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Two similar, yet functionally distinct genomic RNAs are transcribed from the DNA genome of the human
hepatitis B virus. The pre-C RNAs encode the precore protein which is proteolytically processed to yield e
antigen. The pregenomic RNAs encode both the nucleocapsid protein and reverse transcriptase and serve as
the templates for viral DNA replication. To determine whether synthesis of these two RNAs is directed from
a single or a closely spaced pair of promoters, we introduced point and insertion mutations into the basal
elements of the promoter that directs their synthesis. Transcription from these mutants was examined both in
cell-free transcription systems derived from hepatoma (HepG2) and nonliver (HeLa) cell lines and by transient
transfection of hepatoma cell lines (Huh7 and HepG2). The data from these experiments indicated that
synthesis of the pre-C and pregenomic RNAs is directed by two distinct promoters and that the basal elements
of these two promoters partially overlap, yet are genetically separable, with each consisting of its own
transcriptional initiator and a TATA box-like sequence situated approximately 25 to 30 bp upstream of its sites
of initiation. A 15-bp insertion was found to be sufficient to physically separate these two promoters. Further-
more, these two promoters can be differentially regulated, with the transcriptional activator Sp1 specifically
activating transcription from the pregenomic promoter and the hepatocyte nuclear factor 4 specifically
repressing transcription from the pre-C promoter. Thus, we conclude that the promoters used in synthesis of
the pre-C and pregenomic mRNAs are genetically distinct and separately regulated.

Human hepatitis B virus (HBV), a member of the hepadna-
virus family, is a pathogen which causes viral hepatitis. Chronic
hepatitis B can lead to liver cirrhosis and hepatocellular car-
cinoma (13, 36). The partially double-stranded DNA genome
of HBV contains four open reading frames (ORFs) encoding
the S proteins (envelope proteins), precore protein, nucleo-
capsid protein (C), reverse transcriptase (P), and X protein.
The HBV genes are transcribed by the host RNA polymerase
II. All of the viral transcripts utilize a common polyadenylation
signal located within the C protein-coding region. The viral
RNAs are subdivided into two classes, genomic and sub-
genomic, according to their sizes (reviewed in references 13,
33, and 36). The 59 ends of the 3.5-kb genomic RNAs are
situated within 30 bases of the beginning of the pre-C–C ORF
and map to nucleotides (nt) 1785 to 1786, 1791 to 1793 (pre-C
RNAs), and 1818 to 1820 (pregenomic RNAs) (42). These two
species of genomic RNAs were also identified in (i) cultured
hepatoma cells stably or transiently transfected with whole
HBV genomic DNA or subclones of fragments of the viral
DNA (18, 27, 31, 43), (ii) liver cells infected with HBV (40),
and (iii) transgenic mice containing HBV (11).
The pre-C–C ORF contains two in-frame translation initia-

tion signals separated by 28 codons, thus encoding both pre-
core protein (212 amino acids, adr subtype), the precursor for
the viral e antigen, and C protein (183 amino acids, adr sub-
type) (reviewed in reference 33). The pre-C RNAs have 59
ends situated upstream of the first AUG codon (nt 1816 to
1818) (Fig. 1A). Microinjection of these RNAs into Xenopus
oocytes results in the synthesis of precore protein, but little or
no C protein (34). The pre-C RNAs also do not serve as

templates for HBV DNA replication, presumably because
translation of the precore ORF interferes with recognition of
the encapsidation signal by the viral C and P proteins (25). On
the other hand, the pregenomic RNAs have 59 ends situated
downstream of the first AUG codon (Fig. 1A). Thus, they can
encode the C and P proteins, but not the precore protein. The
pregenomic RNAs also serve as templates for viral DNA syn-
thesis after encapsidation into core particles (25). Therefore, it
is likely that the virus needs to differentially regulate synthesis
of these two species of genomic RNAs.
Yuh et al. (43) showed by analysis of deletion mutants tran-

siently transfected into hepatoma cells that the basic C pro-
moter maps within an approximately 100-bp fragment (nt 1744
to 1851). This DNA fragment is sufficient for accurate initia-
tion of both pre-C and pregenomic RNAs in vivo. Sequences
located immediately 59 of the basic C promoter can positively
modulate this promoter in a liver-specific manner through
cis-acting elements in enhancer II (Fig. 1A) (16, 43). Se-
quences located further upstream can negatively modulate this
promoter through a negative regulatory element (15, 16, 23).
The upstream regulatory region (nt 1403 to 1743), which con-
tains both the positive and negative cis-acting elements, has
been shown, as a whole, to stimulate transcription of the pre-C
and pregenomic RNAs in hepatoma cells (42a). Moreover,
transcription of the pre-C and pregenomic RNAs appears to
be coordinately regulated by cis-acting elements in the en-
hancer II region (43). It was reported that sequences within
enhancer I (Fig. 1A) can also activate the basic C promoter
(44, 45). The strict liver cell specificity of this promoter is
probably determined via the combined action of multiple cis-
acting elements and trans-acting factors (1, 18).
We have been identifying cis-acting sequences and trans-

acting factors involved in synthesis of the pre-C and pre-
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genomic RNAs. In this report, we show that the basal elements
of the promoters for the pre-C and pregenomic RNAs are
distinct and genetically separable and that the synthesis of
these RNAs can be differentially regulated in trans by posi-
tively and negatively acting factors.

