhancer, which either disrupted
HNF-3/3 recognition or converted it so that it
binds all of the HNF-3 isoforms (48). These TTR
enhancer mutations were fused to the TTR pro-
moter region driving the expression of the CAT
reporter gene and used for transfections into
HepG2 cells to determine the importance of the
HNF-3/3-specific site in TTR gene transcription.
Disruption of the HNF-3/3-specific site caused a
40% decrease in reporter gene activity compared
to the wild-type TTR promoter and enhancer con-
struct (Fig. 4). The TTR-2 enhancer mutant still
demonstrates greater transcriptional levels than
that of the TTR proximal promoter construct
lacking the TTR enhancer, which exhibits a 70%
reduction in transcriptional activity (Fig. 4), sug-
gesting that disruption of the HNF-3/3-specific site
does not completely eliminate TTR enhancer ac-
tivity. We then altered the HNF-3/3-specific site in
the TTR enhancer to a sequence that has pre-
viously been shown to bind all three HNF-3 iso-
forms (HNF-3 #4 site) (48). Conversion of the
TTR-2 sequence to a site that also binds HNF-3a
and HNF-37 causes a slight increase in transcrip-
tional activity, suggesting that recognition by the
other HNF-3 proteins potentiates transactivation
function (Fig. 4).

A Ubiquitous Factor Binds Upstream of the
HNF-3(3-Specific Binding Site

Analysis of the 5' end of the TTR enhancer
identified a functional sequence, designated
TTR-1, that bound a ubiquitous factor (UF, Fig.
1), which was widely expressed in a number of
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HNF-3 Binding Capability TTR-2 Enhancer

0.00

of TTR-2 Sequence Sequence
HNF-3 p ACATGTTTGAAC
HNF-3 a py CAATGTTTGTTT
NONE ATCTAGAATTCC

No Enhancer

Activity Relative to Wild-type TTR Enhancer and Promoter

0.20 0.40 0.60 0.80 1.00

FIG. 4. The HNF-3/3-specific site is required for transcriptional activation by the TTR enhancer.
Constructs consisting of the TTR enhancer and —202 promoter driving the expression of the CAT
gene were transfected into HepG2 cells to determine the importance of the HNF-3/3-specific site in
the TTR-2 region of the TTR enhancer. Transient expression levels (average from three separate
transfection experiments) of the wild-type TTR enhancer containing an HNF-3/3-specific site were
compared with mutations that allowed recognition of all of the HNF-3 isoforms or that eliminated
HNF-3 binding (None). Also included for comparison is the activity of the TTR promoter con-
structs that lacked the TTR enhancer region. The CMV-driven /3-galactosidase plasmid was in-
cluded in each transfection to normalize cellular protein extracts for differences in transfection

efficiency, as described previously (51,52,56).

tissue nuclear extracts (16,25). We proposed that
TTR-1 was recognized by the AP-1 protein be-
cause it was competed by an a l-antitrypsin en-
hancer sequence (cd-AT-B) that contained a per-
fect AP-1 binding site [(54); see Fig. 1]. To
explore this hypothesis, we carried out gel shift
assays with these oligonucleotides and nuclear ex-
tracts prepared from TPA-treated HepG2 cells
(Fig. 5). The al-AT-B site bound TPA-inducible
AP-1 protein, as evidenced from cross-com-

Probe

TPA Treatment

Competitor

UF
AP-1

petition with the SV40 AP-1 site; the cd-AT-B site
also inhibited AP-1 complex formation (Fig. 5,
white dot). Nuclear extracts prepared from un-
treated HepG2 cells allowed us to identify the po-
sition of the UF/al-AT-B complexes, which were
not diminished by SV40 AP-1 competition (Fig.
5). In contrast to the cel-AT-B sequence, the
TTR-1 probe did not form any TPA-inducible
complexes and the UF complexes were cross-
competed by the cd-AT-B site but not by the

FIG. 5. The TTR-1 site binds a ubiquitous factor that is distinct from AP-1. We
carried out gel mobility shift assays with the indicated oligonucleotides (see Fig.
1) and nuclear extracts prepared from the human hepatoblastoma (HepG2) cell
line that were either treated with TPA for 4 h or not treated (see the Materials
and Methods section). The AP-1 oligonucleotide is the AP-1 sequence from the
SV40 enhancer region (5) and the al-AT-B oligonucleotide contains an AP-1
consensus site derived from the a\-antitrypsin (cxI-AT) enhancer (25). Shown is
the position of the TPA-induced AP-1 protein/DNA complex (white dot) and
the ubiquitous factor (UF) complex on the gel. Note that the cU-AT-B oligonu-
cleotide binds both AP-1 and UF proteins. Competition lanes include a 100-fold
molar excess of indicated unlabeled oligonucleotide.



