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IV. SUMMARY

Hepatitis B virus (HBV) is a hepatotropic virus of highly restricted host range 
and tissue specificity. Although the mechanisms governing this tropism are not fully 
understood, it is likely that restrictions occur at multiple steps in the viral life cycle. 
The liver-specific regulation of HBV gene expression suggests that transcription may be 
an important factor in the hepatotropism of the virus. An analysis of tissue- or cell- 
line-specific regulation of the HBV promoters may elucidate the role of transcriptional 
regulation in the hepatotropism of the virus.

The major aim of this project was to characterize the transcriptional regulation 
of the large surface antigen gene of hepatitis B virus. To achieve this, the regions of 
the HBV genome involved in the regulation of the expression of the large surface 
antigen gene were identified using a transient transfection system in mammalian cell 
lines. The transcriptional activities of the four HBV promoters were compared in the 
human differentiated hepatoma cell lines Hep3B, PLC/PRF/5, HepG2 and Huh7, a 
human dedifferentiated hepatoma cell line HepG2.1, and the nonhepatoma cell lines 
HeLa S3 and NIH 3T3. To determine the relative transcriptional activities of the four 
HBV promoters, reporter gene plasmids were generated such that the expression of the 
firefly luciferase gene was under the control of each of the HBV promoters in the 
context of the complete genome. The nucleocapsid promoter and large surface antigen 
promoter displayed higher relative activities in the differentiated hepatoma cell lines, 
indicating that these promoters are preferentially active in these cell lines. A series of 
large surface antigen promoter deletion plasmids were constructed to identify the 
important regulatory regions of the large surface antigen promoter. The deletion 
analysis demonstrated that the region responsible for the high relative activity in 
differentiated hepatoma cell lines is located between -90 and -76 relative to the 
transcription initiation site (-*■!) located at map position 2809. This sequence element 
contains the binding site (GTTAATCATTACT) for the liver-enriched transcription 
factor hepatocyte nuclear factor I, HNF1. A eukaryotic expression vector containing the 
HNFI cDNA under the control of the mouse m etallothionein I prom oter was 
cotransfected with the HBV promoter constructs in Huh7 and HepG2.1 cells, and the 
relative levels of activity were determined. The Huh7 cell line was used because it is 
one of the cell lines in which HBV replication and particle production can occur and 
may represent the tissue culture system closest to the natural environment for the HBV 
life cycle, the liver cell. The cloned transcription factor HNFI activated transcription 
from the large surface antigen promoter, but not from any of the other HBV promoters. 
Cotransfection experiments using the HNFI cDNA expression vector and large surface 
antigen promoter deletion constructs demonstrated that this transactivation was mediated 
through the HNFI binding site located between -90 and -76 in the large surface antigen 
promoter. A series of deletion mutants of the cDNA in the HNFI expression vector was
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generated to determine the transcriptional activation domain of the HNFI polypeptide. 
The major domain of the HNFI polypeptide involved in transcriptional activation of the 
large surface antigen promoter in the human hepatoma cell line HepG2.1 was mapped to 
a region rich in glutamine and proline residues (9 of 18 residues). To demonstrate 
directly that the HNFI polypeptide produced by the expression of the HNFI cDNA 
could bind the large surface antigen promoter HNFI recognition sequence, and to 
determine whether a protein present in the differentiated hepatoma cell line Huh7 bound 
the HNFI element, gel mobility sh ift analysis was perform ed. This analysis 
demonstrated that a protein present in nuclear extracts from Huh7 cells formed a 
specific complex with the HNFI binding site which had similar migration properties to 
the complex formed between exogenously expressed HNFI and the HNFI recognition 
sequence. DNase I footprinting analysis demonstrated the binding of a protein present 
in the differentiated hepatoma cell line Huh7 to the HNFI recognition sequence in the 
large surface antigen promoter. DNase I footprinting also showed that purified TATA 
binding protein binds the TATA box element located between -31 and -23 in the large 
surface antigen promoter. The analysis of synthetic promoter constructs suggested that 
the HNFI and TATA box elements were the only elements necessary for maximal 
activity from the large surface antigen promoter, and analysis of clustered point 
mutations in the large surface antigen minimal promoter region demonstrated that 
sequences between the HNFI and TATA box elements were not required for the HNF1- 
dependent activity of the large surface antigen promoter. These studies suggested that 
the liver-enriched transcription factor HNFI plays a critical role in the cell-line and 
tissue-specific regulation of the HBV large surface antigen promoter.
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V. INTRODUCTION

V. A. The Biology of Hepatitis B Virus 

Introduction

Hepatitis B virus is the prototype member of a family of animal viruses related 

in morphology, genetic organization, life cycle and tissue tropism. These viruses are 

small, circular, partially double-stranded DNA viruses which are primarily hepatotropic. 

The unique features of this group determined its classification as a separate virus family, 

the hepadnaviridae, so named for its hepatotropism and DNA genome (Gust et al.. 1986). 

Other members of this family include the woodchuck hepatitis virus (WHY) (Summers el 

al.. 1978), Beechey ground squirrel hepatitis virus (GSHV) (Marion el al.. 1980), Pekin 

duck hepatitis B virus (DHBV) (Mason el al.. 1980), and heron hepatitis B virus (HHBV) 

(Sprengel et al.. 1988). Another possible member of this group is the tree squirrel 

hepatitis B virus (TSHV) (Feitelson et al.. 1986). However, the genome of TSHV has not 

yet been cloned, so its identity as a virus distinct from GSHV has not been definitively 

established.

History of HBV

Following the discovery of Australia (Au) antigen, or serum hepatitis (SH) 

antigen as it was also called, in human serum by Blumberg and colleagues in 1965 

(Blumberg el al.. 1965; Prince, 1968b), the infectious agent responsible for viral hepatitis 

was identified and characterized (Robinson A  Greenman, 1974; Robinson, 1977; 

Robinson el al.. 1974; Kaplan el al.. 1973; Hruska et al., 1977; Landers et al.. 1977). 

Studies revealed that Au antigen was frequently found in sera of hepatitis patients and 

that Au antigen-positive sera contained particles that reacted with antibodies to the Au 

antigen (Bayer et a!.. 1968; Sutnick et al.. 1967; Sutnick et al., 1968; Prince, 1968a; 

Blumberg et a!., 1969). The Au antigen, now known as the envelope or hepatitis B 

surface antigen (HBsAg), was present on spheres and filaments with 22 nanometer (nm) 

diameter and length varying from less than 50 nm to 1000 nm (Bayer et a!.. 1968; Dane 

et al., 1970; Almeida A Waterson, 1969; Bond A Hall, 1972). Subsequently a 42 nm
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sphere, the Dane particle, was observed in the sera of serum hepatitis patients, and based 

on its morphology was suggested to be the agent responsible for the disease (Robinson, 

1977; Dane et at.. 1970; Gust et at.. 1970; Jokelainen et at., 1970).

Hepatitis B Virus Particles

The identification of the Dane particle as the infectious virion resulted from the 

work of Robinson and colleagues (Robinson & Greenman, 1974; Robinson, 1977; 

Robinson et at.. 1974; Kaplan et at.. 1973; Hruska et at., 1977; Landers et at., 1977). 

Disruption of the 42 am Dane particle with nonionic detergent removes the envelope 

containing HBsAg and cell-derived lipid and releases a 28 nm icosahedral nucleocapsid 

or core particle whose main component is a 21 kilodalton (kD) protein, the hepatitis B 

core antigen (HBcAg) (Almeida et at.. 1971) (Fig. V. 1). The nucleocapsid carries the 

viral genome, a 3.2 kilobase (kb) partially double-stranded DNA molecule, and a protein 

which is attached to the genome. In addition to the infectious Dane particles, 22 nm 

HBsAg spheres and filaments are secreted into the serum and are present in large excess 

compared with the Dane particles during HBV infection (Dane et at.. 1970) (Fig. V. 1). 

These subviral particles do not contain the viral DNA and are not infectious. The HBV 

Dane particles, filaments and spheres are composed of the same HBsAg polypeptides but 

they contain d ifferent ratios of each. The Dane particles and filaments contain 

approximately 10 to 20% of each of the middle and large polypeptides, with the 

remaining 60 to 80% of the protein content contributed by the major surface antigen 

polypeptide (Heermann et at.. 1984). The 22 nm spheres contain only 1 to 2% large, 10 

to 20% middle, and 78 to 89% major surface antigen polypeptide, with a total of about 

100 polypeptide subunits (Heermann et at., 1984). It is interesting to note that 

expression studies of the surface antigens have demonstrated that the middle and major 

surface polypeptides can assemble into 22 nm spheres (Moriarty et at.. 1981; Stenlund et 

at., 1983; Hsiung et at., 1984; Michel et at., 1984; Persing el at., 1983; McLachlan et at., 

1987; Ou & Rutter, 1987; Cheng & Moss, 1987; Molnar-Kimber et at.. 1988; Langley et 

at.. 1988; Yoneyama et at.. 1988), but assembly of 22 nm filaments requires the 

coproduction of large surface antigen polypeptides (McLachlan et at., 1987; Chisari et
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Figure V.l. Hepatitis B virus (HBV) particles. Diagrammatic representation of the
structure of the 22 nm hepatitis B surface antigen (HBsAg) sphere, 22 nm 
filament, and hepatitis B virus (Dane particle). HBcAg; hepatitis B core 
antigen.



al., 1987), indicating that the large envelope polypeptide influences assembly of the viral 

particles. It has been shown that the large surface antigen is required for the assembly 

of the virion, demonstrating its critical importance in the life cycle of the virus (Ueda et 

al.. 1991).

HBV Infection

HBV infection is a worldwide health problem and is endemic in many regions of 

Asia and Africa (Nishioka et al.. 1975). Maintenance of HBV infection in the 

population occurs by both vertical and horizontal transmission of the virus (Gust et al., 

1986). Vertical transmission of infection occurs by the passage of HBV from an 

infected mother to her child at or prior to birth by mechanism(s) which are currently 

unclear (Lee et al.. 1978). Horizontal transmission of HBV infection can occur during 

sexual contact between infected and uninfected individuals and by percutaneous contact 

(e.g. injection) or other close contacts between the virus and man (e.g. mother to infant 

and between patient and healthcare worker) (Gust et al., 1986; Prince et al.. 1970; Lewis 

et al., 1973; Szmuness et al., 1973; Dietzman et al., 1977; Lauer et al., 1979; Tong et al.,

1981) .

A consequence of infection with HBV is the induction of the host immune 

response by the various viral antigens. These antigen-antibody responses include the 

induction of anti-HBs by the major surface antigen polypeptide (Ganem, 1982), anti- 

preS2 by the preS2 region of the middle and large surface antigen polypeptides (Neurath 

et al., 1983; Neurath et al., 1986a; Alberti et al.. 1988; Brahm et al., 1988), anti-preSl by 

the preSI region of the large surface antigen polypeptide (Neurath et al., 1983; Klinkert 

et al., 1986), anti-HBc by the HBcAg (Ganem, 1982), anti-HBe by the HBeAg (Ganem,

1982) , anti-HBx by the X gene polypeptide (Katayama et al.. 1989; Moriarty el al., 1983; 

Kay et al., 1983; Meyers et a!., 1986; Elfassi et al.. 1986; Liang et a!., 1988; Katayama et 

al.. 1989; Levrero et al.. 1990), and anti-HBp by the DNA polymerase polypeptide 

(Stemler et al., 1988; Feitelson et al., 1988; Weimer et al., 1989; Chang et a!.. 1989a).

The first evidence of primary infection with HBV during a self limited HBsAg 

positive infection is the observation of HBsAg in serum (Ganem, 1982). This is
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followed by the appearance of HBV virus particles with concomitant endogenous DNA 

polymerase activity and HBeAg antigenemia. As the levels of these viral particles and 

polypeptides in the serum start to decline, anti-HBc appears in the serum. At this time 

clinical hepatitis can be observed as elevated levels of liver transaminases in the serum. 

The decline of the clinical symptoms is followed by a rise in anti-HBs and anti-HBe 

titers in the serum which subsequently decrease with time. The observation of these 

antiviral antibody responses indicates the resolution of the infection. Self limiting HBV 

infection without detectable HBsAg can occur and is indicated by observable anti-HBs 

and anti-HBc titers in the serum in the absence of detectable HBV antigenemia (Ganem, 

1982).

The course of a persistent or chronic HBV infection is initially similar to the 

HBsAg positive self-limited infection (Ganem, 1982). HBsAg, HBeAg, viral particles 

and anti-HBc appear in the serum. The infection may be asymptomatic or characterized 

by liver damage. The infection fails to resolve, and circulating HBsAg and virus 

particles generally persist for years without seroconversion to an anti-HBs status. After 

an extended period of chronic infection, viral HBV DNA can often be found integrated 

into the host chromosomal DNA (Shafritz el al.. 1981; Takada el al., 1990). During this 

period of time seroconversion from HBeAg-positive to anti-HBe-positive may occur. 

The consequence of this event can be the generation of a chronic carrier state where 

HBsAg antigenemia exists in the absence of serum HBV particles (Realdi el al., 1980; 

Hoofnagle el at.. 1981).

HBV infection can lead to hepatocellular necrosis in man (Dienstag el al., 1982) 

though the mechanism of liver damage and the factors determining the severity and 

outcome of infection are not fully understood. However, the observation that 

hepatocytes of asymptomatic chronic carriers can produce large quantities of HBV 

without apparent liver disease indicates that the virus is not directly cytopathic. In 

support of this conclusion, cell lines and transgenic mice producing HBV particles have 

demonstrated no cytopathic effect due to virus production (Sureau el al., 1986; 

Tsurimoto el al.. 1987; Sells el al., 1987; Chang el al.. 1987; Yaginuma el al., 1987; Araki
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et al.. 1989; Shih et al.. 1989; Farza et al.. 1988). In addition, several observations 

implicate the host cellular immune response as a major factor contributing to the 

pathogenesis of liver disease. These include (i) infected liver tissue reveals mononuclear 

inflammatory cells in close proximity to necrotic hepatocytes, (ii) immunomodulation of 

infected patients affects the severity of liver damage, (iii) the serology during and after 

infection correlates with the observed temporal elevation in serum transaminase levels, 

and (iv) agammaglobulinémie patients can show liver damage during HBV infection 

(Dudley et al.. 1972; Alberti et al., 1984; Dienstag, 1984).

HBsAg chronic carrier status has additional clinical implications. The estimated 

relative risk of primary hepatocellular carcinoma (PHC) in these individuals is 

approximately 100 times greater than in those serologically negative for HBsAg (Beasley 

et al.. 1981; Beasley, 1988). In addition, tumors and cell lines derived from chronic 

HBV carries usually contain HBV DNA integrated in the chromosomal DNA (Ganem & 

Varmus, 1987), suggesting a possible role for the virus in the transformation process 

occurring in the infected hepatocyte. In one tumor, HBV sequences have been observed 

integrated into a homologue of the known cellular proto-onegene, c-erbA, suggesting a 

direct role for viral DNA in the transformation process (Dejean et al.. 1986). However, 

in the majority of tumors which have been examined, the integration sites for HBV 

DNA are at different chromosomal locations suggesting that the role of these sequences 

in the transformation process is likely to be more complex than the simple insertional 

mutagenesis models (Ganem & Varmus, 1987).

A putative variant form of HBV, HBV-2, has been described (Coursaget et al., 

1987). Infection with this virus is characterized by the presence of serum HBsAg but 

the absence of anti-HBc. The subsequent loss of HBsAg occurs without the appearance 

of HBeAg or the production of anti-HBs or anti-HBc (Coursaget et al.. 1987). Similar 

serological evidence has been reported from several regions of the world, suggesting this 

infectious agent may be relatively widespread (Budkowska el al.. 1988; Redeker & 

Govindarajan, 1988; Wu et al., 1988; Tagariello el al., 1989; Echevarria et al.. 1988; 

Wands el al.. 1986). HBV-2 has not been characterized at the molecular level, and the 

precise relationship to HBV is currently unknown.
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Structure of the Virue Particle

The envelope of the infectious Dane particle consists of viral surface antigen 

polypeptides anchored in a cell-derived lipid bilayer. The envelope contains 

approximately 400 HBsAg subunits, of which 40 to 80 are middle surface antigen 

polypeptide, 40 to 80 are large surface antigen polypeptide, and the remainder are major 

surface antigen polypeptides. The envelope surrounds a 28 nm nucleocapsid containing 

the viral genome. The nucleocapsid contains approximately 180 hepatitis B core antigen 

(HBcAg) polypeptides which assemble into the icosahedral nucleocapsid structure (Pasek 

el at.. 1979; Heermann el at., 1984; Budkowska el at.. 1977; Hruska & Robinson, 1977; 

Petit & Pillot, 1985; Theilmann el at.. 1989a; Theilmann el at.. 1989b; Yamaki el at.. 

1982; Onodera el at., 1982). HBcAg is a 21 kD phosphoprotein which may possess 

autophosphorylating serine protein kinase activity (Gerlich el at.. 1982; Albin & 

Robinson, 1980; Roossinck A Siddiqui. 1987). The nucleocapsid displays endogenous 

DNA polymerase activity, which is probably encoded by the viral polymerase open 

reading frame (ORF) (Toh el at.. 1983; Bavand el at., 1989; Mack el at.. 1988; Kaplan el 

at.. 1973; Robinson & Greenman, 1974). The nucleocapsid also contains the 3.2 kilobase 

(kb), partially double-stranded circular DNA genome. This genome is one of the 

smallest of any known animal DNA virus and contains several interesting features. The 

genome is not completely double stranded. The full-length, or long (L) strand is 

complementary to the viral mRNA and is therefore also called the minus (-) strand. The 

opposite strand, the plus (+) or short (S) strand, is less than unit length due to the 

variability of the 3' terminus. The position of the 3’ terminus varies depending upon the 

extent of synthesis of the plus strand during the viral life cycle as described below. The 

genome of HBV therefore contains a single-stranded region, from 15% to 50% of its 

length (Hruska el at.. 1977; Landers el at.. 1977; Summers el at.. 1975). The circularity 

of the genome is maintained by a 5’-terminaI cohesive overlap of the two DNA strands 

approximately 226 nucleotides in length (Sattler & Robinson, 1979). The long strand 

also contains a nick or short gap and a protein, which is probably encoded by the ORF 

which also encodes the viral polymerase ORF, covalently attached at the 5* terminus
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(Sattler A Robinson, 1979; Gerlich A Robinson, 1980). The short strand is believed to 

contain an oligoribonucleotide derived from the viral pregenomic RNA attached at the 5' 

terminus, as observed in DHBV, GSHV, and WHV (Lien et a!.. 1986; Will el a!., 1987; 

Seeger el al., 1986). The unique characteristics of the S’ termini reflect their roles in the 

replication of the virus.

G enom e O rg a n iza tio n

The cloning and sequencing of the HBV genome from purified Dane particles 

have revealed the genetic organization of HBV (Valenzuela el al., 1979; Galibert et al., 

1979; Pasek et al., 1979; Ono et al., 1983) (Fig. V. 2). This organization is similar in the 

related animal viruses. Examination of the sequence reveals a compact coding capacity 

of the virus. Each nucleotide is contained in an ORF, with 50% of the nucleotides 

present in more than one potential coding region. Several conserved cis-acting 

regulatory sequence elements have also been observed in the sequences of the various 

subtypes. The conserved c/s-acting sequences present in the PS(1) promoter are 

indicated in Fig. V. 3. Sequence comparison of the major subtypes reveals some highly 

conserved regions important in the life cycle of the virus (Raney A  McLachlan, 1991). 

Four major ORFs conserved between all of the viral genomes are transcribed from the 

full-length minus strand DNA. These ORFs encode the envelope or surface antigens 

(HBsAg) (Peterson, 1981; Peterson et al., 1977; Stibbe A Gerlich, 1983; Heermann et al.. 

1984), the nucleocapsid antigens (HBcAg and HBeAg) (Pasek et al., 1979; Takahashi et 

al.. 1983; Standring et at.. 1988), the DNA polymerase gene product (Toh et al., 1983; 

Bavand et al., 1989; Mack el al.. 1988), and the X gene product (Chang et al.. 1987; 

Chisaka et al.. 1987; Katayama et al., 1989). Additional ORFs have been identified by 

computer analysis in HBV and WHV (Kaneko A Miller, 1988; Chen et al., 1993) but 

there is no evidence to suggest that these represent authentic genes.