MATERIALS AND METHODS

Plasmid constructs. Most of the plasmids used in the cell-free transcription
and in vivo transfection assays are derivatives of plasmid pGL-2 (Promega), a
promoterless luciferase expression vector. To construct plasmid pWT, the
BamHI-BglII fragment of HBV DNA (nt 1403 to 1991) was amplified by PCR
from pADR1 (41), a plasmid in which a complete HBV genome (subtype adr)
had been cloned into the BamHI site of pBR322. This PCR-generated fragment
was then inserted between the SmaI and BglII sites of pGL-2. Plasmids pMpc1-3,
pMpg1-3, and pMinser are derivatives of pWT containing point and insertion
mutations (Fig. 1); they were constructed by a two-step, PCR-based mutagenesis
method (2). Plasmids pWT9, pMpc19, pMpg19, and pMpg29 are derivatives of
pWT, pMpc1, pMpg1, and pMpg2, respectively, from which the upstream reg-
ulatory region (nt 1403 to 1729) has been deleted; they were constructed by
PCR-based amplification of the DNA fragments (nt 1730 to 1991) from the
corresponding mutant plasmids and subcloning into pGL-2. All promoter mu-
tations were confirmed by DNA sequence analysis.
Plasmid pADR2, containing a terminal redundancy of the HBV genome, was

derived from pADR1 by insertion of the 589-bp BamHI-BglII fragment of HBV
DNA into one of the two BamHI sites in pADR1. To ensure that infectious virus
was not produced in transfected cells, a portion of the C protein-coding region
was removed by deletion of the BglII fragment (nt 1987 to 2432). Plasmid
pCDMHNF4, a gift from David Moore, contains a cDNA clone of rat hepatocyte
nuclear factor 4 (HNF4) in the expression vector pCDM8. Plasmid pEQ176, a
gift from Kim Mansky, contains the Escherichia coli b-galactosidase gene ex-
pressed from a cytomegalovirus immediate-early (CMV-IE) promoter (30).
Cell-free transcription assays. HeLa cell nuclear extract was kindly provided

by Richard Kraus and Theresa Eisenbraun in our laboratory. The preparation of
nuclear extract from suspension cultures of cells (18 to 20 mg of protein per ml)
was performed as reported previously (8, 38, 39). HepG2 nuclear extracts were
also prepared by this method, except the HepG2 cells were grown in 150-mm-
diameter tissue culture dishes to 80% confluence, and the final protein concen-
tration of the nuclear extract was 6 to 8 mg of protein per ml.
The cell-free transcription assays were performed as described previously (38,

39) with 0.1 mg of supercoiled plasmid DNA and 8 ml of nuclear extract in 25-ml
reaction mixtures. The relative quantitation and locations of the 59 ends of the
viral pre-C and pregenomic RNAs were determined as described previously (38,
39) with a synthetic oligonucleotide corresponding to HBV nt 1953 to 1931 used
as the primer. To study the effects of Sp1 on transcription from the pre-C and
pregenomic promoters in cell-free systems, the template DNA was preincubated
at 268C for 15 min with 1 ml of preimmune serum, 1 or 2 ml of recombinant
human Sp1 (Promega; 1 footprint unit/ml), or 2 ml of Sp1 plus 1 ml of anti-Sp1
antibody (Santa Cruz Biotech) prior to the addition of the nuclear extract.
In vivo transfection assays.Hepatoma cell lines Huh7 and HepG2 were grown

in Dulbecco’s modified Eagle’s medium-F12 medium supplemented with 10%
fetal bovine serum. Transfections were done according to the calcium phosphate
precipitation method (28). Each 100-mm-diameter tissue culture dish of cells was
transfected with a total of 20 mg of plasmid DNA. In the cotransfection exper-
iments, 10 mg of pCDMHNF4 or control plasmid pCDM8 (Invitrogen Corp.)
and 6 mg of plasmid pGL2, pWT, or pADR2 were used. Plasmid pEQ176 (2 mg)
was included in each transfection mixture as an internal control. Forty-eight
hours posttransfection, total cellular RNA was isolated by lysis with sodium
dodecyl sulfate (SDS)-EDTA. In brief, the cells were harvested in a buffer
containing 0.5 M NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1% SDS, and
200 mg of proteinase K per ml. The lysates were passed through a 26-gauge
needle several times to disrupt the chromosomal DNA and incubated at 378C for
1 h. To select for polyadenylated mRNA, oligo(dT) cellulose (Collaborative
Biochemical Products) was added to the lysate, and the mixture was incubated at
room temperature for 1 h with rotation. After thorough washing of the oligo(dT)
cellulose with lysis buffer, the mRNA was eluted with Tris-EDTA buffer. Total
cellular RNA was isolated from HepG2 cells by the acid guanidinium thiocya-
nate-phenol-chloroform extraction method (6) before oligo(dT) selection. The
mRNA obtained from one-third of a 100-mm-diameter dish of cells was used for
each primer extension reaction with the oligonucleotide 59-GTTTTCCCAGTC
ACGAC-39 serving as the primer for the detection of b-galactosidase mRNA.