30

AP-1, SP-1, and UFI1-H38 sequences [(55,56);
Fig. 3 and data not shown]. These results demon-
strate that TTR-1 binds a ubiquitous factor (UF),
which is distinct from the AP-1 protein/DNA
complex. They also show that the ol-AT-B se-
quence binds both the TTR UF and the TPA-
inducible AP-1 proteins.

DISCUSSION

Characterization of a Ubiquitous Factor
Recognizing the TTR-1 Enhancer Site

In a previous report, three functional sequences
were identified in the TTR enhancer region (TTR-
1, TTR-2, and TTR-3), one of which (TTR-1)
bound a nuclear factor found in a variety of tissue
nuclear extracts [(16,25), see Fig. 1]. We had pre-
viously suggested that AP-1 protein recognizes
TTR-1 because the «1-AT-B enhancer sequence,
which contains a perfect AP-1 consensus site,
competed for binding (25). In this study, we dem-
onstrate that TTR-1 sequence is not recognized by
AP-1 but binds a distinct ubiquitously expressed
factor (UF) (Figs. 1 and 5). The al-AT-B se-
quence, however, is recognized by both the UF
proteins and the TPA-inducible AP-1 proteins
(Fig. 5). Recent studies have identified an AP-1
site that partially overlaps the HNF-3S site in the
TTR proximal promoter and confers TPA stimula-
tion of the TTR promoter region (52). Therefore,
as in the case of the hepatocyte-specific regulatory
sequences of the ol-AT, metallothionein, and
HNF-1 genes (5,25,35), the TTR promoter has
evolved with an AP-1 sequence conferring transcrip-
tional induction via the protein kinase C pathway.

The TTR-2 Site Exclusively Binds the
HNEF-33 Isoform and the TTR-3 Site
Binds C/EBP Proteins in Mouse
Nuclear Extracts

Two adjacent C/EBP binding sites (TTR-2 and
TTR-3) were identified in the TTR enhancer that
were required for transcriptional activation
(16,17). In this study, we demonstrate that the
TTR-3 sequence is recognized by both recombi-
nant C/EBP proteins and authentic C/EBP pro-
tein found in liver nuclear extracts. In contrast,
the TTR-2 sequence does not form detectable C/
EBP protein complexes in liver nuclear extracts
and does not specifically compete for recombinant
C/EBP protein binding. These results are consis-
tent with the fact that the TTR-3 sequence
matches the C/EBP DNA binding consensus se-
quence (1) and that the TTR-2 sequence lacks sig-
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nificant homology to this consensus site. These
data suggest that the TTR enhancer contains only
one high-affinity binding sequence for the C/EBP
protein, which is present within the TTR-3 en-
hancer site. In this study, we also show that the
TTR-2 enhancer site contains a variant HNF-3
consensus sequence that is selectively binding the
HNF-33 isoform. Disruption of this HNF-33-
specific enhancer site demonstrates that this se-
quence contributes significantly to TTR enhancer
function (Figs. 2-4). These studies demonstrate
the existence of variant HNF-3 sites that distin-
guish among the three HNF-3 isoforms. Analysis
of promoter regions for this HNF-33-specific site
will allow identification of liver target genes that
are primarily regulated by the HNF-33 isoform.

The TTR gene is a negatively responsive acute
phase gene (24) whose decreased expression in the
acute phase response contributes to the mainte-
nance of a constant serum protein concentration
by allowing for an increase in newly synthesized
acute phase plasma proteins (7). Previous studies
of the TTR promoter region identified a weak af-
finity HNF-3 site that exhibited a higher binding
affinity for the HNF-38 isoform (38). The discov-
ery of an additional HNF-33-selective site in the
TTR enhancer region suggests that these sites may
play an important role under particular physiolog-
ical conditions where the levels of the other
HNF-3 proteins are reduced. We have previously
shown that the induction of the acute phase re-
sponse in the liver causes a transient 95% reduc-
tion in HNF-3«a expression levels which coincides
with a 60% decrease in expression levels of its
target gene TTR (52). In contrast to HNF-3« ex-
pression, the HNF-38 protein is only slightly di-
minished during the acute phase response. The de-
crease in TTR gene expression during the acute
phase response also coincides with a dramatic re-
duction of C/EBPa expression and increases in
C/EBPS and C/EBPS$ isoforms (2). We have pre-
viously shown that the TTR-3 sequence is not an
efficient competitor for C/EBP$ protein recogni-
tion (56). The decrease in both C/EBP« and
HNF-3o expression during the acute phase re-
sponse may therefore mediate the decrease in TTR
gene transcription. The existence of two discrimi-
nating binding sites in the TTR DNA regulatory
region suggests that HNF-33 recognition may play
a role in maintaining TTR gene transcription dur-
ing the acute phase response when transient reduc-
tion of other transcription factors occurs.
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