The surface antigen ORF is divided into the S region, the preS(2) region and the 

preS(l) region by three in-frame translation initiation codons at map positions 1S7, 3174, 

and 28S0, respectively (subtype ayw). The translation products of this gene are the 

major (or small), middle and large HBsAg polypeptides of 23, 31, and 43 kD,

7



Figure V.2. Organization of the HBV genome. The coordinate* of the HBV DNA are 
numbered using the first A residue of the £coRI site as nucleotide I.
The open reading frames are designated by thick-lined arrows. The RNA 
transcripts are designated by dotted or thin-lined arrows. PS, presurface; 
S, surface; P, polymerase; X. X gene; PC, precore; C, core; ORF, open 
reading frame.
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Figure V.3. Comparison of the HBV DNA sequences of the major subtypes in the PS(I) 
promoter region. The HBV genomes are subtypes ayw [sequences 1 
(Galibert el al.. 1979) and 2 (Bichko el al., 1985)], ayr (Okamoto el al.. 
1986), adw (Ono el al.. 1983), adwt (Valenzuela el al.. 1980), and adr 
[sequences 1 (Kobayashi & Koike, 1984) and 2 (Ono el al.. 1983)]. The 
sequences were aligned with the ayw, sequence using the first A residue 
of the £coRl site as nucleotide 1. The differences between the aywl 
sequence and the other sequences are indicated. The hepatocyte nuclear 
factor 1 (HNF1) and TATA binding sequences are indicated by bold, 
underlined letters. The transcription initiation site for the large surface 
antigen mRNA located at nt 2809 is indicated by a bold, underlined 
letter.



respectively (Galibert et al.. 1979) (Fig. V. 4). These polypeptides share a common 

carboxyl terminus and differ by the addition of amino-terminal regions depending on 

the translation initiation codon used for their synthesis. The 25 kD major surface 

antigen (HBsAg/P25) comprises 226 amino acids and can be glycosylated to generate 

HBsAg/GP28 (Heermann el a!.. 1984). The middle surface antigen contains an 

additional 35 amino acids at the amino terminus of the major surface antigen and is 

variably glycosylated, giving rise to the polypeptides HBsAg/GP33 and GP36 (Heermann 

et al.. 1984). Translation from the first in-frame initiation codon results in the synthesis 

of the large surface antigen (HBsAg/P43), which also exists in a glycosylated form 

(HBsAg/GP46) (Heermann et al.. 1984). The large surface antigen polypeptide differs 

from the middle surface antigen by the addition of 108 or 119 amino-terminal amino 

acids encoded by the preS(l) region. The exact length of the addition depends on the 

viral strain.

The nucleocapsid ORF contains two in-frame translation initiation codons at map 

positions 1816 and 1903. The 29-amino acid region between the two initiation codons is 

called the precore region (Fig. V. 5). Translation from the downstream AUG produces 

the core (HBcAg) polypeptide, a 21 kD protein (Pasek et al., 1979). Translation from 

the upstream, precore AUG potentially yields a 24 kD protein, but the polypeptide is 

proteolytically processed at both the amino and carboxyl termini to produce an 18 kD 

secreted protein, HBeAg (Takahashi el al., 1983; Standring el al.. 1988). The largest of 

the four major ORFs, spanning approximately 75% of the genome, has the capacity to 

encode a polypeptide of 94 kD. This ORF encodes the multifunctional viral polymerase 

protein, which includes a terminal protein attached to the minus strand of the genome in 

the virion, an RNase H activity, reverse transcriptase activity and DNA polymerase 

activity (Radziwill et al., 1990; Bartenschlager & Schaller, 1988). The X gene is the 

smallest of the four ORFs and potentially encodes a polypeptide of 17 kD.

The genome organization of the woodchuck and ground squirrel hepatitis viruses 

is similar to that of HBV, with four overlapping open reading frames. These ORFs 

encode the structural surface and nucleocapsid proteins, the viral polymerase and the X
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amino acid arginine-rich carboxy-terminal region cleaved from the 
HBeAg/P24 precursor to produce the secreted HBeAg/PI8 are shown.
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gene product. They lie in the same relative position as in HBV and employ multiple 

translation initiation codons to produce multiple polypeptides from single ORFs. The 

two major RNA molecules produced by these viruses are analogous to those of HBV. 

Both viruses have a "pregenomic" RNA (3.7 kb for WHY, 3.3 kb for GSHV) and a 

subgenomic 2.1 kb (WHV) or 2.3 kb (GSHV) RNA. Translation from these mRNAs 

could produce the nucleocapsid and polymerase polypeptides and the surface antigen 

polypeptides. An X gene mRNA has been identified in WHV but not in GSHV.

The organization of the duck hepatitis genome is similar to that of the 

mammalian hepadnaviruses except that three, rather than four, ORFs represent the 

coding regions of the viral DNA (Sprengel et al., 1983). The fourth ORF, designated X 

in the mammalian hepadnaviruses, is absent from the DHBV genome.

Viral RNAs

The major HBV RNAs are unspliced, polyadenylated and 3* coterminal (Fig. V. 

2). These RNA molecules have been studied in a number of systems including human 

cell lines containing integrated viral sequences (Ou A Rutter, 1983; Edman el al., 1980; 

Chakraborty el al., 1980), transfection of cloned HBV DNA into rodent and human cell 

lines (Pourcel et al., 1982; Cattaneo et al., 1983; Standring el al., 1984; Siddiqui el al., 

1986; Sureau el al.. 1986; Tsurimoto et a!.. 1987; Zelent et al., 1987b; Sells el al., 1988), 

infected chimpanzee liver (Cattaneo et al.. 1984), transgenic mice (Babinet el al., 1985; 

Farza el al., 1988; Araki el al.. 1989), and in vitro transcription systems (Chakraborty el 

al., 1981; Rail el al., 1983). The two predominant RNA species present during HBV 

infection are the pregenomic 3.3 kb and subgenomic 2.1 kb molecules (Cattaneo el al.. 

1983; Cattaneo el al., 1984; Yokosuka el al., 1986; Imazeki el al., 1987; Su et al.. 1989b). 

The 3.5 kb RNA is called ’pregenomic* because of its role as the template for genomic 

DNA synthesis as well as its function as a messenger RNA. The 5' ends of the 3.5 kb 

RNAs are heterogeneous. Multiple transcription initiation sites span the initiation codon 

for the precore signal sequence which precedes the HBcAg ORF (Yaginuma et al.. 1987; 

Sells el al., 1988). RNA transcripts initiated upstream of the precore AUG encode the 

nonparticulate, secreted IS kD e antigen (HBeAg) and those initiated downstream of the
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precore initiation codon encode the 21 kD core polypeptide. The pregenomic RNA also 

probably encodes the polymerase gene product as it is the only identified transcript large 

enough to do so.

The 2.1 kb RNA also has multiple transcription initiation sites which span the 

translation initiation codon for the middle envelope polypeptide (the preS(2) region) 

(Yaginuma el al., 1987; Sells el al.. 1988; Standring el at.. 1984) and terminates at the 

single polyadenylation site in the HBV genome (Sells el al.. 1988; Simonsen A Levinson, 

1983; Standring el al.. 1984). These mRNAs encode the major and middle surface 

antigen polypeptides. The expression of the only other known HBV structural 

polypeptide, the large envelope polypeptide, occurs from a 2.4 kb mRNA which initiates 

approximately 40 nucleotides (nt) upstream of the translation initiation site for this ORF 

(Yaginuma el al.. 1987; Sells el al.. 1988; Farza el al.. 1988). Although the evidence for 

the existence of this mRNA in infected liver tissue is limited (Will el al., 1987; Cattaneo 

el al., 1984), it has clearly been identified in human hepatoma cell lines which are 

synthesizing HBV particles (Sureau el al.. 1986; Tsurimoto el al.. 1987; Chang el al., 

1987; Sells el al.. 1988).

In addition, it is likely that a 0.7 kb mRNA initiated upstream of the X gene 

open reading frame is synthesized at some stage during HBV infection. Although there 

is no direct evidence for the synthesis of this RNA molecule in human infections, a 0.7 

kb RNA derived from the X gene region of the HBV genome has been observed in 

transgenic mice replicating HBV (Araki el al.. 1989) and in cell lines transfected with 

HBV DNA (Gough, 1983; Simonsen A Levinson, 1983; Siddiqui el al., 1986; Saito el al., 

1986; Siddiqui el al.. 1987). In addition, an equivalent RNA species has been identified 

in RNA isolated from woodchucks infected with WHV (Kaneko A  Miller, 1988).

Life Cycle of the Virus

The inability to infect permanent tissue culture cell lines with HBV has been a 

major obstacle to identifying the mechanism of viral entry into hepatocytes (Hirschman, 

1984; Rijntjes el al.. 1988; Gripon el al.. 1988) and has prevented the identification of 

putative viral receptors and their ligands. However, evidence has been presented
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suggesting there may be selective interactions between surface antigen polypeptides and 

cell surface elements of several hepatic and non-hepatic tissue culture cell lines and also 

between the envelope polypeptides and primary human hepatocyte plasma membrane 

components (Neurath el al., 1986b; Peeples el al., 1987; Komai el al„ 1988; Pontisso el 

al.. 1989a; Pontisso el al., 1989b). The exact nature of these interactions is unknown, 

but they may be direct, receptor-ligand interactions or more indirect interactions 

through polyalbumin, the albumin receptors on the surface of the human hepatocytes 

(Weisiger el al., 1981; Ockner el al., 1983; Thung A Gerber, 1981), and the receptor for 

polymerized human serum albumin present in the preS(2) region of the envelope 

polypeptides (Michel el al„ 1984; Persing el al., 1985; Machida el al., 1984). The role of 

these interactions in the infection of hepatocytes and possibly other cell types is 

currently unclear.

After entry into the hepatocyte, presumably by receptor mediated endocytosis or 

fusion with the plasma membrane, the virus releases the nucleocapsid from the surface 

antigen envelope. (A diagram summarizing the viral life cycle is shown in Fig. V. 7). 

Whether this process is linked with virus entry or represents a separate step in the viral 

life cycle is not clear. The viral genome is then translocated to the nucleus, presumably 

within the nucleocapsid and mediated by the nuclear translocation signal present in the 

HBcAg polypeptide (McLachlan el al., 1987). Several modifications of the infecting 

viral genome must be made before transcription of the viral mRNAs can occur (Will el 

al„ 1987). The single-stranded region of the HBV genome is converted to double- 

stranded DNA probably by the endogenous viral DNA polymerase. It is known that the 

synthesis of this region of DNA can be completed in vilro by the endogenous HBV DNA 

polymerase present in the nucleocapsid of the virus (Robinson A  Greenman, 1974; 

Lutwick A Robinson, 1977; Hruska el al., 1977). Therefore, it is likely that during 

infection the same enzyme converts the partially double-stranded DNA into nicked 

circular double-stranded DNA. This event could occur within the nucleocapsid or in the 

nucleoplasm after the genome has been released from the nucleocapsid. In addition to 

the synthesis of DNA, other modifications necessary to generate the transcriptional

11



template are the removal of the terminal protein and oligoribonucleotide attached to the 

S’ ends of the viral DNA strands, and the ligation of the nicks in the double-stranded 

DNA to generate a covalently closed, circular, double-stranded HBV genome (Miller A 

Robinson, 1984).

The covalently closed, circular, double-stranded HBV DNA molecule is probably 

the template for HBV transcription. HBV synthesizes two classes of RNA, genomic and 

subgenomic (Fig. V. 2). The 3.S kb genomic RNAs contain all of the viral genetic 

information and therefore must serve as the replication template as well as messenger 

RNA. The subgenomic mRNAs include 2.1 kb and 2.4 kb, and possibly 0.7 kb 

messages. All of these viral mRNAs are unspliced, of plus-strand polarity, and 

polyadenylated at a common 3’ terminus in the core region. In addition to the unspliced 

species, spliced HBV RNAs have been described (Simonsen A Levinson, 1983; Su et a!., 

1989a; Chen et a l.. 1989). Since it is not clear if these RNAs code for HBV 

polypeptides, their significance in the life cycle of HBV is currently unknown.

The transcription map of HBV clearly identifies the mechanisms for the 

production of the surface and core polypeptides. The three major mRNAs initiate in the 

regions immediately upstream of, and span the coding regions for, the surface and core 

polypeptides. Detection of these polypeptides has been correlated with the presence of 

these mRNAs. The way in which the products of the X coding region and the 

polymerase coding region are expressed is less clear. The surface antigen polypeptides 

contain signal sequences which direct their translocation into the endoplasmic reticulum 

membrane (Eble et al., 1986; Eble et a!., 1987; Simon et al., 1988). The major surface 

antigen promoter is considerably more active than the large surface antigen promoter. 

This is reflected by the relative abundance of the 2.1 kb and 2.4 kb RNA molecules and 

by the synthesis of a large excess of the major envelope polypeptide (Sureau el al., 1986; 

Tsurimoto et al., 1987; Chang et al., 1987; Yaginuma et al„ 1987; Cattaneo et al.. 1984; 

Yokosuka et al.. 1986; Su et a!., 1989b; Raney el al„ 1990; Robinson A Lutwick, 1976). 

The middle surface antigen polypeptide is synthesized relatively inefficiently from the 

RNA transcripts expressed from the major surface antigen promoter for two reasons.
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The translation initiation codon for the middle envelope polypeptide is located about 15 

nucleotides from the 5’ end of the longest 2.1 kb surface antigen RNA and is absent 

from the shorter 2.1 kb RNAs (Yaginuma et al.. 1987; Sells el al„ 1988; Standring et al.. 

1984). In addition, the sequence around the translation initiation codon does not 

conform to the favored consensus sequence for efficient translational initiation (Stibbe A 

Gerlich, 1983; McLachlan et al.. 1987; Price et al.. 1988). This may explain why the 

middle envelope polypeptide is present at less than 20% the level of the major surface 

antigen polypeptide in the sera of infectious individuals (Stibbe A Gerlich, 1983; 

Heermann et al.. 1984; Stibbe A  Gerlich, 1982). The envelope polypeptides appear to be 

expressed in excess over the other viral components. They have the capacity to assemble 

into 22 nm spheres and filaments which bud into the lumen of the endoplasmic 

reticulum and are subsequently secreted by passage through the endoplasmic reticulum 

and Golgi compartment (Eble et al.. 1986; Eble et al.. 1987; Simon et al.. 1988; Patzer et 

al.. 1984; Patzer et al.. 1986; Eble et al.. 1990). This process accounts for the large 

excess of subviral particles over virions in the sera of viremic individuals (Robinson A 

Lutwick, 1976). However, the reason subviral particles are synthesized in excess over 

virions is unknown.

The HBcAg/P21 polypeptide, which is the major component of the nucleocapsid, 

is produced by translation from the mRNAs initiated after the precore initiation codon. 

The HBeAg is produced from the translation product of the longest 3.5 kb viral RNA. 

It is generated from a precursor polypeptide containing a signal peptide encoded by the 

precore sequence which targets this polypeptide to the endoplasmic reticulum (Fig. V. 5) 

(Standring et a!.. 1988; McLachlan et al.. 1987; Garcia et al.. 1988; Weimer et al.. 1987; 

Bruss A Gerlich, 1988; Jean-Jean et al.. 1989). After the cleavage of the amino

terminal signal sequence by the signal peptidase in the endoplasmic reticulum, the 

HBeAg/P22 polypeptide proceeds through the secretion pathway and the carboxy

terminal 34 amino acids are removed by proteolytic processing (Takahashi et al., 1983), 

resulting in the secretion of the mature HBeAg/P18 polypeptide. The carboxyl-terminal 

processing probably occurs in the late or post-Golgi compartment by cellular proteases
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possessing trypsin- and carboxypeptidase B-like specificities which could correctly 

modify the arginine-rich carboxy-terminal region of the unprocessed HBeAg/P22 

polypeptide (Fig. V. 5) (Docherty & Steiner, 1982). As with the secretion of the large 

excess of the subviral envelope antigen particles, the function of circulating HBeAg in 

the serum of viremic patients is not known. However, it has been speculated that 

HBeAg might have a role in the modulation of the host immune response to the virus 

(Thomas el al.. 1988). In a transgenic mouse model, a role for HBeAg in neonatal 

tolerance has been demonstrated, supporting the hypothesis that maternal HBeAg from a 

chronic carrier mother can tolerize the fetus in utero, predisposing it to chronic infection 

upon exposure to HBV at birth (Milich el al., 1990).

Although there is no direct evidence that the X gene is transcribed during HBV 

infection, this open reading frame is conserved between all of the mammalian 

hepadnaviruses, suggesting the functional importance of the X gene in the life cycle of 

the virus (Tiollais el al., 1985). Antibodies to the X gene product have been observed in 

the sera of infected individuals indicating that the X gene polypeptide is synthesized 

during the course of at least some HBV infections (Siddiqui el al., 1987; Moriarty el al., 

1985; Kay el al.. 1985; Meyers el al„ 1986; Elfassi el al.. 1986; Liang el al., 1988; 

Katayama el al., 1989; Levrero el al., 1990). The role of the X gene polypeptide in the 

HBV life cycle is currently unclear. However, it appears that the product of the X gene 

can transactivate several heterologous promoters (Spandau & Lee, 1988; Twu & 

Schloemer, 1987; Zahm el al„ 1988; Seto el al„ 1988; Twu & Robinson, 1989; Siddiqui el 

al., 1989; Colgrove el al.. 1989; Seto el al., 1989) suggesting it may regulate the 

expression of various viral and cellular genes important in the production of viral 

particles.

Although the mechanism of expression of the HBV DNA polymerase gene has 

not been definitively characterized, it is known that the 3.5 kb RNAs are the only 

identified RNAs which can encode the polymerase polypeptide. It has been shown that 

the expression of the DHBV DNA polymerase is achieved by internal entry of ribosomes 

on the 3.5 kb RNA and initiation of translation from the first in-frame translation

14



initiation codon of the polymerase ORF (Schlicht et al., 1989). It is possible that the 

HBV DNA polymerase is produced from the 3.5 kb genomic RNA in a similar manner 

(Chang el al.. 1989b).

The replication strategy of HBV requires that a 3.3 kb RNA serve the function 

of the replication template in the viral life cycle in addition to encoding the 

nucleocapsid proteins and the HBV DNA polymerase (Will et al., 1987) (Fig. V. 6). It 

has not been demonstrated for HBV, but by analogy with GSHV, the shortest of the 3.3 

kb HBV RNAs is probably the only species which serves as the template for viral 

replication (Enders et al.. 1987). This RNA is encapsidated by HBcAg/P21 polypeptides 

to form immature core particles which also contain the product of the HBV DNA 

polymerase open reading frame (Radziwill et al.. 1990; Hirsch et al.. 1990). The reverse 

transcriptase and RNase H activities of the HBV DNA polymerase synthesize the long 

(or minus) strand of HBV genomic DNA using the terminal protein as primer and the 

pregenomic RNA as template (Miller et al., 1984). The terminal protein is probably 

encoded in the amino-terminal region of the HBV DNA polymerase open reading frame 

in a manner similar to that reported for the DHBV terminal protein (Bosch et al.. 1988; 

Bartenschlager & Schaller, 1988). This replication strategy may ensure that both the 

primer and polymerase required for viral replication are packaged together into the 

nucleocapsid. Initiation of long strand synthesis probably occurs at the 3' DR1 sequence 

present in the terminal redundancy of the 3.3 kb RNA (Fig. V. 6), as has been reported 

for replication of the woodchuck hepatitis virus minus strand DNA (Seeger & Maragos, 

1990). Extension of long strand synthesis to the 3’ end of the 3.3 kb RNA generates a 

short terminal redundancy of 8 nucleotides in this strand (Will et al.. 1987). The 

concomitant RNase H degradation of the transcript results in the generation of the 17 

nucleotide capped oligoribonucleotide primer from the 3' end of this RNA necessary for 

initiation of the short (or plus) strand synthesis (Lien et al.. 1986; Will et al.. 1987; 

Radziwill et al., 1990). This oligoribonucleotide is translocated by an unknown 

mechanism from the end of the newly synthesized long strand to the DR2 sequence 

located 226 nucleotides from the 3’ end of the long strand. It serves as the primer for
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Figure V.6. DNA and RNA intermediate* in the replication cycle of HBV. DNA strand* 
are indicated by solid lines and RNA is represented by a dashed line. R, 
terminal redundancy in the pregenomic RNA; r, terminal redundancy in 
the HBV minus strand; (4) and (-) indicate the plus (short) and minus 
(long) strands of the HBV genomic DNA; DR I and DR2, direct repeats I 
and 2; Pol, HBV DNA polymerase; TP, terminal protein; Pr, 
oligoribonucleotide primer of plus-strand synthesis.



the short strand synthesis which proceeds from the primer at DR2 to the end of the 

minus strand (Will et al., 1987). The 8 nucleotide redundancy in the long strand is 

presumed to permit the transfer of the 3' end of the growing short strand from the 

protein-linked S' end to the 3' end of the long strand. This would generate a circular 

genome structure which upon further extension of the short strand would generate the 

partially double-stranded HBV genome found in the Dane particle (Robinson et al., 

1974; Hruska et al., 1977; Summers et al., 1975; Landers et al.. 1977; Sattler A Robinson. 

1979; Will et al„ 1987) (Fig. V. 1 and 6). The conversion of the pregenomic RNA in 

immature core particles to the partially double-stranded DNA found in the mature core 

particles probably occurs in the cytoplasm (Burrell et al., 1982; Gowans et al.. 1983; 

Blum et al.. 1984; Gowans et al.. 1985; Arakaki et al.. 1988; Miller A  Robinson, 1984) in 

a manner similar to that described for DHBV (Summers A Mason, 1982).