RESULTS

Accurate transcription from the pre-C and pregenomic pro-
moters in a cell-free system. To help us better understand the
functions of cis-acting elements in the basic C promoter region,
we first developed a hepatoma cell-derived cell-free transcrip-
tion system. Nuclear extract was prepared from HepG2 cells.

FIG. 1. (A) Schematic diagram of the HBV basic C promoter, its upstream regulatory region (nt 1403 to 1851), and nearby surrounding sequences. The enhancers
(ENH I and ENH II), the pre-C and C ORFs, and the two Sp1 binding sites are indicated by labeled rectangular boxes. The nucleotide sequence of part of the basic
C promoter is also shown. The arrows indicate the locations of the 59 ends of the pre-C and pregenomic RNAs synthesized in Huh7 cells. The nucleotides at which
point mutations were introduced are underlined. The AUG codon of the pre-C ORF is indicated by a box. (B) Sequence alterations in the mutants studied here. The
dashes represent nucleotides identical to those of wild-type HBV (shown directly above in panel A).
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As a control, we also prepared nuclear extract from HeLa cells.
These extracts were used in a cell-free transcription system to
synthesize pre-C and pregenomic transcripts from pWT, a
plasmid which contains the nt 1403 to 1991 region of the
wild-type HBV genome upstream of the luciferase gene. The
precise locations of the 59 ends of the RNAs were determined
by primer extension analysis (Fig. 2, lanes 1 and 2). As a
control, the hepatoma cell lines Huh7 and HepG2 were tran-
siently transfected with pWT, and the polyadenylated RNAs
synthesized in these cells were analyzed in parallel (lanes 3 and
4).
Consistent with the findings of Yaginuma et al. (42), the 59

ends of the RNAs synthesized in transiently transfected Huh7
cells were found to map to nt 1785 to 1787, 1790 to 1791 (pre-C
RNAs), and 1820 to 1821 (pregenomic RNAs) (Fig. 2, lane 3).
Furthermore, the 59 ends of the pre-C and pregenomic RNAs
synthesized in HepG2 cells also mapped to these locations
within the basic C promoter region (lane 4). The 59 ends of the
pre-C and pregenomic RNAs synthesized in the cell-free tran-
scription systems derived from HepG2 and HeLa cells were
found to map to most of the same sites, as did the in vivo-
synthesized RNAs (lanes 1 and 2 versus lanes 3 and 4). Thus,
we conclude that (i) our cell-free transcription system accu-

rately recognizes the basic C promoter, and (ii) the selection of
these transcription initiation sites is not liver cell specific.
Basic C promoter contains two sets of partially overlapping

basal promoter elements. To determine if synthesis of the
pre-C and pregenomic RNAs is under the regulation of distinct
promoters, we attempted via mutagenesis to disrupt the tran-
scription of one mRNA species while not affecting the other.
The sequences changed in mutants Mpc1, Mpc2, and Mpc3
were selected because there are two AT-rich sequences, 59-A
GATTA-39 (nt 1752 to 1757) and 59-TTAAA-39 (nt 1760 to
1764), which (i) are located approximately 30 to 35 bp 59 of the
pre-C RNA start sites (Fig. 1A) and (ii) can bind recombinant
TATA-binding protein (TBP) on the basis of both footprint (4)
and competitive gel mobility-shift assays (data not shown). The
effects of these base substitution mutations on RNA transcrip-
tion were analyzed with our HeLa- and HepG2-derived in vitro
transcription systems (Fig. 3). Mutant Mpc1 (CCC in nt 1761
to 1763) made no detectable pre-C RNAs, yet made pre-
genomic RNAs at levels similar to those of the wild type (Fig.
3A and B, lane 3 versus lane 2). In contrast, the same base
substitutions introduced into the 59-most AT-rich sequence in
mutant Mpc2 (CCC in nt 1754 to 1756) led to the synthesis of
wild-type levels of pre-C and pregenomic RNAs (Fig. 3A and
B, lane 4 versus lane 2). As expected, the mutant Mpc3, con-
taining both triple substitution mutations, made no detectable
pre-C RNAs (Fig. 3A and B, lane 5). Therefore, we conclude
that the AT-rich sequence 59-TTAAA-39 at nt 1760 to 1764,
situated approximately 25 to 30 bp 59 of the pre-C RNA, is an
essential cis-acting element for synthesis in vitro of the pre-C
RNAs but not for synthesis of the pregenomic RNAs.
The second region of the basic C promoter selected for

mutagenesis was the AT-rich sequence (59-CATAAATT-39, nt
1790 to 1797), which we predicted from sequence analysis (21)
might function as both (i) a TBP-binding site for initiation of
transcription 25 to 30 bp downstream at the start sites of the
pregenomic RNAs and (ii) the initiator (Inr) sequence for
some of the pre-C RNAs (Fig. 1). Analysis with our cell-free
transcription systems of the mutants Mpg1, Mpg2, and Mpg3,
containing base substitution mutations in this second region
(Fig. 1B), is also shown in Fig. 3. Whereas the mutation in
mutant Mpg1 led to no detectable synthesis of either the pre-C
or pregenomic RNAs, the mutations in mutants Mpg2 and
Mpg3 only severely reduced synthesis of the pregenomic
RNAs, leaving synthesis of the pre-C RNAs unaffected (Fig.
3A and B, lanes 6 to 8 versus lane 2).

FIG. 2. High-resolution mapping of the 59 ends of the pre-C and pregenomic
RNAs synthesized in vitro and in vivo from pWT. Shown here are the products
of primer extension analysis resolved by electrophoresis in a 7 M urea–6%
polyacrylamide gel. The cDNAs corresponding to pre-C and pregenomic RNAs
are indicated by brackets. Lanes: 1 and 2, cDNAs of RNAs synthesized in
cell-free transcription systems made from HeLa and HepG2 nuclear extracts,
respectively; 3 and 4, cDNAs of mRNAs accumulated by 48 h after transfection
of pWT into Huh7 and HepG2 cells, respectively. The size markers in the left
half of this figure consisted of dideoxy sequencing reactions performed with the
same primer and pMpg2 DNA as the template.

FIG. 3. Effects of promoter substitution mutations on synthesis of the pre-C
and pregenomic RNAs in cell-free transcription systems made from HepG2 (A)
and HeLa (B) nuclear extracts. The 59 ends of the RNAs synthesized from the
indicated templates were determined by primer extension analysis. Shown here
is a 7 M urea–8% polyacrylamide gel with the cDNAs corresponding to the pre-C
and pregenomic RNAs indicated by arrows. Lanes: 1, control plasmid pGL-2; 2
to 8, wild-type (WT) and mutant plasmids. The multiple bands present between
the pre-C and pregenomic RNAs are not HBV specific and were observed with
only some preparations of nuclear extracts.
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Taken together, these data indicate that the basic C pro-
moter contains cis-acting basal promoter elements that inde-
pendently direct the synthesis of the pre-C and pregenomic
RNAs. Nevertheless, the sequence altered in mutant Mpg1 is
part of the elements of both promoters. Thus, we conclude that
these promoters physically overlap in wild-type HBV.
Also noteworthy is our finding that the phenotypes of these

mutants in both the HeLa and HepG2 cell-derived cell-free
transcription systems were similar (Fig. 3A versus B). Thus, we
further conclude that no liver-specific transcription factors are
required to enable proper selection of transcription initiation
sites from either of these two promoters in vitro.
To determine whether the pre-C and pregenomic promoters

are functionally distinct in vivo as well, these six mutants were
also introduced into the hepatoma cell line Huh7 by transfec-
tion. Forty-eight hours later, total cellular polyadenylated
RNA was isolated from the cells and analyzed for HBV C
promoter-specific transcripts by the primer extension tech-
nique (Fig. 4). Once again, the phenotypes of these mutants
could be divided into four groups: those defective in pre-C
RNA synthesis (mutants Mpc1 and Mpc3), those defective in
pregenomic RNA synthesis (mutants Mpg2 and Mpg3), those
defective in both (mutant Mpg1), and those competent for
both (mutant Mpc2) (cf. Fig. 3 and 4A). To confirm that the nt
1760 to 1764 59-TTAAA-39 sequence is an essential cis-acting
element for pre-C RNA synthesis in hepatoma cells, mutant
Mpc1 was also introduced into HepG2 cells. This mutant was
found to be defective in pre-C RNA synthesis in this cell line
as well (Fig. 4B). Therefore, we conclude that synthesis of the
pre-C and pregenomic RNAs is regulated by two separate
promoters both in vivo and in vitro.
All six of these mutant promoters contain the upstream