The final step of the assembly of the virus particle involves the association of the 

mature core particle with an appropriately arranged assembly of envelope antigen 

molecules within the endoplasmic reticulum membrane. The surface antigen assembly 

subsequently buds into the lumen of the endoplasmic reticulum enveloping the mature 

core particle (Stein et al., 1972; Huang A Groh, 1973; Yamada A Nakane, 1977; Yamada 

et al.. 1982; Gerber et al.. 1988; Kamimura et al.. 1981). The complete virion is secreted 

from the cell through the endoplasmic reticulum and Golgi apparatus pathway (Fig. V. 

7). The carbohydrate attached to the surface antigen of the virion and the subviral 

particles is added during their passage through this pathway (Patzer et al., 1984; Patzer et 

al.. 1986).

The description of the replication cycle of HBV would suggest that the number 

of covalently closed circular HBV genomes present in the nucleus of an infected 

hepatocyte would be equal to the number of virus particles which infect that particular 

cell. Amplification of virus production would therefore depend on each nuclear 

covalently closed circular HBV DNA molecule producing multiple copies of the 

pregenomic RNA, which is subsequently reverse transcribed to produce new HBV 

genomes that will be released from the cell in virus particles. Therefore, one mechanism
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Figure V.7. Intracellular pathway for the synthesis and secretion of HBV, HBsAg
subviral particles, and HBeAg polypeptides. The viral components are 
labelled within the figure. HBsAg, hepatitis B surface antigen; HBeAg, 
hepatitis B core antigen; HBeAg, hepatitis B e antigen; Pol, HBV DNA 
polymerase; HBxAg, the product of the X gene.
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employed by HBV to amplify virus production is an intrinsic property of the viral 

replication cycle and depends on the cellular RNA polymerase II transcribing multiple 

copies of the pregenomic RNA before the HBV template is destroyed in the hepatocyte 

nuclei.

However, a second mechanism for the amplification of HBV production, similar 

to that described for DHBV (Tuttleman el a!., 1986), may also be operative (Fig. V. 7). 

Based on the known properties of the HBV polypeptides and the subcellular 

compartmentalization of the HBV viral and subviral particles, a speculative model for 

the process leading to the amplification of the nuclear covalently closed circular HBV 

genomic sequences has been proposed (Raney St McLachlan, 1991; Tuttleman el al., 

1986). The mature nucleocapsids that are enveloped by the surface antigen are secreted 

from the cell as virions. It is possible that this is not the only pathway that mature 

nucleocapsids follow in the infected cell. In the absence of the envelope antigen, the 

mature nucleocapsid is probably indistinguishable from the nucleocapsid released from 

the virion as it infects the hepatocyte. As the fate of this incoming nucleocapsid is 

probably to carry the HBV genome to the nucleus, it is likely that a newly synthesized 

mature nucleocapsid which fails to interact with the envelope antigen could return to the 

nucleus of the cell in which it was synthesized. This could lead to the amplification of 

the nuclear pool of HBV DNA within a particular cell. The mature nucleocapsid may 

return to the nucleus of the cell to increase the covalently closed circular HBV DNA 

pool which is used to generate HBV RNAs, or it may interact with the envelope antigen 

on the endoplasmic reticulum to produce virions that are secreted from the cell and 

enter the circulation where they can infect additional hepatocytes. The regulation of the 

relative frequency with which mature core particles pass through these two pathways 

will determine the extent of the amplification of the nuclear HBV DNA pool and the 

level of virus secretion from a particular cell. The relative production of nucleocapsid 

and envelope antigen may be involved in determining which pathway predominates in 

the hepatocyte at different times during the life cycle of the virus.

I
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HBV H o it Range and  Tissue Troplsm

In addition to its restricted tissue specificity, HBV has a very limited host range 

(Gust el al., 1986). HBV has been shown to infect man and chimpanzees (Vaudin el al., 

1988; Lichter, 1969; Maynard el al., 1971; Hirschman el al., 1969; Barker el al., 1976). 

Experimental transmission of HBV to chimpanzees has also been demonstrated 

reproducibly (Acs el al.. 1987; Sureau el al., 1988; Barker el al.. 1973; Markenson el al.. 

1976; Maynard el al., 1972). In addition, there have been reports of experimental 

transmission of HBV to gibbons (Bancroft el al., 1977), rhesus monkeys (Barker el al.. 

1976; London el al., 1972), woolly monkeys (Barker el al.. 1976) and African green 

monkeys (London el al.. 1972; London el al.. 1970). Experimental transmission to 

additional primate and non-primate species has been unsuccessful (Barker el al.. 1976).

The tissue tropism of HBV has been examined in man, chimpanzees and 

transgenic mice. The primary site of virus replication is the hepatocyte, although 

evidence of viral infection and replication has been observed in other tissues. HBV 

nucleic acids and proteins have been observed in various nonhepatic tissues including 

pancreas, skin, kidney, bile duct epithelium and peripheral blood mononuclear cells 

(PBMC), with the most extensive studies performed on PBMC (Lamelin A Trepo, 1990; 

Dejean el al., 1984; Shimoda el al., 1981; Blum el al.. 1983). In HBV-infected 

chimpanzees, viral DNA and RNA were detected in PBMC, including both T and B cells 

(Korba el al.. 1986). The DNA was present primarily in monomeric and multimeric 

episomal forms, although integrated forms of the DNA were observed. The pregenomic 

and greater than pregenomic length viral RNAt observed in the chimpanzee PBMC were 

present at levels approximately 30-fold lower than those seen in the hepatocytes (Korba 

el al., 1986). Viral antigens have also been detected in human PBMC (Colucci el al., 

1986; Zoulim el al., 1988; Hadchouel el al.. 1988; Chong-Jin A  Jeak-Ling, 1984; Parvaz 

el al., 1987), the tumor cells of human primary testicular cancer (Somlo, 1989), in human 

pancreas tissue (Shimoda el al., 1981), and bone marrow aspirates (Elfassi el al., 1984; 

Romet-Lemonne el al., 1983b; Romet-Lemonne el al„ 1983a). The significance of these 

observations is presently unclear.

The mechanisms responsible for the highly restricted species and tissue tropism 

of HBV are currently unknown. However, replication of HBV may be restricted to
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hepatocytes for several reasons, including the absence of viral receptors on non-hepatic 

cells and the requirement for liver specific transcription factors for expression from 

some of the HBV promoters. Characterization of the cell type specificity of the HBV 

enhancer and promoters has suggested that the enhancer and the core and large surface 

antigen promoters may direct preferential gene expression in hepatoma cell lines (Jameel 

St Siddiqui, 1986; Karpen el al., 1988; Antonucci St Rutter, 1989; Honigwachs el al.. 

1989; Yee, 1989; Raney el at.. 1990; Chang el al.. 1989), whereas the major surface 

antigen gene appears to be expressed efficiently in a range of tissue culture cell types 

(Pourcel el al.. 1982; Siddiqui el al., 1986; De-Medina el al., 1988). It has been 

demonstrated that production of virus particles can be achieved by transfection of 

hepatoma cells with HBV genomic DNA (Sureau et al.. 1986; Tsurimoto et al., 1987; Sells 

el al., 1987; Chang el al., 1987; Yaginuma et al., 1987). The requirement for hepatoma 

cells in the production of HBV and WHV by this approach can be circumvented by 

expressing the pregenomic RNA from an exogenous promoter rather than the core 

promoter (Junker et al., 1987; Seeger el al., 1989). These observations suggest that in 

transfection experiments a block to virus production in non-hepatic cells is at the level 

of transcription from the core promoter. In addition, the large surface antigen promoter 

has been shown to display liver-cell-type specificity. This promoter contains a sequence 

element that is necessary for maximal transcriptional activity (Raney el al., 1990; Chang 

el al., 1989; Nakao el al., 1989) which binds the highly liver-enriched transcription 

factor, hepatocyte nuclear factor 1 (Courtois et al., 1988; Lichtsteiner St Schibler, 1989; 

Frain el al„ 1989; Chang el al.. 1989), and probably explains the preferential expression 

from this promoter in hepatoma cell lines. In transgenic mice synthesizing HBV 

particles, it has been shown that the major HBV RNAs are predominantly synthesized in 

liver and kidney tissue. This indicates that there is a tissue-specific transcriptional 

restriction in the expression of the HBV genes in this system (Araki et a!., 1989; Farza el 

al., 1988). It also suggests that the block in the HBV life cycle in the murine system is 

at the level of virus entry into the hepatocyte, possibly indicating the absence of an 

appropriate receptor in this species. These data suggest that a major factor contributing
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to the hepatotropism of HBV may be its highly tissue-specific transcriptional regulation, 

and that the species host range restriction may be at the level of the viral receptor.

V. B. H epatitis B Virus T ranscrip tional Regulation

The characterization of hepadnavirus RNAs in infected liver and various tissue 

culture systems, and the availability of cloned viral DNA has permitted the analysis of 

the sequence elements regulating viral transcription. Several viral transcriptional 

regulatory elements have been identified using DNA mediated gene transfer studies in 

cell culture (Pourcel et al., 1982; Standring el al., 1984; Shaul el al., 1986; Shaul el a!.. 

1985; Siddiqui el at.. 1986; Siddiqui el al.. 1987; Treinin A Laub, 1987; De-Medina el 

al.. 1988; Karpen el al.. 1988; Raney el al., 1989; Raney el al.. 1990; Raney el al.. 1991a; 

Raney el al.. 1991b; Honigwachs el al.. 1989; Yee, 1989; Chang el al.. 1989; Nakao el al.. 

1989; L6pez-Cabrera el al., 1990; Waisman el al., 1990; Yaginuma A Koike, 1989). 

Promoter activity has been demonstrated upstream of the HBV large surface antigen, 

major surface antigen, nucleocapsid and X open reading frames (Fig. V. 2) using 

transient transfection systems with HBV sequences regulating the expression of reporter 

genes (Shaul el al., 1985; Shaul el al., 1986; Siddiqui el al.. 1986; Siddiqui el al., 1987; 

Treinin A Laub, 1987; Chang el al., 1989; Raney et al.. 1989; Raney el al.. 1990; Raney 

el al.. 1991a; Raney el al., 1991b). Detailed characterization of the surface antigen gene 

regulatory elements has been performed (Shaul el al.. 1986; Raney el al., 1989; Raney el 

al.. 1991b; Raney el al.. 1992). Seven regions located within 200 nucleotides of the 

major surface antigen gene transcription initiation site have been identified which 

influence the level of transcription from this promoter (Raney el al., 1991b). These 

regions include NF-1 and Spl binding sites. The large surface antigen gene regulatory 

elements were not well characterized until the studies described in this thesis and those 

of other groups were performed. The identification of important regulatory elements in 

this promoter region has now been reported (Raney el al., 1991a; Raney et al.. 1990; 

Chang el al., 1989; Zhou A Yen, 1991). The nucleocapsid promoter region has also been
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characterized in transfection studies (L6pez-Cabrera et al., 1990; Yaginuma & Koike, 

1989; Yee, 1989; Karpen et al.. 1988; Honigwachs el al.. 1989; Zhang el al.. 1992; Zhang 

el at., 1993; Yuh et al.. 1992). This promoter appears to have higher relative activity in 

differentiated hepatoma cell lines than in dedifferentiated hepatoma or non-hepatoma 

cell lines, and it contains functional binding sites for the transcription factors C/EBP 

and Spl. A minimal promoter element upstream of the X gene has been identified and 

appears to be modulated by enhancer I, which is adjacent to, or overlaps, the X 

promoter region (Treinin & Laub, 1987; Zhang et al.. 1992; Guo et al., 1991). Two HBV 

enhancer elements, now referred to as enhancer I and enhancer II, are located between 

the 3* end of the surface ORF and the 3’ end of the X ORF, and in the core promoter 

region, 3’ to the nucleocapsid ORF, respectively (Shaul et al., 1983; Jameel & Siddiqui, 

1986; Antonucci & Rutter, 1989; Bulla & Siddiqui, 1988; Faktor et al., 1988; Chang et 

al.. 1987; Wang et al.. 1990; Yuh & Ting, 1990; Yuh & Ting, 1991; Vannice & Levinson, 

1988; Tognoni et al.. 1985; Elfassi, 1987; Zhou & Yen, 1990; Ldpez-Cabrera et al., 1991; 

Guo et a!., 1991; Yuh & Ting, 1993). Both enhancer elements display liver-specific 

characteristics, such as higher levels of transcriptional stimulation in differentiated 

hepatoma cell lines, DNase I protection using differentiated hepatoma cell line nuclear 

extracts, and the presence of binding sites for the liver-enriched transcription factor 

C/EBP (Shaul & Ben Levy. 1987; Patel et al.. 1989; Yuh & Ting, 1993; Shaul et al.. 

1985; Tognoni et a!., 1985; Yee, 1989). In addition, a glucocorticoid responsive element 

has been shown to stimulate surface antigen gene expression, possibly in conjunction 

with the enhancer I (Tur Kaspa et a!.. 1988; Tur Kaspa et al.. 1986).

The c/s-acting elements and trans-acting factors that are important in the 

regulation of HBV transcription are parts of a complex system utilized by the virus to 

facilitate transcription of the appropriate levels of the viral mRNAs. HBV transcription 

is carried out by the cellular RNA polymerase II. Many of the components of the basal 

transcription machinery necessary for RNA polymerase II transcription have been 

identified, and the mechanisms of action by additional transcription factors are currently 

being elucidated.
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V. C. Transcription by RNA Polymerase II

Eukaryotic transcription of messenger RNA by the enzyme RNA polymerase II 

requires sequence elements and protein factors to direct the enzyme to the correct 

initiation site on the DNA template in the proper orientation. Typically, the promoter 

region immediately upstream of the start of transcription contains cts-acting sequence 

elements which bind proteins to influence this process. Many of these promoter regions 

contain binding sites for transcriptional activators in addition to binding sites for 

components of the basic transcription machinery. Many promoters contain a TATA box 

element which specifies the site of initiation and helps to determine the direction of 

transcription (Breathnach & Chambon, 1981), and an initiator element. Inr, at the 

initiation site, which also appears to determine the start site (Smale & Baltimore, 1989), 

especially in the absence of a TATA box element. In addition, enhancer elements, 

regions of DNA sequence that influence promoter strength in an orientation- and 

relatively distance-independent manner, are often involved in the regulation of 

transcription of RNA polymerase II templates.

The process of transcription initiation appears to require an ordered series of 

events which leads to the regulated expression of genes. In prokaryotes, this process is 

achieved by a DNA-dependent RNA polymerase in association with different sigma 

factors which determine promoter specificity. In eukaryotes, three different DNA- 

dependent RNA polymerases synthesize RNA from distinct sets of genes. RNA 

polymerase I transcribes ribosomal RNA; RNA polymerase II synthesizes transcripts from 

protein-encoding genes and most small nuclear RNAs (snRNAs); RNA polymerase III 

synthesizes small RNAs, such as tRNA and 5S ribosomal RNA. Specific transcription 

initiation by the eukaryotic RNA polymerases requires additional factors or accessory 

proteins. The accessory proteins associated with the activity of RNA polymerase II are 

called general transcription factors, or GTFs. The components required for the 

formation of a specific, transcription-competent complex have been identified by
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determining which chromatographic fractions of cell line or tissue extracts contribute to 

transcription in in vitro transcription systems.

Transcription by RNA polymerase II involves at least seven general transcription 

factors (GTFs), six of which are essential (Zawel & Reinberg, 1993; Weis & Reinberg, 

1992). These factors are called TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH, and TFIIJ. 

The first step in the assembly of a stable preinitiation complex is the binding of the 

TFIID component to the promoter approximately 30 nucleotides (-30) upstream of the 

initiation site (+1) at the AT-rich TATA box element (Buratowski et al., 1989; Ham et 

at.. 1992; Weis & Reinberg, 1992). The TFIID complex is the only GTF shown to have 

sequence specific promoter binding activity. In the absence of a TATA box element, 

components of the TFIID fraction can bind either directly or indirectly to the initiator 

(Inr) or other sequence-specific transcription factors to initiate transcription (Smale et 

al.. 1990). The TFIID complex includes a polypeptide which binds the TATA box 

element, the TATA binding protein (TBP), and TBP-associated factors (TAFs) (Peterson 

et al., 1990; Kao et al.. 1990). The TAFs appear to be involved in modulating 

transcriptional activation. They are not necessary for basal levels of transcription in an 

RNA polymerase II in vitro transcription system, but are necessary for activated 

transcription.

Binding of TFIID to the promoter is the first step in the assembly of the 

preinitiation complex. This step is stimulated by the association of TFIIA with TFIID. 

Formation of the TFIID-promoter complex allows the binding of TFIIB to the complex 

(Maldonado et a!.. 1990; Buratowski et al., 1989). The TFII(DAB) complex is recognized 

by RNA polymerase II in association with TFIIF (Killeen et al., 1992). The ordered 

addition of factors TFIIE, TFIIH, and TFIIJ to the complex results in the formation of a 

complete preinitiation transcription complex analogous to the prokaryotic closed 

complex. Transcription initiation requires the hydrolysis of ATP and melting of the 

DNA to form an open complex. The exact mechanism of this process is unknown 

although it is suggested that certain GTFs are released (Weis & Reinberg, 1992), possibly 

after catalyzing the hydrolysis of the ATP. Distinct polypeptides have been identified
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for all of the TFII fractions with the exception of TFIIJ, which is not yet well 

characterized. An additional factor, TFII I, has been identified which binds to the Inr 

element and can promote TBP binding in the absence of TFII A (Roy et al.. 1991). The 

yeast homologues of TFII A, TFIIB, TFIID, TFIIE, and TFIIH have also been identified 

(Feaver et al., 1991; Gileadi et al., 1992; Sayre et al.. 1992a; Sayre et a!., 1992b; Henry et 

al.. 1992; Tschochner et al., 1992).

In addition to these components of the general transcription machinery, 

regulation of transcription involves sequence- specific DNA binding proteins, or 

activators, which modulate transcriptional activity. These factors appear to interact 

either directly or indirectly with the general transcription factor complex. One class of 

sequence specific transcription factors that has been identified contains regions of acidic 

amino acid residues which appear to be necessary for activation of transcription (Ma A 

Ptashne, 1987; Triezenberg et al.. 1988a; Triezenberg et al.. 1988b; Giniger A Ptashne, 

1987). These acidic activation domains are found in such transcription factors as the 

yeast GAL4 and GCN4 activators and the herpes simplex virus VP16 protein (Hope A 

Struhl, 1986; Ma A Ptashne, 1987; Triezenberg et al.. 1988a). Other types of activation 

domains thus far identified are the glutamine-rich domains of Spl and Oct2, and the 

proline-rich activation domains of CTF/NF-1 and AP-2 (Kadonaga et al.. 1988; Courey 

A Tjian, 1988; Mermod et al.. 1989; Mitchell A  Tjlan, 1989; Williams A Tjian, 1991). 

The means by which activators communicate with the general transcription machinery 

have not been fully elucidated, but it is likely that one mechanism of activation involves 

interaction with TBP, the only specific binding protein of the general transcription 

machinery (Lin et al.. 1991). As the first step in the pathway of assembling a 

preinitiation complex is thought to be the binding of TBP to the TATA element, TBP is 

a likely candidate for interaction with other transcription factors which modulate the 

rate of transcription (Ptashne A Gann, 1990; Stringer et al., 1990). Some activators, such 

as GAL4 and Spl, appear to have both an activation domain and a DNA binding domain 

which allow the activator to bind the upstream sequence and to activate transcription by 

interaction, either directly or indirectly, with a target among the GTFs (Ptashne A
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Gann, 1990). Others, such as VP16 and E la, lack a DNA binding domain and 

presumably must act through a DNA binding protein, such as Oct-1 and ATF-2, 

respectively (Stern A  Herr, 1991; Liu A Green, 1990), to affect transcription. Activators 

may function by recruiting the general transcription factors to the target genes or may 

change the conformation of the GTFs such that they become active in the process of 

transcription initiation. Experiments using either the TFIID chromatographic fraction or 

recombinant TBP in in vitro transcription systems suggests that additional factors are 

required for activation by some transcriptional activators. For example, recombinant 

TBP is able to support basal transcription but is unable to support activated transcription 

by such activators as Spl, CTF/NF-1, and GAL4-VP16, whereas the TFIID fraction can 

support activated transcription, suggesting that TBP is not the only component of the 

TFIID fraction required for activated transcription (Tanese et al., 1991; Peterson et al.. 

1990; Pugh A Tjian, 1990). Additional chromatographic fractionation experiments of in 

vitro transcription extracts and transfection experiments, as well as experiments which 

demonstrated squelching effects provide evidence for the existence of coactivators, or 

adaptors, factors which may or may not be closely associated with TBP and are necessary 

for some activators, such as Spl and CTF/NF-1, to mediate their influence. Studies 

with the human and Drosophila coactivator fractions showed that the coactivator 

fractions were not able to restore activated transcription in response to the transcription 

factor zen, but were able to restore activation by Spl and NTF-1, suggesting that there 

may be multiple coactivators which show species specificity (Hoey et at., 1990; Smalr et 

al., 1990; Dynlacht et al., 1991). The existence of specific coactivators in different 

tissues could result in more flexibility of transcriptional control. It is possible that 

activators with different types of activating domains will interact with different 

coactivators or GTFs. Both in vivo and in vitro experiments have demonstrated that high 

concentrations of specific transcription factors can inhibit, or squelch, expression from 

some promoters lacking the binding site for that transcription factor (Kelleher et al.. 

1990; Berger el al., 1990; Triezenberg et al., 1988a; Gill A Ptashne, 1988; Meyer et al., 

1989). In vitro experiments have been performed using a GAL4-VP16 fusion protein
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which inhibited transcription from a heterologous promoter. The inhibition was relieved 

when partially purified TFIID fraction, presumably containing an appropriate 

coactivator, was added. Inhibition was not relieved when RNA polymerase II or other 

GTFs were added (Berger et al.. 1990; Kelleher et al.. 1990). Greater flexibility of 

transcriptional control could be achieved by increasing the diversity of protein-protein 

interactions. For example, two activators with the same DNA binding specificities could 

interact with different coactivators to mediate different functions. Oct-1 and Oct-2, 

members of the POU domain family of transcription factors, have identical DNA 

binding specificities, but only Oct-1 binds VP16 to activate transcription during herpes 

simplex virus infection (Stern et al.. 1989; Cleary et al., 1993). The requirement for an 

additional factor involved in activated transcription by Spl on a TATA-less promoter 

was suggested from experiments in which additional factors present in a human TFIID 

fraction but not present in Drosophila or yeast TFIID fractions were needed for in vitro, 

Spl activated transcription of a TATA-less, GC box-containing promoter (Pugh A 

Tjian, 1990; Smale et al.. 1990; Pugh & Tjian, 1991). It was proposed that this factor 

acted as a ’tether* to anchor the preinitiation complex to the promoter, as a TATA box 

element appears to do.

The regulation of transcription involves a large array of DNA sequence elements 

and transactivating proteins to transmit the cellular signals to the general transcription 

machinery. Identifying the types of factors involved, their functional domains and 

mechanisms of action are important for our understanding of the regulation of 

differential gene expression. Many regulatory proteins have been grouped into families 

based on their functional domains and their roles within the cell or organism. One such 

family o f p roteins, the homeobox protein fam ily, was firs t characterized as 

developmental regulators. This group of proteins contains a characteristic DNA binding 

domain and includes subfamilies with variations in the DNA binding region of the 

polypeptide. Many of these proteins are involved in transcriptional regulation.

26



V. D. llomeodomaln Protein*

Homeodomain proteins are a class of proteins involved in developmental 

regulation in Drosophila and higher organisms (Bender el al., 1983; Carrasco et at.. 1984; 

McGinnis el al„ 1984a). First identified by the analysis of the Drosophila Antennapedia 

gene (Bender et al., 1983; McGinnis el al.. 1984b; Scott el al.. 1993), homeotic genes are 

characterized by a DNA segment of approximately 180 bp long, called the homeo box, 

which encodes the region of the polypeptide necessary to mediate specific DNA binding. 

In Drosophila, these genes determine the identity and order of body segments. The 

homeo box regions appear to be highly conserved during evolution and share an open 

reading frame which encodes the homeo domain of homeotic proteins. Comparison of 

the protein sequence of this domain revealed homology to the yeast mating-type proteins 

Mat al and Mat a2 which are sequence-specific DNA binding proteins known to control 

cellular differentiation into the three cell types of yeast (Shepherd et al., 1984; McKay A 

Steitz, 1981; Johnson A Herskowitz, 1983). The homology between the homeotic genes 

and the Mat genes suggested a similar functional role in gene regulation, and, consistent 

with that is the evidence from antibody localization studies that homeo domain- 

containing proteins accumulate in the nucleus (White & Wilcox, 1984). In addition, 

many of the homeodomain proteins subsequently identified are sequence-specific 

transcription factors (Herr el al., 1988; Bodner et al., 1988; Rosenfeld, 1991).

The classic 60 amino acid homeodomain mediates sequence-specific DNA binding 

by homeodomain proteins. Sequence comparison with prokaryotic and yeast 

transcriptional regulatory proteins suggested that the homeodomain resembles the helix- 

turn-helix structure of some DNA binding proteins (Laughon A  Scott, 1984; Shepherd el 

al., 1984; Scott el al„ 1993). Determination of the three-dimensional structures of the 

Antennapedia, engrailed, and Mat a2 homeodomains has verified the helix-turn-helix 

structure (Kissinger el al., 1990; Otting el al., 1990; Wolberger el al.. 1991). The 

structure of the homeodomain is a triple a helix with a flexible amino-terminal arm. 

The second and third helices form the helix-turn-helix motif, with the third helix 

making contact with the nucleotide bases in the major groove of the DNA. The amino-
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terminal arm binds the DNA in the adjacent minor groove, and side chains contact the 

sugar-phosphate backbone. Amino acid sequence comparison of homeodomains from 38 

proteins identified nine invariant amino acids (Gehring, 1987). The Antennapedia gene 

sequence represents the consensus of these sequences, containing 37 of 60 residues most 

frequently found in each position. The most conserved region was found in the third, 

recognition, helix and in the amino acids immediately carboxyl-terminal to this helix. 

This finding was in contrast to the prokaryotic regulatory proteins, which exhibited 

much more variability in their recognition helices, possibly due to the need to bind to 

different operator sequences on the DNA. A variant helix-turn-helix homeodomain, the 

POU domain, has been conserved in several mammalian transcription factors and a yeast 

developmental regulator. Homeodomain proteins of this subfamily are referred to as 

POU proteins.

POU Domain Subfamily of Homeodomain Proteins

The cloning of three mammalian transcription factors and a Caenorhabditis 

elegans developmental regulator identified a novel DNA binding domain, the POU 

domain, which contained a region similar to the homeobox domain of the homeodomain 

proteins. Like the classic homeodomain proteins, these variant homeodomain-containing 

proteins, or POU proteins, are involved in the regulation of development (Rosenfeld, 

1991; Ruvkun A Finney, 1991; Scholer et al., 1990). The POU domain was first 

discovered in the pituitary-specific transcription factor Pit-1 (also known as GHF-I), 

the octamer motif-binding factors Oct-1 and Oct-2, and the product of the nematode 

cell lineage gene Unc-86, hence the name POU domain (Herr el al., 1988; Bodner et at., 

1988; Ingraham et al., 1988; Sturm et al., 1988; Clerc et al., 1988; Finney et al., 1988). 

Subsequently, other POU proteins have been identified which are involved in cell-type- 

specific gene regulation, cellular proliferation, DNA replication, developmental control 

and determination of cell identity (Rosenfeld, 1991; Ruvkun A  Finney, 1991; Scholer et 

al., 1990; Varrijzer et al., 1992). The POU domain is an approximately 160 amino acid 

region containing two subdomains, the 74 to 82 amino acid amino-terminal POU- 

specific (POU,) domain and the 60 amino acid carboxyl-terminal POU-homeodomain
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(POUjjjj) joined by a 15 to 27 amino acid variable linker region (Varrijzer et at.. 1992; 

Assa-Munt et at.. 1993; Rosenfeld, 1991). The POU proteins are characterized by these 

two subdomains, the divergent homeodomain region and the additional POU specific 

region.

Analysis of the sequence of POUHD predicts that the POU homeodomain is 

similar to that of the classic homeodomain, containing three a helices, with the third 

'recognition* helix important for binding the DNA (Ingraham et at., 1990). Unlike the 

classic homeodomain, POUHD is unable to bind DNA with specificity and high affinity 

(Ingraham et at.. 1990; Sturm & Herr, 1988; Kristie & Sharp, 1990; Verrijzer et at., 

1990a; Verrijzer et at.. 1990b; Aurora & Herr, 1992). It has been shown that the POUg 

domain of Pit-1 is necessary (in addition to POUHD) for site specific, high affinity DNA 

binding. It has also been shown that Oct-1 binds the octamer motif (Verrijzer et at.. 

1992; Aurora & Herr, 1992), with the POUHD domain recognizing the 3’ end and the 

POU8 domain recognizing the 5' end of the motif (Verrijzer et at.. 1990a). Both of the 

domains have contacts in the major groove of the DNA (Aurora & Herr, 1992) and 

binding results in bending of the DNA molecule (Verrijzer et at.. 1991). Comparison of 

several POU protein sequences indicated two regions of very high homology in the 

POUg domain, called the POU8-A and POU8-B subdomains. The predicted structure of 

the POU8 domain was that of two a helices, and mutational analysis suggested that the 

first helix and clusters of basic amino acid residues in the POUg domain were important 

for DNA binding (Ingraham et at.. 1990). Recently, the solution structure of the Oct-1 

POU8 domain was determined and demonstrated that this region consists of four packed 

a helices surrounding a hydrophobic core (Assa-Munt et at.. 1993). This structure is 

similar to the DNA binding domains of the bacteriophage lambda and 434 repressors and 

434 Cro, which are helix-turn-helix motifs. The POU8 domain differs from the 

conventional helix-turn-helix motif in its extra length in helix two, the first helix of the 

helix-turn-helix motif, and in the turn, which is the spacer region between the 

subdomains A and B. A model based on the solution structure of the Oct-1 POU8 

domain and the similarity to the bacteriophage repressor and 434 Cro structure suggests
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that the third a helix of the POU8 domain is equivalent to the recognition helix of the 

helix-turn-helix motif, which lies in the major groove of the DNA and makes sequence- 

specific contacts with the DNA (Assa-Munt et al.. 1993). This helix is the most highly 

conserved region of the POU8 domain, consistent with an important role in sequence- 

specific DNA binding. In addition, the importance of certain conserved residues, such 

as the glutamines present at the beginning of helices two and three, are consistent with 

mutations of the Oct-1 and Pit-1 POU8 domains which affect DNA binding (Sturm & 

Herr, 1988; Ingraham el al.. 1990). It appears that the POU-specific and POU- 

homeodomain regions of the POU domain are physically linked domains comprising 

helix-turn-helix motifs, both of which are necessary for high affinity, sequence-specific 

DNA binding.

V. E. Hepatocyte Nuclear Factor 1

The liver enriched transcription factor hepatocyte nuclear factor 1, HNFI, is a 

member of the POU subfamily of homeodomain proteins. HNFI, which has also been 

called LFB1, APF, and HP1 (Cereghini el al.. 1988; Hardon el al.. 1988; Schorpp el al., 

1988), contains a highly divergent homeodomain and a region of homology to the POU8 

domain A box. This 88 to 93 kD glycosylated protein was originally purified from rat 

liver nuclear extracts using a fi fibrinogen promoter element (Courtois et a!.. 1988; 

Courtois et al., 1987) and is involved in the regulation of many genes expressed 

predominantly in the liver, including a fetoprotein, albumin, transthyretin, a l -  

antitrypsin. and the large surface antigen gene of HBV (Mendel & Crabtree, 1991; 

Hardon el al., 1988; Monaci et al.. 1988; Courtois et a!., 1988; Feuerman et a!., 1989; 

Chang et al.. 1989; Raney et al., 1991a). Cloning of the HNFI cDNA which encodes the 

628 amino acid protein has permitted the characterization of the functional domains of 

the polypeptide (Fig. V. 8) (Baumhueter et al.. 1990; Chouard et a!.. 1990; Frain et al.. 

1989; Nicosia et al., 1990; Raney et al.. 1991a). The amino-terminal 281 amino acids 

contain regions important in dimerization and specific DNA binding. The carboxyl
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Figure V.8. Organization of the functional domains of the HNF1 polypeptide. DIM,
dimerization domain; POU-A, region of POU subdomain A homology; 
HOMEO, homeoboxlike domain; PRO, proline-rich transcriptional 
activation domain ; GLN/PRO, glutamine- and proline-rich 
transcriptional activation domain; SER, serine-rich transcriptional 
activation domain.



terminal portion of the polypeptide contains three regions identified as transcriptional 

activation domains (Raney et al.. 1991a; Nicosia el al., 1990; Toniatti el at., 1993).

The amino-terminal region necessary for DNA binding comprises three 

functional domains, the dimerization domain located in the first 32 residues, a domain 

with homology to the POUs A subregion, and an unusually long (81 amino acids) 

divergent homeodomain. The structural requirements for DNA binding appear to be 

more complex in HNF1 than in other POU proteins, which require the POUg and 

POUHD regions, and homeodomain proteins, whose homeodomain alone is sufficient for 

specific DNA binding (Sturm A Herr, 1988; Muller el al., 1988). HNF1 binds its 

recognition sequence as a dimer. The predicted structure of the dimerization domain of 

HNF1 is similar to that of the rod portion of cardiac myosin, which is folded in long a 

helices wrapped in a two-strand coiled coil with hydrophobic side chains aligned on one 

side (Nicosia el al.. 1990). A peptide containing this domain folds into two a helices 

kinked to form a parallel homodimer stabilized by the hydrophobic faces (Pastore el al., 

1991; De Francesco et al., 1991). A protein factor, called the dimerization cofactor of 

HNF1 (DCoH) interacts with and stabilizes the HNF1 dimers by reducing the rate of 

monomer exchange (Mendel el al., 1991b). DCoH also enhances HNF1-mediated 

transactivation although it has no DNA binding or transactivation capability itself 

(Mendel el al., 1991b). Mutational analysis of this region has demonstrated that DNA 

binding, as well as dimerization, is dependent upon the HNFI dimerization domain 

(Nicosia et al., 1990; Chouard et al„ 1990). It has also been shown that HNFI can 

dimerize in solution in the absence of DNA (Chouard el al., 1990). The POU-like 

domain amino-terminal to the divergent homeodomain has 27% homology with the POU8 

A subdomain and appears to be involved in increasing the specificity of the DNA 

binding by the homeodomain (De Simone A  Cortese, 1992), as does the POUa region of 

POU proteins. The structure of the long (81 versus 60 amino acid residues) 

homeodomain of HNFI does not conform exactly to the helix-turn-helix motif. The 

alignment of sequences necessary for the best homology calls for 'looping out* 21 amino 

acids between helices two and three (Finney, 1990). This loop would replace the
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conventional turn between these two helices in a region proposed to be tolerant of 

insertions without affecting DNA binding activity. Two alternative loops, of 18 and 20 

residues, which would disrupt helix two, have been suggested as likely based on the 

ability of deletion mutants of this region to bind DNA (Nicosia et al.. 1990). The third 

helix of the HNF1 homeodomain contains the highest homology with the recognition 

helix of homeodomains and deletion of this helix abolishes DNA binding (Chouard et a!.. 

1990; Nicosia et at.. 1990).

Although HNF1 is the first mammalian homeodomain protein identified to bind 

DNA as a dimer, other transcription factors, such as MyoD and members of the AP-1 

family, are known to form dimers prior to DNA binding (Turner & Tjian, 1989; 

Ransone et al., 1989). The ability of transcription factors to interact with other proteins 

with similar dimerization faces, to form heterodimers, can create new DNA binding 

specificities and regulatory activities. The consensus binding site sequence of HNF1, 

GTTAATNATTAAC, is an inverted palindrome suggestive of dimer binding. Although 

HNF1 does bind its recognition sequence as a homodimer, it is interesting that none of 

the identified binding sites contains a perfect inverted repeat (Mendel & Crabtree, 1991; 

Frain et al.. 1989; Nicosia et al.. 1990). Most of the binding sites contains a perfect or 

near perfect half site, with a divergent second half site, which might suggest that other 

HNFl-like proteins with similar dimerization domains could bind the sequence as a 

heterodimer with HNF1 and perhaps broaden the functions of HNF1 by altering its 

DNA binding specificity or activities, depending upon its heterodimer partner.

HNF1 heterodimerizes with a related protein called variant HNF1 (vHNFl or 

HNFI0), which binds to the same DNA sequence as HNF1 and was first identified in a 

dedifferentiated hepatoma cell line (Baumhueter et al.. 1988; Cereghini et al., 1988; Rey- 

Campos et a!., 1991). In tissue culture cell lines, HNF1 appears to be expressed only in 

differentiated hepatoma lines, whereas vHNFl is expressed in dedifferentiated hepatoma 

cell lines and extinguished somatic cell hybrids and in very low levels in differentiated 

hepatoma cell lines (Rey-Campos et al.. 1991; Cereghini et at., 1990; Baumhueter et al.. 

1988). The tissue distribution of HNF1 In vivo is broader than was initially expected. It
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is found not only in the liver, but also in the kidney, the epithelial cells of the intestine, 

and in very low levels in stomach, pancreas, spleen and testis (Cereghini el al., 1992; 

Baumhueter el al., 1990; Kuo et al.. 1990; Tronche A  Yaniv, 1992; Blumenfeld el al.. 

1991). vHNFl expression overlaps considerably with that of HNF1, but the levels of 

expression in the tissues differs from HNF1. HNF1 mRNA is expressed at much higher 

levels than vHNFl transcripts in mouse liver and intestinal tissue, but in comparable 

amounts in kidney (Rey-Campos et al.. 1991). vHNFl mRNA has been observed in 

liver, kidney, intestine, stomach, pancreas, ovary, and lung (De Simone et al., 1991; Ott 

et a!., 1991; Tronche & Yaniv, 1992; Bach et al., 1991; Rey-Campos et al., 1991). 

During development in the mouse, vHNFl expression precedes that of HNF1 by one to 

two days (Ott et al., 1991; Cereghini el al.. 1992). Isolation of the cDNA for vHNFl 

from dedifferentiated cells allowed the characterization of the 557 amino acid vHNFl 

polypeptide structure (Rey-Campos et al.. 1991). The amino acid sequences of vHNFl 

and HNF1 are highly conserved in the amino-terminal region of the polypeptide, with 

72% identity in the dimerization domain, 66% identity in the region of POU homology, 

and 92% identity in the homeodomain (Mendel et al.. 1991a; Rey-Campos et a!.. 1991). 

The activation domains identified by in vitro transcription analysis in the carboxyl- 

terminal portion of the polypeptide are not conserved in the vHNFl polypeptide (Nicosia 

et al., 1990; Rey-Campos et al.. 1991; De Simone et al., 1991; Mendel et al., 1991a). In 

fact, there is little conservation in the carboxyl-terminal portion of the molecule, with 

the exception of the region of the polypeptide containing the glutamine- and proline- 

rich activation domain identified in transient transfection experiments (Raney el al., 

1991a). The broad region containing the transactivation domain displays 54% amino acid 

identity  (71 of 132 residues) and the 18 amino acid region most critical for 

transactivation of the HBV large surface antigen by the HNF1 polypeptide has 78% 

amino acid identity (Raney el a!.. 1991a). The vHNFl polypeptide can transactivate the 

albumin promoter in transient transfection studies (Rey-Campos et al., 1991). It is 

possible that this transactivation is mediated by the conserved regions of the HNF1 and 

vHNFl polypeptides which were identified as transcriptional activation domains using
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the HBV large surface antigen promoter and human albumin HNF1 binding site 

sequences in transfection studies (Raney et al.. 1991a). The coexpression of vHNFl and 

HNF1 in certain tissues and some cell lines, and their ability to form heterodimers and 

to recognize the same DNA binding site suggests a possible role for differential 

transcriptional regulation by the formation of vHNFl/HNFl heterodimers. The relative 

amounts of these polypeptides in various tissues may be important factors in the tissue- 

specific regulation of HNF1-recognition-site-containing promoters.

It is most likely that tissue-specific transcriptional regulation is the result of the 

combined actions of many factors, both ubiquitous and tissue-specific. Several elements 

control the liver-specific expression of the albumin gene, including the ubiquitous 

factors NFY and NF-1 as well as the liver-enriched C/EBP and HNF1 (Maire et al.. 

1989; Lichtsteiner A Schibler, 1989; Wuarin et al., 1990). Other liver-specific genes, 

such as al-antitrypsin, contain DNA elements that bind multiple liver-enriched factors 

such as HNF4 and HNF1 (Tranche A Yaniv, 1992). Negative regulation also appears to 

have a role in tissue-specific expression, as expression of a fetoprotein (AFP) is turned 

off in hepatocytes just after birth. The loss of AFP expression is accompanied by the 

loss of in vivo DNase I hypersensitivity of the promoter, and possibly by displacement of 

HNF1, which is a major positive regulator of AFP expression (Vacher A Tilghman, 

1990; Deng A Karin, 1993). The broad range of expression of HNF1 also argues that 

this factor alone is probably not responsible for the liver-specific transcription of genes 

containing HNF1 binding sites in their promoters. In this regard, it is worth noting that 

the networks of factors involved in differential gene expression appear to regulate 

themselves. The control of expression of the HNFI gene includes positive regulation by 

the factors HNF4 and HNF3. Mutation of the binding sites for these factors in the 

HNFI promoter reduces its activity (Kuo et al„ 1992; Tian A Schibler, 1991). It has 

also been reported, though not demonstrated in the literature, that HNFI negatively 

regulates itself, suggesting the importance o f maintaining precise concentrations of 

HNFI in the cell (Tronche & Yaniv, 1992). Other factors, such as HNF3 and C/EBP, 

are positively auto-regulated (Tronche A Yaniv, 1992). Therefore, it appears that a
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complex, hierarchical network including liver-enriched and ubiquitous factors is 

necessary to control the transcription of liver-enriched transcription factor genes which 

are involved in the control of liver development and the maintenance of the liver cell 

phenotype.