regulatory region (nt 1403 to 1743), which we have found to
stimulate transcription of the pre-C and pregenomic RNAs. To
examine whether this upstream region might also play a role in
determining the start sites of these two RNA species in vivo,
we deleted the upstream regulatory region from mutants in
each of the phenotypic groups mentioned above. Analysis of
the RNAs synthesized in vivo from each of these double mu-
tants indicated, as expected, that while the overall levels of
viral RNA synthesis were greatly reduced, promoter functions
remained unchanged (Fig. 5). Thus, we conclude that the up-
stream regulatory region does not affect the selection of the

initiation sites used in synthesis of the pre-C and pregenomic
RNAs.
The pre-C and pregenomic promoters can be physically

separated. If the pre-C and pregenomic promoters are truly
independent promoters, it should be possible to physically sep-
arate them. This was accomplished by the construction of a
mutant, Minser, which contains a 15-bp insertion between nt
1789 and 1790 that includes a second copy of the Inr sequence
59-CATA-39 (Fig. 1B). Analysis of the RNAs synthesized from
pMinser in a cell-free transcription system indicated that most
of the 59 ends of the pre-C RNAs became approximately 15 nt
longer than those of the wild type (preC9 in Fig. 6A), while
those of the pregenomic RNAs remained unchanged (pre-
genomic in Fig. 6A). A similar result was obtained when Huh7
cells were transiently transfected with pMinser DNA (preC9 in

FIG. 4. Effects of promoter substitution mutations on synthesis of the pre-C
and pregenomic RNAs in transfected hepatoma cell lines. Huh7 (A) and HepG2
(B) cells were transfected with the indicated plasmids. Forty-eight hours later,
the cellular mRNA was isolated. The 59 ends of the viral, polyadenylated RNAs
were determined by primer extension followed by electrophoresis in a 7 M
urea–8% polyacrylamide gel. Shown here are the resulting autoradiograms.
Concurrent analysis of b-galactosidase (b-gal) RNA synthesized from the co-
transfected plasmid pEQ176 served as an internal control.

FIG. 5. Deletion of the upstream regulatory region does not affect the phe-
notypes of the pre-C and pregenomic promoter mutants. The experiment was
performed as described in the legend to Fig. 4, except that the Huh7 cells were
transfected with the plasmids pGL-2, pWT9, pMpg19, pMpg29, and pMpc19,
respectively.

FIG. 6. Physical separation of the pre-C and pregenomic promoters by in-
sertional mutagenesis. (A) Analysis of the 59 ends of the RNAs synthesized from
pMinser (lane 1) and pWT (lane 2) in a cell-free transcription system made from
HepG2 nuclear extract. (B) Analysis of the 59 ends of the mRNAs accumulated
in Huh7 cells transfected with pMinser (lane 1) and pWT (lane 2). (C) High-
resolution mapping of the 59 ends of RNAs from panel A. A sequencing ladder
generated from pMinser DNA was used as the size markers. The 15-bp insertion
is indicated by the bracket on the left.
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Fig. 6B). High-resolution mapping of the 59 ends of the pre-C9
and pregenomic RNAs synthesized from mutant Minser re-
vealed that the sites of initiation relative to the TATA box-like
sequences remained unchanged (Fig. 6C). Primer extension
products, smaller and larger than the ones synthesized from
the wild-type pre-C RNAs, were also observed (Fig. 6A and B).
Likely, they originated from aberrant transcriptional initiations
caused by the insertion close to the start sites of the pre-C
RNAs. Thus, we conclude that the basal elements of the pre-C
and pregenomic promoters can be physically separated by an
insertion mutation that includes a duplication of the sequence
59-CATA-39, which likely functions as an Inr element for syn-
thesis of the pre-C RNAs.
Sp1 can selectively activate transcription of pregenomic

RNAs. Zhang et al. (46) previously reported the existence of
three binding sites (nt 1623 to 1632, 1733 to 1742, and 1744 to
1753) for the transcription factor Sp1. Two of these sites are
situated immediately 59 of the 59-TTAAA-39 sequence (1760 to
1764) that we have demonstrated to be involved in pre-C RNA
synthesis (Fig. 1A). To investigate whether these Sp1 binding
sites specifically modulate transcription from either the pre-C
or pregenomic promoters, we included recombinant human
Sp1 protein in our cell-free transcription reaction mixtures
(Fig. 7). The presence of the exogenously added Sp1 increased
synthesis of the pregenomic RNAs three- to fivefold, but had
little, if any, effect on synthesis of the pre-C RNAs (lane 1
versus lane 5). This activation was due to the presence of Sp1,
since no activation occurred when the Sp1 protein was prein-
cubated with a polyclonal antibody to Sp1 (lane 7). The same
level of activation was observed with the template pWT9, which
lacks the upstream regulatory region (nt 1403 to 1729) (lane 9
versus lane 8). Thus, activation by Sp1 probably occurs via its
interaction with the two Sp1 binding sites situated proximal to
the basic C promoter. Sp1 did not increase synthesis of the
pregenomic RNAs when a double-stranded oligonucleotide
containing an Sp1 binding site was included in the reaction;
however, activation still occurred when the competitor oligo-
nucleotide contained a G-to-C mutation preventing Sp1 bind-
ing (data not shown). Thus, we conclude that transactivation of
the pregenomic promoter by Sp1 is sequence specific. Sp1 also
selectively activated pregenomic RNA synthesis in the HepG2-
made cell-free system (lane 11 versus lane 10). This differential
response of the pre-C and pregenomic promoters to activation