V. F. Objectives

Hepatitis B virus infection is primarily restricted to hepatocytes. Although the 

exact mechanisms governing this tropism are not fully understood, it is likely that liver- 

specific transcriptional regulation of HBV occurs. The characterization of cell-type- 

specific cis-acting elements has suggested that the viral enhancer I, the nucleocapsid 

promoter, and the large surface antigen promoter display preferential activity in 

differentiated hepatoma cell lines. The distribution of viral mRNAs expressed in 

transgenic mice which synthesize HBV particles suggests that, in addition to the 

nucleocapsid and large surface antigen promoters, the major surface antigen promoter is 

more active in liver tissue than in other tissues. A detailed analysis of the cell-line- or 

tissue-specific transcriptional regulation of the HBV promoters may elucidate some of 

the mechanisms of hepatotropism and their role in the biogenesis of the virus.

The major aim of this project was to characterize the transcriptional regulation 

of the expression of the large surface antigen gene of hepatitis B virus. To achieve this, 

the objectives of this study were to identify the regions of the HBV genome involved in 

the transcriptional regulation of the large surface antigen gene, particularly the 

regulatory elements responsible for liver-cell-type specificity of large surface antigen 

gene expression, and to identify the specific transcription factors involved in the 

regulation of the large surface antigen promoter and examine their roles in the liver

ce ll-type transcriptional activity of the large surface antigen promoter. The 

characterization of the large surface antigen prom oter should lead to a better 

understanding of the role of transcriptional regulation in the hepatotropism of hepatitis 

B virus.
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VI. M ATERIALS AND METHODS

V I. A. Plasm id C onstructions

The steps in the cloning of the plasmid constructs used in the transfection 

experiments were performed by standard techniques (Sambrook el al., 1989). HBV DNA 

sequences in these constructions were derived from the plasmid pCPIO, which contains 

two copies of the HBV genome (subtype ayw) cloned into the EcoRI site of pBR322 

(Dubois el al., 1980). The firefly luciferase (LUC) reporter gene in these constructions 

was derived from the plasmid, pl9DLUC. pl9DLUC was generated from pl9LUC 

(Fig. VI. 1) (Van Zonneveld el al., 1988) by deletion of the polylinker sequences 

between the HindWl and Sail sites and insertion of a Hind III linker at this position. This 

eliminated the polylinker SpM site containing the sequence ATG, which might have 

interfered with the translation of the luciferase gene product from the RNA transcripts 

synthesized from the HBV promoters.

The plasmids SpLUC, XpLUC, CpLUC and PS(i)pLUC each contain one 

complete HBV genome located directly 5’ to the promoterless LUC reporter gene such 

that the expression of the LUC gene is governed by the hepatitis B major surface 

antigen (Sp), X gene (Xp), nucleocapsid, or core, (Cp), and large surface antigen |PS(1)] 

promoters, respectively (Fig. VII. 4). These four plasmids were constructed in our 

laboratory by Alan McLachlan. The plasmid SpLUC was constructed by digesting 

pCPIO with Xhol, filling in the overhang with the Klenow fragment of E. coli DNA 

polymerase, ligating a Hind III linker [d(CAAGCTTG)] using T4 DNA ligase, digesting 

with Hindlll and cloning the 3.2-kbp HBV fragment into the Hindlll site of the plasmid 

P19DLUC. The unique HBV Xhol site used in SpLUC is located 137 nucleotides 3* to a 

predominant surface antigen gene transcription initiation site located at nucleotide 3139 

in the HBV genome (Cattaneo el al., 1983; Raney el al„ 1989) (see Fig. V. 2 for genome 

organization). Therefore, the plasmid SpLUC contains one complete HBV genome
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Figure VI.I.

EcoM

Restriction map of luciferase reporter gene plasmid p!9LUC (Van 
Zonneveld et al., 1988). The vector includes the luciferase ORF followed 
by an SV40 splice site and polyadenylation site (pA1). A multiple cloning 
site lies upstream of the luciferase ORF and is preceded by two SV40- 
derived polyadenylation sites (pA1 and pA*) and the pBR322 ampicillin 
resistance gene. pl9LUC was modified by deletion of the Sphl and Pstl 
restriction endonuclease sites to generate the vector p!9DLUC for the 
construction of HBV promoter-luciferase constructs. Several restriction 
endonuclease sites are indicated.
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(nucleotides 130 to 3182/1 to 133’) located directly 5' to the promoterless LUC reporter 

gene such that the expression of the LUC gene is governed by the hepatitis B major 

surface antigen promoter. The designation 133* has been used to indicate that the 

nucleotides 130 to 133 are present twice in this plasmid and that nucleotides 130 to 133 

and 130' to 133' are distal and proximal to the LUC ORF, respectively. The plasmid 

XpLUC was constructed in a manner similar to SpLUC, using the unique Ncol site 

located 67 nucleotides 3' to a predominant X gene transcription initiation site located at 

nucleotide 1310 in the HBV genome (Siddiqui el al., 1987; Treinin A  Laub, 1987) to 

insert the HBV genome into pl9DLUC. XpLUC contains one complete HBV genome 

(nucleotides 1373 to 3182/1 to 1376') located 3’ to the LUC open reading frame (ORF) 

such that expression of the LUC gene is governed by the HBV X gene promoter. The 

plasmid CpLUC was constructed similarly using the unique Fspl site located 20 

nucleotides 3' to a nucleocapsid gene transcription initiation site located at nucleotide 

1783 in the HBV genome (Yaginuma el al.. 1987; Sells el al., 1988) to insert the HBV 

genome into p!9DLUC. CpLUC contains one complete HBV genome (nucleotides 1803 

to 3182/1 to 1804) located 3' to the LUC ORF such that expression of the LUC gene is 

governed by the HBV nucleocapsid promoter. The plasmid PS(l)pLUC was constructed 

by isolating a Bglll fragment from pCPIO containing the nucleotides 2840 to 3182/1 to 

2843', and ligating this fragment into the BamHl site of pUC13 (Vieira A  Messing, 

1982), generating the plasmid pHBV(BH)PS(l)p. The pHBV(BH)PS(l)p plasmid was 

digested with Smal at the fm ol site contained in the pUC13 polylinker segment of this 

plasmid and a Hind III linker [d(CAAGCTTG)] was inserted. The plasmid was then 

digested with HindllI and the 3.2 kbp HBV fragment was inserted at the HindUl site of 

PI9DLUC. The Bglll site used for making this construction is located 33 nucleotides 3' 

to a predominant large surface antigen gene transcription initiation site located at 

nucleotide 2809 in the HBV genome (Yaginuma el al.. 1987; Araki el al.. 1989; Sells el 

al.. 1988; Farza el al., 1988). The plasmid PS(l)pLUC contains one complete HBV 

genome (nucleotides 2840 to 3182/1 to 2843') located 3’ to the LUC ORF such that the 

expression of the LUC gene is governed by the HBV large surface antigen promoter.
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The nucleotide sequences are designated by using coordinates derived from the Genbank 

genetic sequence data bank.

The construction of the PS(l)pLUC 5’ deletion series (Fig. VII. 6) was performed 

by digestion of HBV sequences in pHBV(BH)PS(l)p with appropriate restriction 

endonucleases or Bal31 nuclease and subsequent cloning steps similar to those used to 

generate PS(l)pLUC. All of the S' deletion series plasmids contain the HBV sequences 

from -2S to +35 relative to the transcriptional initiation site at nucleotide 2809 upstream 

of the luciferase sequences. The plasmid PS(1)pa2840-129LUC was made by digestion 

of pHBV(BH)PS(I)p with Xhol and Sal I, filling in the overhangs as required, ligating, 

selecting the deleted plasmid, digesting this with Hindlll, and gel isolation of the Hindlll 

fragment which was then ligated to the Hindlll site of pl9DLUC. The plasmids 

PS( l)pA2840-827LUC, PS(1 )pA2840- 1070LUC. PS( 1 )pa2840- 1116LUC, PS(l)pA2840- 

1238LUC, PS( 1 )pa2840- 1374LUC, PS(1 )pA2840-1402LUC, PS(l)pA2840-2143LUC, and 

PS(1 )pa2840-2425LUC were generated by the same protocol, using Accl, Nsil and Sail, 

Stul and Sail, Sphl and Sail, Ncol and Sail, BamHl and Sail, Xbal, and Bglll and 

H indi, respectively, in the first digestion. The plasmids PS(l)pA2840-2547LUC, 

PS( 1 )pa2840-2612LUC, PS(l)pA2840-2707LUC. PS(l)pA2840-2718LUC, PS(l)pA2840- 

2733LUC, PS(I )pa2840-2734LUC, PS( I )pa2840-2767LUC. and PS(1)pa2840-2783LUC 

were generated by digestion of pHBV(SS)PS(l)pLUC with 0*/II followed by B alil 

nuclease digestion (International Biotechnologies, Inc.), digestion with Sail to delete 

upstream sequences, filling in the overhangs with the Klenow fragment of E. coli 

polymerase, and ligating. The Bal'il nuclease protocol was performed as suggested by 

the manufacturer. All deletion breakpoints generated by Bal31 digestion were 

determined by dideoxynucleotide sequencing (Sanger el a!., 1977) using the Sequenase 

2.0 sequencing kit from United States Biochemical Corporation. The extent of the 

deleted nucleotide sequence is indicated in the plasmid designation using coordinates 

from the Genbank genetic sequence data bank. The plasmid pHBV(SS)PS(l )pLUC was 

used for the generation of the Bal31 S’ deletion set because it contained a Sail site 

upstream of the HBV sequences which could be used to delete the upstream sequences
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after the Baii\ digestion. pHBV(SS)PS(l)pLUC is the same as PS(l)pLUC except in the 

region of the polylinker. The HBV genome was inserted into pl9DLUC as a Sal I to 

j ’acl fragment from pHBV(BH)PS(l)p and so contains an Aval and a SacI site 3’ to the 

Hindlll site at the 3’ end of the fragment. At the 3’ end, the HBV fragment lacks the 

AccI, H indi, and Ps/I sites contained in PS(l)pLUC, but contains the pl9DLUC 

polylinker sequences from Sal I to Hindlll. Because the full-length PS(l)pLUC plasmids 

differ from each other by a few nucleotides in the region that will be transcribed, both 

were transfected to ensure that these changes did not affect luciferase activity generated 

by the plasmids.

The clustered point m utation plasmids PS(l)pM lLU C, PS(l)pM2LUC, 

PS( 1 )pM3LUC, PS( 1 )pM4LUC, and PS(l)pA2840-2425M5LUC, were generated by 

priming polymerase chain reactions (PCR) with mutant oligonucleotides to make the 

desired mutation within the HBV sequence, and subsequent cloning steps to insert the 

mutated HBV fragments into the luciferase vector. To generate the four mutant 

plasmids PS(l)pMlLUC. PS(l)pM2LUC, PS(l)pM3LUC. and PS(l)pM4LUC. a two-step 

mutant PCR method was employed (Landt et al„ 1990). 200 ng of the oligonucleotide 

LUC29, whose sequence is TGCTCTCCAGCGGTTCC and is contained in the luciferase 

segment of PS(l)pLUC, and 200 ng of an oligonucleotide containing a mutation of a 

region of the large surface antigen gene promoter [PS(l)pMI to M4] were used to prime 

the initial PCR using 10 ng of the plasmid PS( 1 )pA2840-2707LUC as template (Fig. VI. 

2). The same luciferase oligonucleotide (LUC29) was used to prime each of the four 

reactions. The oligonucleotide PS(l)pM I, used in the first PCR to generate 

PS(l)pMlLUC, spanned nucleotides 2724 to 2737 and contained a mutation of the 

sequence between nucleotides 2736 and 2743. The sequence of PS(l)pMI is 

ATCATTACTTCCTTGGGTACCCCTATTTACACAC. The oligonucleotide PS(l)pM2. 

used in the first PCR to generate PS(l)pM2LUC, spanned nucleotides 2734 to 2767 and 

contained a mutation of the sequence between nucleotides 2746 and 2733. The sequence 

of PS( I )pM2 is CCA A ACTAG ACATGGGTACCCTACTCTATGGA AG. The 

oligonucleotide PS(l)pM3, used in the first PCR to generate PS(l)pM3LUC, spanned
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M5

M1
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M3

PS2708-24

HBVC1

LUC2S

Figure VI.2. Diagrammatic representation of the location of oligonucleotide primers used 
for synthesis of plasmid mutations by polymerase chain reaction (PCR). 
The HBV sequences of plasmid PS(l)pLUC are represented by a thin line. 
The locations of the HNFI and TATA box sequence homologies are 
indicated by boxes labelled HNFI and TATA, respectively. The 
luciferase gene sequences are indicated by the box labelled LUC. The 
locations and orientations of the single-stranded oligonucleotide primers 
I9LUC, LUC29. PS2708-24, HBVCI. Ml. M2. M3. M4 and M5 are 
indicated by arrows. The shaded box on the Ml, M2, M3, M4 and MS 
arrows represent the mutations introduced into the HBV sequences.



nucleotides 2744 to 2777 and contained a mutation of the sequence between nucleotides 

2 7 5 6  a n d  2 7 6 5 .  T h e  s e q u e n c e  o f  P S ( l ) p M 3  i s  

CACTATTTACACTTGGGTACCCAGGCGGGTATAT. The oligonucleotide PS(l)pM4, 

used in the first PCR to generate PS(l)pM4LUC, spanned nucleotides 2754 and 2787 and 

contained a mutation of the sequence between nucleotides 2766 and 2775. The sequence 

of PS(l)pM4 is ACACTCTATGGATTAGGTACCCATTATATAAGAG. Each of the 

four first PCRs generated a single product of the expected size, 249 bp [PS(l)pMl], 239 

bp [PS(l)pM2], 229 bp [PS(l)pM3], and 219 bp [PS(l)pM4], These fragments were 

phenol extracted to remove protein, ether extracted to remove phenol residue, and 

ethanol precipitated. The second PCR was primed with 50% of the first product as the 

luciferase, or downstream, oligonucleotide and 200 ng of an oligonucleotide spanning 

HBV nucleotides 2708 to 2724 (PS2708-24) as the upstream oligonucleotide. The 

oligonucleotide PS2708-24 contained seven additional bases at its 5’ end to generate a 

S a i l  r e s t r i c t i o n  s i t e .  T h e  s e q u e n c e  o f  P S 2  7 0 8 - 2 4 i s

TTGTCGACCAGAACATCTAGTTAA. 25 ng of the template PS(1 )pa2840-2707LUC 

were used in the second PCR. The second PCR generated a product of 272 bp, which 

was digested with the enzymes Joel and Sail, gel isolated, and ligated into p!9DLUC at 

the Sacl and Sal I sites in the polylinker, generating the plasmids PS(l)pMlLUC, 

PS(l)pM2LUC, PS(l)pM3LUC, and PS(l)pM4LUC. These plasmids are derivatives of 

the plasmid PS(l)pn2840-2707LUC, each containing a 10 bp mutation in the region 

between the HNF1 binding site and TATA box element in the large surface antigen 

promoter. The sequence of the fragments produced by PCR were verified by 

dideoxynucleotide sequencing. The construct PS(l)pMlLUC lacked the C nucleotide 

within the mutation at position 2745, which did not alter the mutation within that 

region, but did shorten the spacing by one nucleotide between the HNFI and TATA box 

elements. The construct PS(l)pM4LUC contained a point mutation at nucleotide 2753 (C 

to T). All other PCR generated fragments contained the expected sequence.

The plasmid PS(l)pn2840-2425M5LUC was generated essentially by the same 

technique. PS( I )pn2840-242SM5LUC contains the promoter sequences from -383 to *35
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and is designed to be the same as PS( 1 )pA2840-2425LUC with the exception of a 13 bp 

mutation in the HNF1 binding site from nucleotide 2720 to 2732. This construct was 

generated by the two-step mutant PCR protocol using 200 ng of the oligonucleotide 

19LUC, whose sequence GGCGTCTTCCATTTTACCAACA, is contained in the 

luciferase segment of PS(l)pLUC, and 200 ng of an oligonucleotide which spanned 

nucleotides 2708 to 2744 and contained the mutation from nucleotide 2720 to 2732 

( P S ( l ) p M S ,  w h o s e  s e q u e n c e  I s  

CCAGAACATCTATACTGGGTACCTCTCCAAACTAGAC) to prime the first PCR on 

10 ng of the template PS(l)pLUC. The 223 bp product from the first PCR was gel 

isolated and 30% was used as the downstream oligonucleotide for the second PCR. 200 

ng of the oligonucleotide HBVC1 (CATGGACATCGACCCTTATA) which spanned HBV 

nucleotides 1902 to 1921 were used as the upstream oligonucleotide, and 23 ng of the 

template PS(l)pLUC were used for the second PCR. The 1032 bp product was phenol 

and ether extracted, ethanol precipitated and digested with Sad  and Bglll to generate a 

439 bp fragment which was then gel isolated for cloning into Bluescript SK(-) 

(Stratagene, Inc.). The mutated Sacl to Bglll fragment was inserted into the BamHl and 

S a d  sites in the Bluescript polylinker create PS(l)pM3BS. The mutated, PCR 

synthesized HBV fragment was excised from Bluescript by digestion of PS(1)M3BS with 

Hindlll, gel isolated and inserted into the Hindlll site of the p!9DLUC, generating 

PS(l)pn2840-2425M3LUC. The sequences of the fragments generated by PCR were 

verified by dideoxynucleotide sequencing.

The plasmids PS(l)pn2840-2767HNFI(+)LUC, PS(l)pa2840-2767HNFl(-)LUC, 

PS( I )pn2840-2767(2)HNFI LUC, PS( 1 )pn2840-2767( 10)HNF1 LUC, PS(l)pn2840- 

2767AHNF1(+)LUC are derivatives of the HBV PS(I) minimal promoter construct 

PS(l)pn2840-2767LUC in which a double-stranded HNFI binding site oligonucleotide 

has been inserted immediately 3' to the HBV sequences. The plasmids PS<l)pn2840- 

2767HNF1(*)LUC and PS(l)pn2840-2767HNFl(-)LUC were constructed by inserting a 

double-stranded oligonucleotide containing the PS(1) promoter HNFI binding site 

(spanning HBV oligonucleotides 2719 to 2734), produced by annealing the
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oligonucleotides AGCTAGTTAATCATTACTTC and AGCTGAAGTAATGATTAACT, 

into the unique Hindlll site in the plasmid PS(1 )pA2840-2767(H)LUC in the same (■*■) or 

opposite (-) orientation to the HNF1 binding site in the large surface antigen promoter. 

The plasmid PS(l)pA2840-2767(H)LUC is a derivative of PS(l)pû2840-2767LUC in 

which the Hindlll site 3’ to the HBV sequences in the polylinker was eliminated by 

partial digestion of the plasmid PS(1)pa2840-2767LUC with Hind III, filling in the 

overhang with the Klenow fragment of E. coli DNA polymerase, and religating the 

plasm id. The plasm ids PS( 1 )pn2840-2767(2)H N Fl LUC and PS(l)pn2840- 

2767( 10)HNF 1 LUC were constructed by kinasing the same double-stranded 

oligonucleotide used above to multimerize the oligonucleotide, followed by ligation to 

the Hindlll site in PS(1)pa2840-2767(H)LUC. PS(1 )pn2840-2767(2)HNFlLUC contains 

two HNF1 binding site oligonucleotides, one in each orientation. PS(l)pA2840- 

2767(10)HNF1LUC contains ten HNFI binding site oligonucleotides, eight in the 

opposite (-) and two in the same (+) orientation as in the HBV genome. The plasmid 

PS(I)pa2840-2767AHNF1(+)LUC was constructed by inserting a double-stranded 

oligonucleotide containing the human albumin promoter HNFI binding site, produced by 

a n n e a lin g  th e  o l ig o n u c le o t id e s  A GCT A G T T  A AT A ATCT AC A A and  

AGCTTTGTAGATTATTAACT, into the unique Hind III site in the plasmid 

PS(1)pa2840-2767(H)LUC in the same orientation (+) as the HNFI binding site in the 

HBV genome.

The plasmids pHNFILUC, pHBVTATALUC, and pHNFITATALUC were 

constructed by inserting synthetic double-stranded oligonucleotides into sites in the 

polylinker of pl9DLUC. pHNFILUC was made by inserting a double-stranded 

oligonucleotide containing the HBV PS(1) promoter HNFI binding site, produced by 

a n n e a l in g  th e  o l ig o n u c le o t id e s  A G C T A G T T A A T C A T T A C T T C  and 

AGCTGAAGTAATGATTAACT (spanning HBV nucleotides 2719 to 2734), into the 

unique HindUl site of p!9DLUC in the same orientation as the HNFI binding site in the 

HBV genome. pHBVTATALUC was constructed by inserting a double-stranded 

oligonucleotide containing the PS(I) promoter TATA box element, produced by
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an n ealin g  the o lig o n u c leo tid es  CTATATTA TATAAG AGAGA AGCT and 

TCTCTCTTATATAATATAGGTAC (spanning HBV nucleotides 2773 to 2791), into the 

Sad  and Kpn\ sites of pl9DLUC in the same orientation as the TATA box element 

occurs in the HBV genome. pHNFITATALUC was made by inserting the double- 

stranded oligonucleotide containing the PS(1) promoter TATA box element, produced by 

an n ealin g  the o lig o n u cleo tid es  CTATATTA TATAAG AGAGA AGCT and 

TCTCTCTTATATAATATAGGTAC (spanning HBV nucleotides 2773 to 2791), into the 

Sad  and Kpnl sites of pHNFILUC.

A series of constructs was made in which the spacing between the HNF1 site and 

the TATA box element in the plasmid pHNFITATALUC was changed by inserting 

linkers between the two binding sites. The distance between the HNF1 and TATA 

binding sites in the plasmid pHNFITATALUC is 39 nucleotides. This distance was 

altered by digesting the plasmid with Kpnl and Sail, and treating with either T4 DNA 

polymerase or SI nuclease to create blunt ends for the insertion of linkers. The plasmids 

were ligated without linkers or with Hindlll 8-mers [d(CAAGCTTG)] or 10-mers 

(d(CC A  A G C T T G G )], c r e a t in g  th e  p la sm id s  pH N F 1 (1 0)T  A T A T L U C , 

p H N F l(1 2 )T A T A L U C , pH NF 1 ( 1 4 )T  A T A LU C , p H NF 1 ( 1 5 )T  A T A L U C . 

p H N F l(1 8 )T A T A L U C , pH N F 1 (22 )T  A T A L UC, pH N F I (2 5 )T  AT A L U C . 

p H N F l(2 6 )T A T A L U C , pH N F 1 (2* )T  A T A L UC, p H N FI ( 30 )T  A T A L U C , 

p H N F l(3 5 )T A T A L U C , p H N F l(3 8 )T A T A L U C , pH N F 1 (4 1 )T A T A L U C , 

p H N F l(4 5 )T A T A L U C , p H N F l(4 8 )T A T A L U C . p H N F I(5 0 )T A T A L U C . 

pHNFl(58)TATALUC, and pHNFl(66)TATALUC. The number in parentheses indicates 

the number of nucleotides between the HNF1 and TATA binding sites in the construct. 

The sequence of each construct was verified by dideoxynucleotide sequencing.

In the plasmid PS(l)pLUC, the regulatory and coding regions for the X gene are 

intact, and the product of the X gene could be synthesized upon transfection of this 

plasmid. The plasmids PS(l)pXlLUC and PS(l)pX2LUC are derivatives of PS(l)pLUC 

designed to remove the coding capacity of the X gene contained in PS(l)pLUC. The 

plasmid PS(l)pXILUC was constructed by digestion of PS(l)pLUC with Ncol, followed
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by digestion with SI nuclease (Boehringer Mannheim Biochemicals) to remove the four 

nucleotide CATG overhang (coordinates 1375 to 1378), and religation. This deletion 

removed the ATG of the translational s ta rt site for the X gene. The plasmid 

PS(l)pX2LUC was constructed by digesting PS(l)pLUC with RsrII, filling in the 

overhang with the Klenow fragment of E. coli DNA polymerase, and ligating a SacI 

linker [d(CGAGCTCG)]. This generated an 11 bp insertion at coordinate 1577 in the X 

gene coding region. The regions of the deletion and insertion were confirmed by 

dideoxynucleotide sequencing.

Plasmids containing the chloramphenicol acetyltransferase (CAT) gene were used 

in transfection experiments as internal control plasmids. The plasmid pUCCATpA 

(Linney & Donerly, 1983) contains the promoterless CAT gene in pUC8 and is used for 

the generation of a negative control extract for the CAT assay. The plasmid pSV2CAT 

contains the CAT gene under the control of the simian virus 40 (SV40) early promoter 

(Gorman et al.. 1982). Similarly, the plasmid pMTCAT contains the CAT gene under 

the control of the mouse metallothionein-I promoter. This plasmid was constructed by 

digesting pUCCATpA with Hindll I and Bam HI, filling in the overhangs with the 

Klenow fragment of E. coli DNA polymerase, ligating an Xhol linker (d(CCTCGAGG)J, 

and ligating the 773 bp CAT fragment into the Sail site of pMT. pMT comprises the 

mouse metallothionein-I promoter sequences from -700 to 4-64 and the polyadenylation 

recognition sequence from +930 to +1241 (Glanville el al.. 1981; Searle et a!.. 1984). 

Blunt ends were created using T4 DNA polymerase at the Bglll (+64) and Sadi (+930) 

sites and a Sal I linker [d(GGTCGACC)] was inserted between the promoter and 

polyadenylation sequences to create a unique cloning site in pMT (Raney et al.. 1990).

The expression vector pMTHNFl contained the rat HNFI cDNA (Frain et a!.. 

1989) which was expressed under the control of the mouse metallothionein-I promoter. 

pMTHNFl was constructed by ligating the Bglll to S ad i fragment containing the 

HNFI cDNA into the Bglll and S ad i sites at nucleotides +64 and +930 of pUCMT. 

pUCMT contains the mouse metallothionein-I sequences from -700 to +1241 (Glanville 

et al., 1981; Searle et a!.. 1984) cloned into pUCI3. The HNFI cDNA deletion
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constructs were produced from the full-length cDNA by using convenient restriction 

enzyme sites or Bal31 nuclease digestion. A termination codon was introduced into the 

carboxyl-terminal deletions by insertion of an Nhel linker [d(CTAGCTAGCTAG)]. The 

designations of the truncated HNF1 polypeptides indicate which amino acid residues 

have been deleted from the 628-amino-acid HNF1 polypeptide. pMTHNFlA549-628 was 

constructed by digestion of pMTHNFl with Xbal and StuI, filling in the overhangs with 

the Klenow fragment of E. coli DNA polymerase, and ligating the Nhel linker. The 

Xbal site is located immediately 3' to the HNF1 cDNA sequences, and the StuI site is 

located at nucleotide 168S within the cDNA (Frain et al., 1989). This digestion removed 

the carboxyl terminus of the cDNA from nucleotide 1683, deleting sequences encoding 

amino acids 549 to 628. Similarly, pMTHNFl¿265-628 was constructed by digestion of 

pMTHNFl with Xbal and AccI, which digests the cDNA at nucleotide 837, followed by 

a Klenow reaction and ligation of an Nhel linker, resulting in the deletion of amino 

acids 263 to 628. The plasmids pMTHNFl¿283-628 and pMTHNFU391-628 were 

constructed by digestion of the HNF1 cDNA with Xbal and Ball, or Xbal and Aatll, 

respectively, followed by filling in the overhangs, ligating an Nhel linker, and cloning 

the deleted fragment into the BglII and 5acII sites of the pUCMT expression vector. 

The deletion plasmids pMTHNFln283-392 and pMTHNFl¿283-547 were constructed by 

digestion of the HNF1 cDNA with Ball and Aatll, or Ball and S/uI, respectively, 

followed by filling in the overhangs, self-ligation, selection of the deleted fragment and 

cloning it into the Bglll and SacII sites of pUCMT. The plasmid pMTHNFl ¿283- 

392/549-628 was constructed by digestion of pMTHNF1a283-392 with Xbal and Slid, 

followed by fill-in and ligation of an Nhel linker. The remaining deletion plasmids, 

pMTHNFl¿517-628, pMTHNFlA502-628, pMTHNFIo482-628, pMTHNFIo476-628, 

pMTHNFlo458-628. and pMTHNFl¿400-628 were generated by digesting pMTHNFl 

with StuI, followed by Bal31 nuclease digestion according to the manufacturer's 

instructions. The pool of deletions was then digested with Xbal, the overhangs were 

filled in, and a ligation with Nhel linkers was performed. The deletion breakpoints of 

these plasmids were confirmed by dideoxynucleotide sequencing (Sanger et al., 1977).
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The truncated HNF1 polypeptides were expressed using the mouse metallothionein-I 

vector pUCMT as described for the full-length HNF1 polypeptide.

I VI. B . Cells and Transfections

The human hepatoblastoma cell lines Huh7 (Nakabayashi et al., 1982), HepG2 

(Aden et at., 1979) and HepG2.1 (Raney el al.. 1990), and the human hepatocellular 

carcinoma cell lines PLC/PRF/5 (Alexander cells) (Alexander et al., 1976) and Hep3B 

(Knowles el al.. 1980), were grown in RPMI-1640 medium and 10% fetal bovine serum 

at 37*C in 5% CO,/air. The human cervical carcinoma cell line HeLa S3 (Puck el al.. 

1956), and the mouse fibroblast cell line NIH 3T3, were grown in Dulbecco's modified 

Eagle's medium (DMEM) containing 4.5 mg/ml glucose and 10% calf serum at 37*C in 

5% COj/air. All of the cell lines were transfected by the calcium phosphate technique, 

essentially as previously described (Graham & Van der eb, 1973; Sorge et al., 1984). The 

transfected DNA mixture comprised 15 Mg of a LUC plasmid and 1.5 Mg of pSV2CAT or 

pMTCAT, which served as an internal control for transfection efficiency. pSV2CAT 

and pMTCAT direct the expression of the chloramphenicol acetyltransferase (CAT) gene 

using the SV40 early promoter and the mouse metallothionein promoter, respectively. 

When appropriate, the DNA mixture included 1.5 Mg of expression vector plasmids. The 

cells were split the day prior to transfection to achieve a density of approximately 1 to 2 

X 10* cells per 10 cm1 plate at the time of transfection. The cells were cultured in 

fresh DMEM containing 10% calf serum for four hours prior to the addition of the 

DNA precipitate. The DNA precipitate was prepared by slowly adding 0.5 ml of DNA 

resuspended in 0.25 M CaCI, to 0.5 ml of a 2X Hepes buffer (16 g. NaCl, 0.74 g. KCI, 

0.25 g. Na,HP04, 10.0 g. Hepes, dHaO to 1 liter, pH 7.08), gently vortexing after each 

addition of a few drops of DNA solution. The DNA mixture was incubated 15 minutes 

before adding it to the plate containing medium and cells. The cells were then 

incubated at 37*C for 4 to 6 hours before the medium containing the DNA precipitate 

was aspirated and the cells were incubated at 37*C for two minutes in a solution of 15%
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(vol/vol) glycerol in isotonic buffered saline (Parker & Stark, 1979). The cells were then 

washed with complete medium and incubated in complete medium at 37*C until harvest, 

40 to 48 hours later.

V I. C. P reparation  o f Cell E xtracts

Cell extracts were prepared 40 to 48 hours after transfection and assayed for 

luciferase and CAT activity essentially as previously described (Gorman el al.. 1982; De 

Wet et al., 1987). The cell extracts were prepared by removing the cells from the plate 

using a cell scraper, pelleting the cells by centrifugation at 120 0  revolutions per minute 

(rpm) (approximately 300 g) for 10 minutes using the H-1000B rotor in a Sorvall 

RT6000 centrifuge, resuspending the pellet in 1 ml phosphate buffered saline (PBS), 

pelleting the cells by centrifugation for 3 minutes at 10,000 rpm (approximately 8,200 g) 

using a standard 18-place rotor in a Brinkmann microcentrifuge, and resuspending the 

cells in 100 pi of extract buffer containing 0.1 M KPO, (pH 7.8) and 1 mM 

dithiothreitol (DTT). The cells were lysed by freezing and thawing three times in dry 

ice and a 37*C water bath. The cells were centrifuged at 14,000 rpm (approximately 

16,000 g) for 20 to 30 minutes using the standard 18-place rotor in a Brinkmann 

microcentrifuge and the supernatant (lysate) was collected and stored at -20*C.

The protein concentration of the extracts was determined essentially by the 

method of Bradford (Bradford, 1976). 20 pi of sample was mixed with 1 ml of Bradford 

dye reagent and absorbance at 393 nm was measured. A standard curve was generated 

using bovine serum albumin (BSA) standards. The extract protein concentration was 

determined relative to the BSA standards.

VI. D. Enzyme Assays

Cell extracts for the 7 -glutamyltransferase assays were prepared essentially as 

described for the luciferase and CAT assays. One plate of untransfected cells
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(approximately 5 X 10® cells) was lysed in 100 pi of extraction buffer, 0.1 M KP04, pH 

7.3, by freeze-thawing three times. The cell extract was centrifuged at 20,000 g for 30 

minutes, and the supernatant removed for enzyme analysis. The •7-glutamyltransferase 

assays were performed with 10 pi of cell extract using a Kodak Ektachem DT60 analyzer 

(Eastman Kodak Co., Rochester, N.Y.).

The luciferase assay was performed by adding 20 pi cell extract to 100 pi of 

assay buffer containing 0.1 M KP04 (pH 7.8), 0.013 M MgS04, 3 mM ATP, and 1 mM 

DTT in a polystyrene, 12 x 73 mm luminometer cuvette. The substrate, 100 pi of 1 mM 

luciferin, pH 6.2 [D-luciferin, potassium salt (Analytical Luminescence Laboratory)], was 

injected by the luminescence photometer and light units were measured for a period of 

10 seconds. D-luciferin is a synthetically made compound specific for the firefly 

luciferase in the following reactions:

ATP ♦ Luciferin (LHf) + Luciferase (E )--------> LH,-AMP-E ♦ PPi

LH,-AMP-E ♦ O j ----- > AMP + CO, ♦ oxyluciferin + Light (560 nm)

The chloramphenicol acetyltransferase (CAT) assay was performed by incubating 

20 pi cell extract with 66 pi 0.25 M Tris hydrochloride (pH 7.8), 35 pi dH,0, 20 pi 4mM 

Acetyl CoA, and 4 pi (0.1 pCi) 14C-chloramphenicol [D-threo (dichloroacetyl-l-u C), 

Amersham] for 30 minutes at 37*C. The reaction results in the transfer of acetyl 

group(s) from the Acetyl CoA to the substrate chloramphenicol by the CAT enzyme, 

producing 1-acetyl chloramphenicol, 3-acetyl chloramphenicol and 1,3-diacetyl 

chloramphenicol (Fig. VI. 3). After the incubation, 1 ml ethyl acetate was added to each 

tube, and tubes were vortexed briefly after each addition to stop the reaction. Each 

tube was then vortexed for 30 seconds. The phases were separated by centrifugation at 

14,000 rpm (approxim ately 16,000 g) using the standard 18-place rotor in a 

microcentrifuge for 2 minutes. The top 1 ml organic phase was removed to a clean tube 

and dried in a Speedvac vacuum centrifuge (Savant) for 43 to 60 minutes. The dried 

pellet was resuspended in 2 0  pi ethyl acetate and spotted onto a th in -layer 

chromatography (TLC) plate (Silica gel, 250 pm). The TLC was run for approximately 

45 minutes in a solution of 95% chloroform and 5% methanol after which the plate was
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CHLORAMPHENICOL ACETYLTRANSFERASE (CAT)

1-acetyl Chi 3-acetyl Chi

Figure VI.3. Diagrammatic representation of the reaction catalyzed by chloramphenicol 
acetyltransferase (CAT). The substrate chloramphenicol (Chi) is 
acetylated at the I position, the 3 position, or both, to produce I-acetyl 
Chi, 3-acetyl Chi, or 1,3-diacetyl Chi, respectively. The acetyl group is 
donated by the Acetyl-S-CoA which is reduced to form Co-SH as a 
byproduct of the reaction.
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dried and exposed to X-ray film overnight at room temperature. The assay was 

quantitated by cutting out the radioactive spots on the TLC plate and counting for 2 

minutes in scintillation fluid on a ^-scintillation counter.

The luciferase values were normalized to the CAT values for each experiment to 

correct for different transfection efficiencies of each plate. A Lotus spreadsheet (Fig. 

VI. 4) was used to calculate the relative luciferase activities shown in the figures. 

Luciferase values were calculated by subtracting the assay background by subtracting the 

background from an extract generated from a plate transfected with pl9DLUC, and 

correcting for the dilution factor. The CAT values were calculated by subtracting the 

background from the TLC plate, and by subtracting the percentage conversion 

background equivalent to that from an extract generated from a plate of cells transfected 

with pUCCATpA, a promoterless CAT vector. This calculation is included to correct for 

u C-chloramphenicol breakdown products that may cause radioactivity to run into the 

acetylated portion of the TLC plate. The CAT values were also corrected for the 

dilution factor. The corrected number of light units produced by the luciferase activity 

was divided by the corrected percentage of chloramphenicol which was acetylated by the 

CAT activity in the same cell extract, producing the LUC/CAT ratio. These normalized 

luciferase activities were reported relative to the activity of the full-length HBV 

promoter construct, whose value was assigned 1.00 (Raney el al„ 1989).

VI. E. Nuclear Extracts

Nuclear extracts were prepared from Huh7 cells and HepG2.l cells essentially as 

described previously (Dignam el al., 1983; Raney el a!., 1989). All operations were 

performed at 0 to 4*C. Cells were harvested using cell scrapers and centrifuged for 3 

minutes at 2,000 rpm (approximately 833 g) using the H-I000B rotor in a Sorvall 

RT6000 centrifuge. Pelleted cells were washed in 20 ml of 10 mM sodium phosphate 

(pH 6 .8), 0.14 M NaCI, 10 mM MgCI,, by suspension and recentrifugation for 3 minutes 

at the same speed as used in the first step. The pellet was suspended in five volumes of

49



Fi
gu

re
 V

I.4
. 

Lo
tu

s 
sp

re
ad

sh
ee

t u
se

d 
fo

r c
al

cu
la

tin
g 

th
e 

re
la

tiv
e 

ac
tiv

iti
es

 u
si

ng
 th

e 
lu

ci
fe

ra
se

 a
nd

 C
A

T 
va

lu
es

 fr
om

 th
e 

ex
tra

ct
s 

m
ad

e 
af

te
r 

tra
ns

ie
nt

 tr
an

sf
ec

tio
ns

. 
Th

e 
co

ns
tru

ct
s 

tra
ns

fe
ct

ed
 a

re
 li

st
ed

 o
n 

th
e 

le
ft.

 T
he

 "
Lu

ci
fe

ra
se

" 
co

lu
m

n 
co

nt
ai

ns
 th

e



* * * « * *

I
S * 6  8 8 8 8
I i l l ? ?
S! i i 5 1 I *
3I

8 8 8 8 8 8

„ 8 8 8 8 8 8i M

Î8 8 S r * 9R R * * i *
lì
n

8 8 8 8 8 8 8

8 8 8 S r  * 8 
J5 « « ‘ 5 Í •

j i i  n  i  $  1 1

*1

I i i  ! U  Î ninn



hypotonie buffer (10 mM Tris hydrochloride [pH 8.01, 10 mM K Cl, 1.5 mM MgCI,, 0.5 

mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF]), and was 

allowed to incubate on ice for 10 minutes. The cells were pelleted by centrifugation for 

5 minutes at 2,000 rpm (approximately 833 g ) using the H-1000B rotor in a Sorvall 

RT6000 centrifuge and resuspended in two volumes of the hypotonic buffer. The cells 

were then lysed by 10 to 15 strokes of a Dounce homogenizer (B-type pestle) and 

checked on a microscope for more than 90% lysis. The lysate was centrifuged for 10 

minutes at 3,000 rpm in a Sorvall SS-34 rotor, and the supernatant was removed, leaving 

a loose nuclear pellet. The nuclear pellet was recentrifuged for 20 minutes at 15,000 

rpm in a Sorvall SS-34 rotor, and the supernatant was decanted. The nuclear pellet was 

resuspended in 2.5 volumes of nuclear extraction buffer (20 mM Tris hydrochloride [pH 

8.0), 0.42 M NaCI, 1.5 mM MgClj, 0.2 mM N,N,N’,N*-ethylenediaminetetraacetic acid 

[EDTAJ, 25% [vol/vol] glycerol, 0.5 mM DTT, 0.5 mM PMSF), and the nuclei were 

lysed by 10 strokes of the Dounce homogenizer. The lysate was stirred gently for 30 

minutes on ice, then centrifuged for 30 minutes at 15,000 rpm in a Sorvall SS-34 rotor. 