by Sp1 clearly indicates that the synthesis of the pre-C and
pregenomic RNAs occurs from separate promoters and that
these promoters can be differentially regulated.
HNF4 selectively represses transcription of the pre-C RNAs

in vivo. HNF4 is a member of the steroid-thyroid hormone
receptor superfamily which is enriched in liver cells (32). An
HNF4 binding site was identified in HBV enhancer I, and
transactivation of promoters linked to a multimerized domain
of enhancer I containing this HNF4 binding site was reported
(14). HNF4 has also been shown in HeLa cells, but not in
Huh7 cells, to activate the HBV C promoter via a binding site
within enhancer II (16). To examine whether HNF4 might
differentially regulate transcription of the pre-C and pre-
genomic RNAs in hepatoma cells, pWT and pCDMHNF4, a
plasmid from which HNF4 can be expressed, were cotrans-
fected into Huh7 cells. The viral, polyadenylated RNAs that
accumulated in these cells were analyzed (Fig. 8). Overexpres-
sion of HNF4 led to an at least fivefold decrease in pre-C RNA
synthesis while leaving pregenomic RNA synthesis unaffected
(lane 3 versus lane 4). A similar result was obtained with
pADR2 (lane 5 versus lane 6), a plasmid which contains all of
the HBV genome (including two additional HNF4 binding
sites [14, 16]) except for a segment of the coding region for C
(nt 1987 to 2432). Thus, we conclude that the pre-C and pre-
genomic promoters can be differentially regulated by HNF4 as
well.

DISCUSSION

In this report, we describe a cell-free transcription system
derived from a hepatoma cell line, HepG2, which directs ac-
curate transcription of the pre-C and pregenomic RNAs of
HBV in vitro. Using high-resolution mapping, we showed that
the 59 ends of the pre-C and pregenomic RNAs synthesized in
cell-free transcription systems made from HepG2 and HeLa
cells are identical (Fig. 2), thus indicating that the selection of
the transcription initiation sites of these two RNA species is
not liver cell specific. We also showed that deletion of the
upstream regulatory region (nt 1403 to 1729), which positively
modulates the basic C promoter of HBV in a liver cell-specific
manner, also does not affect the selection of the transcription
initiation sites of the pre-C and pregenomic RNAs in vivo (Fig.

FIG. 7. Recombinant human Sp1 protein specifically transactivates transcrip-
tion in vitro from the pregenomic RNA promoter. The indicated templates were
preincubated with the indicated preimmune serum and/or recombinant protein
at 268C for 15 min prior to the addition of the nuclear extract made from the
indicated cell line. Transcription and analysis of the 59 ends of the viral RNAs
were performed as described in Materials and Methods. WT, wild type; aSp1,
anti-Sp1 antibody.

FIG. 8. Protein factor HNF4 specifically represses synthesis of the pre-C
RNAs in Huh7 cells. Plasmids pGL-2 (lanes 1 and 2), pWT (lanes 3 and 4), and
pADR2 (lanes 5 and 6) were cotransfected with pCDMHNF4 (lanes 1, 3, and 5)
or pCDM8 (lanes 2, 4, and 6) into Huh7 cells. Forty-eight hours later, the cells
were harvested and processed as described in Materials and Methods. Shown
here is the resulting autoradiogram of the 7 M urea–8% polyacrylamide gel in
which the cDNAs were electrophoresed. b-gal, b-galactosidase.
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5). Analysis of base substitution and insertion mutants in the
basic C promoter region enabled us to identify several cis-
acting elements essential for the synthesis of the pre-C and
pregenomic RNAs and to establish that synthesis of these two
RNA species is directed from two distinct promoters, each
consisting of a TATA box-like sequence and an Inr (Fig. 3 and
4). We concluded that these promoters slightly overlap, but are
physically separable by a 15-bp insertion that includes a dupli-
cation of the Inr element (Fig. 6). We also found that the pre-C
and pregenomic promoters can be differentially regulated by
trans-acting factors: the transcription factor Sp1 can specifi-
cally increase synthesis of the pregenomic RNAs three- to
fivefold, but has little effect on synthesis of the pre-C RNAs in
cell-free transcription systems made from HepG2 and HeLa
nuclear extracts (Fig. 7), and HNF4, a member of the steroid-
thyroid receptor superfamily, can specifically repress the syn-
thesis of the pre-C RNAs, leaving the pregenomic RNAs un-
affected in vivo (Fig. 8).
A cell-free transcription system derived from the hepatoma