The supernatant was dialyzed for five hours against 50 volumes of dialysis buffer (20 

mM Tris hydrochloride [pH 8.0), 100 mM KC1, 0.2 mM EDTA, 20% [vol/vol] glycerol, 

0.5 mM DTT, 0.5 mM PMSF) with one change of buffer after 2.5 hours. The nuclear 

extract was clarified after dialysis by centrifugation for 5 minutes at 14,000 rpm 

(approxim ately 16,000 g) using the standard 18-place rotor in a Brinkmann 

microcentrifuge. The extract was aliquoted, frozen in liquid Nf, and stored at -80*C.

A modification of this procedure was used to prepare nuclear extracts from 

single plates of transfected cells. The cells were harvested 40 to 48 hours after 

transfection and collected as above. The cells were washed in I ml of sodium phosphate 

(pH 6 .8), 0.14 M NaCI, l.5mM MgCI,, by suspension and centrifugation in a Brinkmann 

microcentrifuge at 14,000 rpm (approximately 16,000 g) using the standard 18-place 

rotor for 2 minutes. The cell pellet was resuspended in 200 ti\ of the hypotonic buffer 

and allowed to stand on ice for 10 minutes. The cells were pelleted by centrifugation in 

a Brinkmann microcentrifuge at 2,000 rpm (approximately 325 g) using the standard IB-
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place rotor, resuspended in 100 ni of hypotonie buffer and lysed by 20  to 25 strokes of a 

K on tes pellet pestle in a microcentrifuge tube. Lysis was more than 90%. The lysate 

was centrifuged for 10 minutes in the Brinkmann microcentrifuge at 4,000 rpm 

(approximately 1,300 g) using the standard 18-place rotor, the supernatant was removed 

and the nuclear pellet recentrifuged for 20 minutes at 25,000 rpm (approximately 25,800 

g) using the TLA-100.3 rotor in a Beckman TL-100 ultracentrifuge. The supernatant 

was decanted and the nuclear pellet resuspended in 100 nl of nuclear extraction buffer. 

The nuclear pellet was homogenized by 10 to 15 strokes of the Kontes pellet pestle and 

the homogenate was shaken gently for 30 minutes then centrifuged for 30 minutes at

25.000 rpm (approximately 25,800 g) using the TLA-100.3 rotor in the Beckman TL-100 

ultracentrifuge. The nuclear extract (approximately 100 nl) was centrifuged in a pre

rinsed Centricon 10 microconcentrating chamber (Amicon, molecular weight cut-off 

10,000) with 2 ml of dialysis buffer for 2 hours at 6,500 rpm in a Sorvall SS-34 rotor. 

The extract was mixed with I ml of dialysis buffer and centrifuged in the Centricon 10 

for 3 hours at 6,500 rpm. The sample was collected by centrifugation for 2 minutes at

3.000 rpm in a Sorvall SS-34 rotor. The extract was transferred to a microcentrifuge 

tube and clarified by centrifugation for 5 minutes at 14,000 rpm (approximately 16,000 

g) using the standard 18-place rotor in a Brinkmann microcentrifuge. The nuclear 

extract was aliquoted and frozen in liquid N, and stored at -80*C.

V I. F . Gel M obility S h ift Assay

Gel mobility shift analysis was performed essentially as described (Ausubel el at., 

1987) using nuclear extracts prepared as described above from untransfected Huh7, 

HepG2.1 and HeLa cells, and from HepG2.1 cells transfected with 30 n$ of the 

expression vectors encoding the HNFI polypeptide or various truncated HNF1 

polypeptides. The probe, a s,P-labelled double-stranded large surface antigen promoter 

HNFI binding site oligonucleotide, was prepared by annealing the oligonucleotides 

AGCTAGTTAATCATTACTTC and AGCTGAAGTAATGATTAACT to generate the
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double-stranded oligonucleotide with AGCT overhangs. 100 ng of this double-stranded 

oligonucleotide was radiolabelled with SO pCi a3JP-dATP using the Klenow fragment of 

E. coli DNA polymerase. Two, six or 12 pg nuclear extract (Fig. VII. 9, 16) were 

incubated with 1 pg poly[d(I-C)] in the presence of 25 mM Hepes (pH 7.9), 40 mM K.C1, 

7.5% (vol/vol) glycerol, 0.13 M EDTA, and 5 mM MgCla in a total volume of 20 pi for 

15 minutes on ice prior to the addition of 10,000 cpm (approximately 0.05 ng) of MP- 

labelled double-stranded HNF1 binding site oligonucleotide. The incubation continued 

for 15 minutes on ice, then 15 minutes at room temperature before the addition of 2 pi 

of loading dye [0.25% (wt/vol) bromophenol blue, 0.25% (wt/vol) xylene cyanol, 25% 

(wt/vol) FicollJ. The gel mobility shift competition assays were performed as described 

for the uncompeted reactions with the addition of 1 ng, 10  ng, or 100 ng (20; 200; or

2,000 fold molar excess) unlabelled double-stranded HNF1 binding site oligonucleotide 

incubated with the 1 pg poly[d(I-C)] IS minutes prior to the addition of the labelled 

oligonucleotide. The entire reaction was electrophoresed on a 4% polyacrylamide gel 

containing 2.5% (vol/vol) glycerol in 0.5 X TBE (0.045 M Tris-borate, 0.045 M boric 

acid, 0.001 M EDTA) for approximately 3 hours at 75 volts. The gel was fixed for 15 

minutes in 10% (vol/vol) glacial acetic acid and 5% (vol/vol) glycerol, dried and exposed 

to X-ray film.

VI. G. DNase I Footprinting Assay

The DNase I footprinting assay was performed essentially as described previously 

(Raney el at.. 1989; Briggs el al„ 1986; Raney el al., 1992). A DNA fragment containing 

the HBV PS(I) promoter HindlU fragment was radiolabelled using 150 pCi 7**P-ATP 

and T4 polynucleotide kinase. A 423-bp Bglll to Hindlll fragment was gel isolated and 

used as the probe in the footprinting reactions. The reactions contained I to 5 ng of 

end-labelled DNA fragment in a SO-pl reaction mixture containing 25 mM Tris 

hydrochloride (pH 7.9), 6.25 mM MgCI|( 0.5 mM EDTA, 0.5 mM DTT, 50 mM KCI, 

10% (vol/vol) glycerol, and 4 footprinting units (fpu) of purified TATA binding protein
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(TBP) (TFIID, Promega), or 1 pg poly[d(I-C)] and 50 pg nuclear extract to be assayed. 

Binding was carried out for 15 minutes at 0*C and then for 2 minutes at room 

temperature, after which 50 pi of 5 mM CaClj, 10 mM MgCI,, containing DNase I, was 

added at room temperature for 1 minute, and the reaction was stopped by the addition 

of 100 pi of 1% (wt/vol) sodium dodecyl sulfate (SDS), 20 mM EDTA, 200 mM NaCl, 

containing 250 pg of tRNA per ml. The quantity of DNase I used was dependent upon 

the amount of purified protein or nuclear extract in the assay. When no purified protein 

or extract was used, 0.014 units DNase I (a unit is defined by the manufacturer, 

Boehringer Mannheim Biochemicals, as the amount of enzyme activity that results in an 

increase of absorbance of 0.001/minute) was added, when 4 units of TBP was used, 

0.288 units DNase I was added, when 50 pg Huh7 nuclear extracts were used, 0.46 units 

DNase was added, and when 50 pg HepG2.1 or HeLa nuclear extracts were used, 2.3 

units DNase I was added. The mixture was then phenol extracted, precipitated with 

ethanol and analyzed by 6 % urea-acrylamide sequencing gel electrophoresis and 

autoradiography. The DNase I footprinting assay was performed by Alan McLachlan.



VII. RESU LTS

VII. A. Control Experiments

The experiments determining the regulatory elements governing transcription of 

the HBV large surface antigen gene were performed using transient transfections of 

plasmid DNA into mammalian cell lines in tissue culture, followed by whole-cell lysis to 

extract proteins, and determination of reporter enzyme activity as a measure of the 

transcriptional activity of the template transfected. The calcium phosphate method of 

transfection was performed essentially as described (Graham & Van der eb, 1973) (see 

section VI. B). In addition to the test plasmid, a second plasmid was always transfected 

as an internal control for the transfection efficiency of each plate of cells. In this 

analysis, a promoterless vector containing the ORF of the firefly luciferase gene 

(pl9DLUC, Fig. VI. 1) was used as the reporter molecule for the promoter being 

analyzed. A vector containing the ORF of the bacterial enzyme chloramphenicol 

acetyltransferase (CAT) was used as the internal control plasmid (see section VI. A). 

The expression of the reporter enzyme CAT was under the control of the simian virus 

40 (SV40) early prom oter (pSV2CAT) (G orm an et a!.. 1982) or the mouse 

metallothionein-I promoter (pMTCAT, see section VI. A). The enzyme assays have been 

described (section VI. D).

Control experiments were performed to examine the limitations of the assays 

being used. The protein concentration of the cell extract was determined by the method 

of Bradford (Bradford, 1976). The typical protein concentration of an extract prepared 

from one 10-cm* dish of confluent cells was approximately 2 mg/ml (+/- I mg/ml). As 

the protein concentration did not vary greatly between plates, and the internal control 

plasmid was transfected to normalize for transfection efficiencies and any differences in 

the handling of each extract, protein concentration differences were not considered to be 

a large factor in the interpretation of the data. However, to demonstrate that the 

enzyme assays were not influenced by the protein concentration of the extracts, serial
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dilutions of the extracts were measured in both the luciferase and CAT assays to 

demonstrate linearity in the assay over a range of protein concentrations (Fig. VII. 1 and 

2A). The results shown in Fig. VII. 1 demonstrated that the luciferase assay is linear at 

least over a range of light units from 3 X 10s down to 1.5 X 10*. and over a range of 

protein concentrations from 1.7 mg/ml (20 pi extract volume) to 3.3 pg/ml (0.039 pi 

extract volume). An extract with high relative activity (XpLUC in Huh7 cells) was used 

to demonstrate linearity of light unit output. These data indicated that the small 

variation observed in the protein concentrations of the cellular extracts should not 

substantially affect the luciferase assay. The manufacturer of the luminescence 

photometer (Analytical Luminescence Laboratory) claims linearity of output up to 1 X 

107 light units. All of the data generated for the large surface antigen promoter analysis 

were based on luciferase values of no greater than 1 X 10s light units and no less than 

twice the number of light units generated by the negative control plasmid. p!9DLUC, 

which was typically 150 to 200 light units.

The results of the CAT assay using serial dilutions of the extract (Fig. VII. 2A) 

demonstrated that the CAT assay is approximately linear over a range of extract protein 

concentrations from 1.7 mg/ml to 53 pg/ml, indicating that the variation in protein 

concentration observed between extracts in these analyses should not affect the CAT 

assay. Serial dilutions of an extract having a protein concentration within the linear 

range and with high levels of CAT activity were also measured to determine the range 

of linearity in terms of percent acetylation by the extract. These results (Fig. VII. 2B) 

demonstrated that the CAT assay was approximately linear up to 80% acetylation. The 

CAT assay appeared to reach saturation above 80% acetylation. The insert in Fig. VII. 

2B shows the linear fit of the data up to 81% acetylation. All of the data generated for 

the PS(I) promoter analysis was based on CAT activities between 1% and 80% 

acetylation. The possibility existed that the promoters being used to direct the 

expression of the CAT gene could have different transcriptional activities in different 

cell lines used in these analyses. If the activity in one cell line were very low, the time 

of the CAT reaction may need to be extended to observe CAT activity. To determine
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dilutions of the extracts were measured in both the luciferase and CAT assays to 

demonstrate linearity in the assay over a range of protein concentrations (Fig. VII. 1 and 

2A). The results shown in Fig. VII. 1 demonstrated that the luciferase assay is linear at 

least over a range of light units from 3 X 10* down to 1.3 X 10s, and over a range of 

protein concentrations from 1.7 mg/ml (20 pi extract volume) to 3.3 pg/ml (0.039 pi 

extract volume). An extract with high relative activity (XpLUC in Huh7 cells) was used 

to demonstrate linearity of light unit output. These data indicated that the small 

variation observed in the protein concentrations of the cellular extracts should not 

substantially affect the luciferase assay. The manufacturer of the luminescence 

photometer (Analytical Luminescence Laboratory) claims linearity of output up to 1 X 

I07 light units. All of the data generated for the large surface antigen promoter analysis 

were based on luciferase values of no greater than 1 X 10® light units and no less than 

twice the number of light units generated by the negative control plasmid, pl9DLUC, 

which was typically 130 to 200 light units.

The results of the CAT assay using serial dilutions of the extract (Fig. VII. 2A) 

demonstrated that the CAT assay is approximately linear over a range of extract protein 

concentrations from 1.7 mg/ml to 33 pg/ml, indicating that the variation in protein 

concentration observed between extracts in these analyses should not affect the CAT 

assay. Serial dilutions of an extract having a protein concentration within the linear 

range and with high levels of CAT activity were also measured to determine the range 

of linearity in terms of percent acetylation by the extract. These results (Fig. VII. 2B) 

demonstrated that the CAT assay was approximately linear up to 80% acetylation. The 

CAT assay appeared to reach saturation above 80% acetylation. The insert in Fig. VII. 

2B shows the linear fit of the data up to 81% acetylation. All of the data generated for 

the PS(1) promoter analysis was based on CAT activities between 1% and 80% 

acetylation. The possibility existed that the promoters being used to direct the 

expression of the CAT gene could have different transcriptional activities in different 

cell lines used in these analyses. If the activity in one cell line were very low, the time 

of the CAT reaction may need to be extended to observe CAT activity. To determine
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Figure VII. 1. Linearity of luminometer output over a serial dilution of luciferase extract. 
Relative light units are the values obtained after subtraction of the 
luciferase assay background from the relative light unit output of the 
luminometer. The extract volume given in pi represents the amount of 
extract used in the assay.



Figure VII.2. (A) and (B) Linearity of chloramphenicol acetyltransferase (CAT) 
assay over a serial dilution of CAT extract. Percent acetylation 
represents the value of the ratio of the acetylated counts per 
minute (cpm) to the total cpm multiplied by 100. The extract 
volume (n\) represents the amount of extract used in the assay.
(C) Linearity of CAT assay over time. The percent acetylation is 
calculated as described in section (A) and is plotted relative to the 
length of time (in hours) the CAT reaction proceeded.
(D) Diagrammatic representation of the thin layer chromatography 
(TLC) portion of the CAT assay. The percent acetylation is 
calculated as described in section (A). The Origin line represents 
the position on the TLC plate where the samples were applied.
The direction of migration is indicated by an arrow. The CAT 
reaction products are labelled. Chi, chloramphenicol; 1-acetyl Chi, 
chloramphenicol acetylated once at the I position; 3-acetyl Chi, 
chloramphenicol acetylated once at the 3 position; 1,2-diacetyl 
Chi, chloramphenicol acetylated twice at the 1 and 3 positions.
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the linearity of the CAT assay as a function of time, several time points during a CAT 

assay were measured. These data (Fig. VII. 2C) indicated that the CAT assay was 

approximately linear for at least one hour under the standard conditions of the assay (see 

section VI. D) and curvilinear up to five hours. Although the CAT assay was not 

completely linear up to five hours, the relative luciferase/CAT ratios between samples 

remained constant as long as every sample was tested for CAT activity for the same 

length of time, from IS minutes to 5 hours. The length of time the CAT assays were 

run for the large surface antigen promoter experim ents was 30 minutes. An 

autoradiograph of a typical CAT assay is shown in Fig. VII. 2D.

Another possible variable of the transient transfection system is the actual 

amount of DNA that is taken up by the population of cells being transfected. The 

preparation of DNA could affect the formation of the DNA-CaP04 precipitate, and the 

condition of the cells could affect the ability of the DNA precipitate to be taken up by 

the cells. The inclusion of an internal control plasmid in all of the transfections should 

correct for such differences in transfection efficiency. To determine whether the 

corrected luciferase values (luciferase/CAT ratio) were affected by differences in the 

amount of DNA transfected into the cells, an experiment was performed in which 

increasing amounts of DNA were transfected into the cells. The relative amount of 

luciferase and CAT plasmids transfected into each dish of cells remained constant, at a 

10:1 ratio, which was the ratio routinely used for the promoter experiments. The results 

shown in Table VII. 1 demonstrated that the luciferase and CAT values increased as the 

amount of DNA transfected was increased, but the luciferase/CAT ratio remained 

approximately the same, in a range from 0.87 to 1.10 around a relative activity of 1.00 

for the standard amount of DNA transfected. It appears that the corrected luciferase 

values (luciferase/CAT ratio) remains constant regardless of the absolute amount of 

DNA transfected into a dish of cells, indicating that inclusion of a control plasmid in 

each transfection will correct for differences of amounts of DNA that reach the cell.

The majority of experimental variation can be corrected for by including an 

internal control in each experiment and by performing the assays within the their linear
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range. However, a degree of variability still exists in the results of transfection 

experiments using different plasmid preparations of the same construct. This variation, 

which could be due to the purity and quality of the preparation, is generally within two

fold, but is sometimes greater. For this reason, most of the transfection experiments are 

repeated with different preparations of the plasmids to obtain an average value. 

Additionally, the transfection experiments defining critical breakpoints in the 

determination of important regions for promoter activity were confirmed by alternative 

experiments, such as internal mutations and deletions to complement a deletion series, 

the use of synthetic oligonucleotide minimal promoter constructs, and gel mobility shift 

analysis to provide physical data supporting the functional data.

VII. B. Characterization of Cell Lines

The functional analysis of the transcriptional regulatory elements responsible for 

HBV large surface antigen gene expression was performed by transient transfection 

assays using several mammalian cell lines. The human hepatoblastoma cell lines Huh7, 

HepG2, and HepG2.1, the human hepatocellular carcinoma cell lines PLC/PRF/S 

(Alexander) and Hep3B, the human cervical carcinoma cell line HeLa S3, and the murine 

fibroblast cell line NIH 3T3, were used. The appearances of these cells in culture were 

examined (Fig. VII. 3). The d ifferentiated  human hepatoma cell lines HepG2, 

PLC/PRF/5, and Hep3B displayed a regular hepatocyte-like epithelial morphology in 

culture. The cells proliferated in distinct patches rather than spreading evenly over the 

surface of the tissue culture dish. In contrast, the dedifferentiated hepatoma cell line 

HepG2.1, which arose spontaneously in culture from the differentiated hepatoma cell 

line HepG2, displayed a flat, irregular shape and did not form large patches of cells, but 

spread over the plate in a more fib rob last-like  m anner. The m orphological 

characteristics of the HepG2.1 cell line became apparent over a period of several months 

of culturing the HepG2 cells. The majority of the population of cells lost the 

morphological characteristics of a differentiated hepatoma cell line (Raney el al„ 1990).
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The appearances of the PLC/PRF/5 and Hep3B cells did not change under the same 

culture conditions. The Huh7 cell line, which was brought into the laboratory after the 

initial analysis, also displayed a regular, hepatocyte-like morphology. The Huh7 cells 

appeared to be stable in culture and were therefore used for much of the subsequent 

analysis of the large surface antigen promoter. Like the HepG2 cell line, the Huh7 cell 

line has been shown to support HBV replication (Sureau el al., 1986; Tsurimoto el al., 

1987; Sells el al., 1987; Chang el al., 1987; Yaginuma el al., 1987), suggesting that these 

two cell lines may represent the tissue culture system most closely resembling the natural 

environment of the virus. The HeLa S3 cells displayed the typical epithelial cell type 

morphology, and the NIH 3T3 cells displayed the characteristic fibroblast cell type 

morphology.

In hepatoma cell lines the levels of various liver enzyme activities are measured 

to determ ine the d iffe re n tia tio n  s ta te  of the cell lines. The levels of 7 - 

glutamyltransferase activity in the cell lines used for transfections were measured as an 

indication of the differentiation state of the various hepatoma cell lilies (Richards el al.. 

1982) (see section VI. D). The 7 -glutam yltransferase activity was high in the 

differentiated hepatoma cell lines, very low in the non-hepatoma cell lines, and 

somewhat higher in the dedifferentiated hepatoma cell line HepG2.1 (Fig. VII. 3). This 

result demonstrated a biochemical difference in addition to the morphological difference 

between the differentiated hepatoma, dedifferentiated hepatoma, and non-hepatoma cell 

lines.

V II. C . Relative A ctivities o f  the Four H BV  Prom oters

The predominant RNA transcripts observed during HBV infection are the 2.1 kb 

and the 3.3 kb mRNAs, controlled by the major surface antigen (Sp) and core, or 

nucleocapsid, promoters (Cp), respectively (Cattaneo el al., 1984; Yokosuka el al., 1986; 

Su el al„ 1989b). The 2.4 kb mRNA, controlled by the large surface antigen promoter 

(PS(I) promoter], is observed at much lower levels than the 2.1 and 3.3 kb mRNAs. The
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0.7 kb mRNA encoding the X gene product has not been observed during HBV infection 

(Cattaneo el al.. 1984; Yokosuka et al., 1986; Su et al.. 1989b) but has been detected in 

WHV infection (Kaneko & Miller, 1988) and in transgenic mice (Araki et al.. 1989) and 

cell culture (Zelent et al.. 1987a), and a promoter region upstream of the gene has been 

identified (Siddiqui et al.. 1987; Treinin & Laub, 1987; Zhang et at.. 1992). In order to 

test the relative strengths of the four viral promoters in the context of the complete viral 

genome, the promoter-LUC constructs containing the complete HBV genome (Fig. VII. 