cell line HepG2. Although it was reported that a HeLa whole-
cell extract can direct transcription initiation from the HBV
basic C promoter at nt 1792 6 5 and 1817 6 5 (37), this
cell-free transcription system has not been widely used in HBV
studies, possibly because of its nonliver origin. We report here
a cell-free transcription system derived from HepG2 nuclear
extract which accurately directs the initiation of the HBV
pre-C and pregenomic RNAs (Fig. 2). The HBV C promoter
mutants we tested have similar phenotypes when analyzed in
this cell-free transcription system as when examined by tran-
sient transfection into Huh7 and HepG2 cells (Fig. 3 and 4).
Therefore, this cell-free transcription system from HepG2 cells
may prove to be useful for studying the pre-C and pregenomic
promoters, other HBV promoters, and, possibly, even liver-
specific cellular promoters. This nuclear extract might also be
useful for purifying liver-specific factors and for assessing the
effects of drugs on transcription from liver-specific promoters.
The pre-C and pregenomic RNAs of HBV are synthesized

from two genetically distinct promoters. A typical RNA poly-
merase II promoter consists of a TATA box situated approx-
imately 30 bp upstream of the initiation site of transcription
and an Inr which overlaps the transcription start site (7, 21).
Analysis in vitro and in vivo of the mutants of the HBV basic
C promoter region constructed here supports the conclusion
that two promoters exist which independently govern tran-
scription of the pre-C and pregenomic RNAs.
For the pre-C promoter, the appropriately positioned TATA

box-like sequence, 59-TTAAA-39 (nt 1760 to 1764), and the
sequence overlapping the transcription initiation sites are both
essential for its function as demonstrated by the phenotypes of
mutants Mpc1 and Mpg1 (Fig. 3, 4, and 5). The importance of
this TATA box-like sequence for the pre-C promoter was also
suggested by the recent isolation from clinical patients of e-
negative and e-suppressed HBV variants in which this se-
quence has been mutated (26, 29, 35). High-resolution map-
ping of the 59 ends of the pre-C and pregenomic RNAs
indicated that the 59 ends of the pre-C RNAs are much more
heterogeneous than are those of the pregenomic RNAs (Fig.
2). It is not clear whether this heterogeneity is due to the
presence of a weak TATA box-like sequence or the presence
of several weak Inr elements in the pre-C promoter. One
stretch of nucleotides, 59-CATA-39 (nt 1790 to 1793), which
overlaps some of the pre-C RNA initiation sites and resembles
the optimal Inr sequence 59-CA(T/G)T-39 (21), appears to be
part of the pre-C Inr. Mutant Mpg1, in which the sequence
59-TAA-39 (nt 1792 to 1794) has been changed to CCC, was
found to be defective in synthesis of the pre-C RNAs, while

mutant Mpg2, in which base substitutions were introduced in
nt 1793 to 1794 and 1796, was not. Therefore, the T at nt 1792,
probably as part of the Inr, is necessary for the pre-C promoter
function. This is consistent with the report by Chen et al. (4)
that base substitutions of AA at nt 1793 to 1794 with CC do not
reduce transcription from the pre-C promoter. Mutations fur-
ther downstream of this T site (Mpg2 and Mpg3) also did not
affect pre-C RNA synthesis. Thus, we interpret our data to
indicate that the 39 boundary of the Inr element of the pre-C
promoter is at nt 1792. This finding is further supported by the
phenotype of mutant Minser in which duplication of the se-
quence 59-CATA-39 was found to be sufficient to physically
separate these two promoters, with each promoter being fully
competent in supporting viral RNA synthesis (Fig. 6).
The pregenomic promoter also appears to be defined by a

TATA box-like sequence and an Inr element. Its approximate
230 region TATA box sequence (59-CATAAAT-39) contains
two minor mismatches relative to the consensus sequence 59-
TATAAAA-39. As expected, mutations in Mpg1, Mpg2, and
Mpg3 were found to have detrimental effects on pregenomic
RNA synthesis because they alter this TATA box sequence.
The sequence 59-CAACT-39 overlaps the transcription initia-
tion sites of the pregenomic RNAs. Two of its bases match the
two most important bases of the optimal Inr sequence (21).
Thus, this sequence is likely the Inr element. Attempts were
not made to mutate this sequence because the level of tran-
scription of the pregenomic RNAs may not be reduced dra-
matically in the presence of a strong TATA element, even if its
Inr were to be replaced by a sequence which bears little re-
semblance to the optimal Inr sequence. The data we obtained
with mutant Minser (Fig. 6) enabled us to define the 59 bound-
ary of the pregenomic promoter as being at nt 1790, the first
nucleotide of its TATA box sequence.
Our results differ from those reported by Chen et al. (4) with

respect to (i) the function of the TATA box-like sequence,
59-TTAAA-39, (ii) the heterogeneity in the 59 ends of the pre-C
RNAs, and (iii) the basic structures and the extent of overlap
of the pre-C and pregenomic promoters. Most significantly,
they found that a stretch of 15 nt (nt 1790 to 1804), which we
define as containing the Inr of the pre-C promoter and the
TATA element of the pregenomic promoter, was sufficient to
direct precise initiation of both pre-C and pregenomic RNAs
at nt 1794 6 1 and 1823 6 2, respectively. The apparent
discrepancy between the findings by Chen et al. and our find-
ings may be explained by differences in the mutations studied
and the basic plasmid constructs used in the two sets of studies.
For example, their vector sequences adjacent to the 15-bp
promoter element may have fortuitously contained appropri-
ately located sequences that could function as the TATA ele-
ment for the pre-C promoter.
The pre-C and pregenomic promoters can be differentially

regulated by trans-acting factors. Human Sp1 protein, one of
the best-characterized transcription factors, plays a critical role
in directing efficient transcription by binding to GC boxes in a
variety of mammalian promoters (19). We showed here that
recombinant human Sp1 protein can specifically increase syn-
thesis of the pregenomic RNAs but not synthesis of the pre-C
RNAs (Fig. 7). The failure of Sp1 to activate the pre-C pro-
moter could be due to the fact that the Sp1 binding sites are
situated only a few base pairs 59 of the TATA box element of
the pre-C promoter (46). Thus, the bound Sp1 may interfere
with the binding of TBP to this TATA box-like element or the
assembly of the transcription initiation complex on the pre-C
promoter.
HNF4 was originally identified from a rat liver nuclear ex-

tract (32). Human HNF4 isoforms have also been cloned (9).
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HNF4 plays an important role in the early embryogenesis of
mammals (5, 10). Although HNF4 is found in many organs,
binding sites for HNF4 have been found predominantly in
genes expressed in liver and kidney. In almost all of the re-
ported studies, HNF4 serves as a transactivator in the expres-
sion of liver-specific genes (3, 12, 17, 20, 22, 24). It has also
been shown to enhance the expression of a reporter gene
linked to the HNF4-binding sites identified in enhancers I and
II of HBV (14, 16). We have shown here that HNF4 specifi-
cally represses the pre-C promoter in cotransfection experi-
ments (Fig. 8). Moreover, this repression persists in the pres-
ence of the HBV enhancers I and II and in the context of the
HBV genome (Fig. 8). Recombinant HNF4 purified from
HeLa cells (a gift from Todd Gulick and David Moore) can
also repress transcription of the pre-C promoter in a cell-free
transcription system via an HNF4-binding site overlapping the
TATA box-like sequence of the pre-C promoter (42a). The
binding of HNF4 to this site could specifically block the for-
mation of preinitiation complexes on the pre-C promoter,
thereby repressing transcription initiation from this promoter.
Differential regulation of these two promoters may serve

biological functions in the HBV life cycle. The HBV pre-
genomic RNAs play a central role in the life cycle of the virus
by both encoding the C and P proteins needed for nucleocap-
sid formation and providing RNA templates for viral DNA
replication. The importance of the pre-C RNAs is not clear
because the biological function of HBV e antigen remains to
be determined. However, the conservation of the pre-C ORF
during viral evolution strongly suggests that e antigen serves
functions advantageous to the virus. Our finding that the pre-C
and pregenomic promoters can be differentially regulated
lends credence to the notion that the pre-C and pregenomic
RNAs probably serve different functions. This differential reg-
ulation probably occurs via interactions of cis-acting elements
in these two promoters with trans-acting factors present in
various tissues and cell types and during different stages of liver
cell differentiation, thereby facilitating the propagation and
maintenance of HBV in its host. Farza et al. (11) reported that
similar amounts of pre-C and pregenomic RNAs were present
in the kidney and heart in transgenic mice, whereas pre-
genomic RNAs were much more abundant than pre-C RNAs
in liver. The latter is also the case in the liver in HBV-infected
chimpanzees (11). Taken together with our findings, we spec-
ulate that the pre-C promoter is probably partially repressed in
HBV-infected liver cells to minimize the host immune re-
sponse to HBV infection. This selective repression of synthesis
of the pre-C RNAs might be especially important during the
early stages of HBV infection: by releasing fewer e antigen
molecules into the bloodstream, the virus might delay the onset
of the host immune response against HBV so that a full-blown
infection can be successfully established.
In summary, we conclude that the synthesis of the pre-C and

pregenomic RNAs of HBV is under the control of two discrete
promoters. These two promoters slightly overlap, yet are ge-
netically separable. Differential regulation of these two pro-
moters by various transcription factors may be crucial for HBV
to be maintained and to replicate in its host.
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