4) were transfected into several cell lines, and their transcriptional activities were 

examined (Table VII. 2). The ayw subtype of HBV was used for all of the analyses 

because it has been shown that this cloned DNA can produce infectious viral particles 

(Will et al.. 1982; Will et a!., I98S), indicating that the sequence of this subtype contains 

all of the necessary elements for the function of the virus. The SpLUC, XpLUC, 

CpLUC, and PS(l)pLUC constructs were transfected into the differentiated hepatoma 

cell lines Huh7, Hep3B, PLC/PRF/S, and HepG2, the dedifferentiated hepatoma cell 

line HepG2.1, and the nonhepatoma cell lines HeLa S3 and NIH 3T3. The relative 

activities were determined by calculating the ratios of the normalized luciferase activities 

of XpLUC, CpLUC, and PS(l)pLUC to the normalized luciferase activity of SpLUC in 

each cell line (see section VI. D and Fig. VI. 4 as an example of the calculations). The 

activities were reported relative to the activity of the S promoter in each cell line 

because the activity of the internal control promoter may vary in the different cell lines. 

The internal control transfected in these experiments was pSV2CAT.

The relative levels of activity of the four HBV promoters were compared in the 

seven cell lines (Table VII. 2). All four HBV promoters exhibited some level of 

transcriptional activity in each cell line. The level of activity of the X promoter was 

similar to that of the S promoter in all of the cell lines except Huh7, in which the level 

of X promoter activity was six-fold that of the S promoter. The Huh7 cell line may 

contain a transcription factor(s) that enhances the X promoter activity which is not 

present in the other cell lines. The relative level of activity of the X promoter in these 

cell lines does not correlate with the low or undetectable level of X gene RNA species
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Figure VII.4. The luciferase reporter gene constructs used to determine the relative 
transcriptional activities from the four HBV promoters. The SpLUC, 
XpLUC, CpLUC and PS(l)pLUC constructs contain the complete HBV 
genome inserted into pl9DLUC immediately 3' to the luciferase reporter 
gene such that expression of the luciferase reporter gene is controlled by 
the major surface antigen, X gene, nucleocapsid (core) and large surface 
antigen |PS< 1 )J promoters, respectively. Arrows indicate the position and 
direction of transcription from the HBV X gene (Xp), core (Cp), PS(I) 
(PSp) and major surface antigen (Sp) promoters. Boxes indicate the 
positions of the HBV enhancer I sequence (Eh), HBV polyadenylation 
recognition sequence (pA) and the luciferase (LUC) open reading frame. 
The horizontal lines indicate the HBV sequences present in the various 
luciferase constructs.
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during HBV infection. Some possible explanations for this include a difference in the 

stability of the luciferase RNA compared with the stability of the X RNA, or 

differences between the levels of transcription factors regulating the X promoter in the 

human liver versus the cell lines analyzed in this study. The relative level of activity of 

the C promoter was similar to the S promoter in the differentiated hepatoma cell lines, 

with the exception of Huh7, in which the level of C promoter activity was five-fold 

higher than that of the S promoter. The Huh7 cell line may contain a transcription 

factor(s) which positively regulates the C promoter and is absent from the other cell 

lines. The relative level of activity of the C promoter was five- to 75-fold lower in the 

dedifferentiated hepatoma and nonhepatoma cell lines, suggesting some preferential 

transcriptional activity from the C promoter in differentiated hepatoma cell lines. The 

PS(I) promoter exhibited the lowest relative activity of all the promoters in every cell 

line, ranging from 0.09% to 14% of the level of activity of the S promoter, depending on 

the cell line. This result is consistent with the relative amounts of major surface, core, 

and large surface antigen RNAs observed during HBV infection. The PS(1) promoter 

displayed higher relative activity in the differentiated hepatoma cell lines compared with 

the dedifferentiated hepatoma and nonhepatoma cell lines. The relative level of activity 

of the PS(1) promoter was approximately six to 150 times higher in the differentiated 

hepatoma cell lines than in the other cell lines. The observation that the PS(1) promoter 

appears to display preferential transcriptional activity in differentiated hepatoma cell 

lines suggests a possible role for the transcriptional regulation of the large surface 

antigen gene in the hepatotropism of the virus. The relative weakness of the PS( 1) 

promoter in all of the cell lines may indicate that synthesis of the large surface antigen, 

an essential component of the virion, could represent a limiting step in the assembly of 

the Dane particle in cell culture.

V II. D. In fluence o f th e  X G ene on the  Large S u rface  A ntigen Prom oter

It has been reported that the product of the X gene can transactivate several 

heterologous promoters, including the SV40 enhancer and early promoter (Spandau &

60



Lee, 1988; Zahm et al.. 1988; Twu & Robinson, 1989; Siddiqui et al., 1989). Conflicting 

results have been reported regarding the e ffec t of the X gene product on the 

transcriptional activities of the HBV promoters (Spandau & Lee, 1988; Twu & Robinson, 

1989; Siddiqui et al., 1989; Colgrove et al.. 1989). Many of the large surface antigen 

promoter constructs contain the complete X gene and its regulatory sequences (Fig. VII. 

6), which gives them the potential to make the X gene product. The possibility that the 

constructs used in the large surface antigen promoter functional studies were being 

affected by the presence of the X gene was examined. The full-length PS(l)pLUC 

construct, which contains the elements necessary for the expression of the X gene, was 

modified in two ways to interrupt the coding region of the gene (see section VI. A). The 

plasmid PS(l)pXlLUC was produced by deleting nucleotides 1375 to 1378, which 

include the initiation codon of the X gene at the Nco\ site located at nucleotide 1374 in 

the HBV genome. The plasmid PS(l)pX2LUC contains an 11-nucleotide insertion, 

creating a frame-shift in the middle of the X open reading frame, produced by inserting 

a Sac! linker into the Rsrll site at nucleotide 1577. The absolute and relative activities 

of the PS(1) promoter, the SV40 early promoter used to direct the expression of the CAT 

internal control, and the metallothionein promoter used to direct the expression of CAT 

as an alternative internal control were determined (Fig. VII. 5) in cotransfection 

experiments performed in Hep3B and HepG2.1 cells. In both cell lines examined, the 

absolute number of light units produced by the luciferase present in the PS(l)pXlLUC 

and PS(l)pX2LUC extracts was within 1.5-fold of the number of light units produced 

by the extract from the unmodified PS(l)pLUC, with the exception of the XI 

modification in Hep3B cells, which was three-fold lower than PS(l)pLUC. These 

uncorrected values indicate that the X gene does not have a large effect, if any, on the 

large surface antigen promoter in this system. The three-fold effect observed with the 

XI construct in the Hep3B cell line was paralleled by a lower CAT activity in that 

extract, suggesting the possibility that the DNA precipitate may not have transfected as 

efficiently as the others. The absolute percentage of acetylation by the pMTCAT and 

PSV2CAT constructs did not vary widely in either cell line. The pMTCAT activities
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Transfected DNA LUC (Ught units) CAT (% acetylation) LUC/CAT ratio Relative activity
PS(1)pLUC/pMTCAT 1714 9.7 177 1.00
PS(1)pX1LUC/pMTCAT 1322 11.9 111 0.63
PS(1)pX2LUC/pMTCAT 1787 13.8 129 0.73
PS(1)pLUC/pSV2CAT 3167 12.8 247 1.00
PS(1)pX1LUC/pSV2CAT 880 5.6 157 0.64
PS(1)pX2LUC/pSV2CAT 2123 9.3 228 0.92

HepG2.1

Transfected DNA LUC (Ught units) CAT (% acetylation) LUC/CAT ratio Relative ectlvlty

PS(1 ) pLUC/pMTCAT 335 3.5 95.7 1.00
PS(1)pX1ll>C/pMTCAT 386 10.3 37.5 0.39
PS(1)pX2LUC/pMTCAT 236 5.8 40.7 0.43

PS(1)pLUC/pSV2CAT 373 13.7 27.2 1.00
PS< 1 ) pX 1 LUC/pSV2CAT 427 26.5 16.1 0.59
PS(1)pX2LUC/pSV2CAT 264 34.9 7.6 0.28

Figure VII.5. Influence of the X gene open reading frame on the expression from the 
large surface antigen, SV40 early and mouse metallothionein promoters in 
Hep3B and HepG2.l cells. 15 pg of a luciferase (LUC) construct were 
cotransfected with I.S pg of a chloramphenicol acetyltransferase (CAT) 
construct into Hep3B and HepG2.1 cells (see Transfected DNA column). 
Absolute luciferase and CAT values are reported as light units and % 
acetylation, respectively. The activities are derived from the LUC/CAT 
ratio and are reported relative to that of the full-length PS(l)pLUC 
construct with each internal control construct in each cell line. Arrows 
indicate the position and direction of transcription from the HBV X gene 
(Xp), core (Cp), PS(I) (PSp) and major surface antigen (Sp) promoters. 
Boxes indicate the positions of the HBV enhancer I sequence (Eh), HBV 
polyadenylation recognition sequence (pA), the presurface antigen ORF 
(PS), surface antigen ORF (S), X gene ORF (X), precore ORF (PC), core 
ORF (C), polymerase ORF (P), and the luciferase (LUC) ORF. The 
horizontal lines indicate the HBV sequences present in the various 
luciferase constructs. The arrowheads designated XI and X2 indicate the 
location of the 4-nucleotide deletion and 11-nucleotide insertion in the 
PS(l)pXlLUC and PS(l)pX2LUC constructs, respectively.



were within two- to three-fold of each other, and the pSV2CAT activities were within 

approximately two-fold. This result suggests that interpretation of our data using 

pSV2CAT as an internal control will not be affected by the presence or absence of the 

coding capacity for the X gene in the experimental constructs. The relative activities 

calculated from the luciferase values normalized by the CAT values also demonstrated 

that the X gene does not appear to have a substantial effect on the large surface antigen 

promoter in this experimental system.

VII. E. Characterization of the Large Surface Antigen Promoter Elements by a S’ 

Deletion Analysis

A S’ deletion analysis of the HBV genome was performed to determine the 

regions of the genome important for transcriptional activity from the large surface 

antigen promoter. A series of S' deletions of the HBV genome was tested by doing 

transient transfection experiments using one dedifferentiated hepatoma and three 

differentiated hepatoma cell lines (Fig. VII. 6). This analysis was performed in several 

cell lines to examine the possibility that the regulation of this promoter was different in 

differentiated versus dedifferentiated hepatoma cell lines. All of the constructs tested 

contained the sequences from -25 to 4-35 (nucleotides 2784 to 2843) relative to the 

transcriptional start site at nucleotide 2809. The normalized luciferase activities were 

reported relative to the activity of the full-length PS(I) promoter construct in each cell 

line. In the differentiated hepatoma cell lines Hep3B, PLC/PRF/5 (Alexander cells), 

and HepG2 the effect of the deletions was similar. Essentially full activity of the PS(I) 

promoter (equal to that produced in the context of the complete HBV genome) was 

retained when all of the sequences upstream of -90, relative to a transcriptional 

initiation site at nucleotide 2809 (see construct PS(I)pa2840-2718LUC), were deleted 

(Fig. VII. 6 and 7). Deletion of another 15 nucleotides, through -76 (see construct 

PS(l)pA2840-2733LUC), resulted in the loss of the majority of the PS(1) promoter 

activity in the differentiated hepatoma cell lines. Deletion of an additional 34
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0.41 0.62 1.88 0.35
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0.01 0.04 0.01 0.14
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Figure VII.6. Deletion analysis of the HBV large surface antigen promoter in
differentiated [Hep3B, PLC/PRF/5 (Alexander), HepG2 and Huh7] and 
dedifferentiated (HepG2.l) hepatoma cell lines. Arrows indicate the 
position and direction of transcription from the HBV major surface 
antigen (Sp), X gene (Xp), core (Cp), and PS( I) (PSp) promoters. Boxes 
indicate the positions of the HBV enhancer I sequence (Eh), HBV 
polyadenylation recognition sequence (pA), the presurface antigen ORF 
(PS), surface antigen ORF (S), X gene ORF (X), precore ORF (PC), core 
ORF (C) and polymerase ORF (P), and the luciferase (LUC) ORF. The 
horizontal lines indicate the HBV sequences present in the various 
PS(1)paLUC series plasmids. The plasmid PS(l)pLUC contains the HBV 
sequences from nucleotides 2840 to 3182/1 to 2843* (nucleotide sequences 
are designated by using coordinates derived from the Genbank genetic 
sequence data bank). The designation 2843’ has been used to indicate that 
the nucleotides 2840 to 2843 are present twice in this plasmid and that 
the nucleotides 2840 to 2843 and 2840' to 2843’ are distal and proximal to 
the LUC ORF, respectively. The HBV sequences deleted from the various 
plasmids are designated by nucleotide coordinates. The internal control 
used to correct for transfection efficiencies was pSV2CAT. The activities 
were calculated as in Fig. VI. 4 and reported relative to the activity of 
the full-length promoter [PS(l)pLUC] in each cell line.



2707(—102) 2718(-91) 2733(-76)

TTATTATCCAGAACATCTAOTTAATCATTACTTCCAAACTACACACTATTTACACACTCT
HNF1

2767(—42) 2783(—26) 2809(+l)

ATGGAAGGCGGGTATATTATATAAGAGAGAAACAACACATAGCCCCTCATTTTGTGGGTC
TATA

Figure VII.7. Sequence of the HBV large surface antigen promoter region (subtype 
ayw). The numbered nucleotides (•) indicate the breakpoints of the 
functionally significant deletions. The nucleotide sequences are designated 
by using coordinates derived from the GenBank genetic sequence data 
bank. The numbers in parentheses indicate the location of the 
breakpoints relative to the HBV large surface antigen transcription 
initiation site at nucleotide 2809 (+1) which is designated by underlining 
the nucleotide. The underlined sequences represent the hepatocyte nuclear 
factor I (HNF1) binding site and TATA box sequence homologies and the 
transcription initiation site (+1).



nucleotides, through -42, resulted in almost complete loss of PS(1) promoter activity (see 

construct PS(1)pa2840-2767LUC). These results indicated that a minimal promoter 

element exists between nucleotides -90 and >35 (coordinates 2719 to 2843), and that an 

element critical for the activity of the promoter in differentiated hepatoma cell lines lies 

between nucleotides -90 and -76. The sequences upstream of -90 do not appear to be 

necessary for maximal activity from the PS(1) promoter, but they may subtly modulate 

the activity of the promoter. Although individual points in the deletion series differed 

somewhat, the general level of PS(1) promoter activity remained similar to that of the 

full-length construct through the deletions to -91 (see construct PS(1)pa2840-2718LUC). 

The variation between individual constructs may represent some level of regulation of 

the large surface antigen promoter but the effects do not indicate the presence of a 

critical regulatory element in this region. In Hep3B cells, it appears that the HBV 

enhancer I (coordinates 1117 to 1238) may have a small effect on the activity of the 

PS(1) promoter. Deletion of sequences between -1740 and -1693 (see constructs 

PS(1)pa2840-1 116LUC and PS(l)pA2840-1238LUC) resulted in an approximately four

fold loss of activity. This effect was not observed in any of the other cell lines 

examined and may reflect a difference between the composition of transcription factors 

present in the hepatoma cell lines examined.

The full-length PS(I) promoter plasmid [PS(l)pLUC] contains the regulatory 

elements of all of the HBV promoters. The possibility that the presence of these 

elements may interfere with transcription from the large surface antigen was examined. 

Deletion of sequences upstream of -2681 included the major surface antigen promoter 

and had no effect on the large surface antigen promoter in any of the cell lines 

examined (see construct PS(1 )pa2840- 129LUC). Similarly, deletion of the X gene 

promoter region (see constructs PS(I )pA2840-1238LUC and PS(l)pA2840-l374LUC) and 

the nucleocapsid promoter region, which includes HBV enhancer II, (see constructs 

PS(I)pA2840- 1402LUC and PS(l)pA2840-2143LUC) did not have a substantial effect on 

the activity of the PS(I) promoter. The results of the 5' deletion analysis indicated that 

transcriptional interference of the large surface antigen promoter from the HBV major
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surface antigen, X gene, and nucleocapsid promoters does not occur in this system. 

Additionally, deletion of the coding region of the X gene did not greatly affect the 

activity of the PS(1) promoter, supporting the results observed using the X coding region 

deletion and insertion mutations (Fig. VII. 5).

The region between -90 and -76, which appears critical for PS(1) promoter 

a c tiv ity  in the d if fe re n t ia te d  hepatom a cell lin es , con ta ins a sequence 

(GTTAATCATTACT) homologous to the consensus sequence (GTTAATNATTAAC) for 

the binding site of the liver-enriched transcription factor, hepatocyte nuclear factor 1 

(HNF1) (Fig. VII. 7) (Courtois el al., 1988; Lichtsteiner & Schibler, 1989; Frain el al., 

1989). HNF1 has been shown to be involved in the regulation of several liver-specific 

genes (Maire el al.. 1989; Hardon el al., 1988; Courtois el al., 1987; Monaci el al.. 1988; 

S aw ad a ish i el a l . ,  1988), and has been sh o w n  to b in d  th is  seq u en ce  

(GTTAATCATTACT) in the HBV large surface antigen promoter (Courtois el al.. 1988). 

Deletion of this region resulted in an 85% to 95% loss in promoter activity, suggesting 

that HNF1 or a related polypeptide may be responsible for the majority of the large 

surface antigen promoter activity in differentiated hepatoma cell lines. HNF1 may also 

be responsible for the preferential activity of the large surface antigen promoter in the 

differentiated hepatoma cell lines (Table VII. 2). In contrast, the PS(1) promoter activity 

was not affec ted  by the deletion of the HNF1 recognition sequence in the 

dedifferentiated hepatoma cell line, HepG2.1. In this cell line, the PS(1) promoter 

retained full activity when sequences upstream of -75 (see construct PS(l)p&2840- 

2733LUC) were deleted, indicating that a minimal promoter element located between -75 

and +35 is important for transcriptional activity in this dedifferentiated hepatoma cell 

line. Some loss of PS(1) promoter activity in HepG2.1 cells was observed when 

sequences through -42 (see construct PS(l)p&2840-2767LUC) were deleted, but 14% of 

the activity remained. Essentially complete loss of promoter activity was only observed 

when sequences including most of the TATA box element at -31 to -25 (see construct 

PS(l)pn2840-2783LUC) were deleted. The lack of dependence on the HNFI recognition 

sequence for promoter activity in HepG2.l cells, and the lower relative activity of the
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PS(1) promoter in this cell line suggest that HepG2.1 cells may lack HNF1, or have 

much lower levels of a functional HNF1 polypeptide than differentiated hepatoma cell 

lines. These results support the characterization of the HepG2.1 cells as a 

dedifferentiated line of hepatoma cells.

VII. F. Influence of HNF1 on Transcription from the Four HBV Promoters

The analysis of the transcriptional activity from the large surface antigen 

promoter in several hepatoma cell lines suggested that the transcription factor HNF1 may 

be an important regulatory component of the large surface antigen gene. To examine 

this possibility and the possibility that HNF1 may also regulate transcription from the 

other HBV promoters, cotransfection experiments were performed using an expression 

vector encoding the rat HNF1 cDNA (see section VI. A). The expression vector 

pMTHNFl or a negative control expression vector pMT was cotransfected into the 

differentiated hepatoma cell line Huh7 or the dedifferentiated hepatoma cell line 

HepG2.1 with the full-length HBV promoter-LUC constructs SpLUC, XpLUC, CpLUC, 

and PS(l)pLUC. The differentiated hepatoma cell line Huh7 was used because it is one 

of the cell lines in which HBV replication and particle production can occur (Sureau el 

at.. 1986; Tsurimoto el at.. 1987; Sells el at., 1987; Chang et at., 1987; Yaginuma el at., 

1987) and may represent the tissue culture system closest to the natural environment for 

the life cycle of HBV, the liver cell. The differentiated hepatoma cell line HepG2 has 

also been shown to support HBV replication (Sells el at., 1987) and is used in some of 

the analyses although this cell line exhibits some instability in cell culture. The 

dedifferentiated hepatoma cell line HepG2.l was also used because the deletion analysis 

in this cell line (Fig. VII. 6) suggested that functional HNF1 may be absent from 

HepG2.1 cells, and these cells would therefore represent a system in which the influence 

of exogenously expressed HNF1 might be easily measured.

The relative activities of the four HBV promoters were compared in the absence 

or presence of exogenously expressed HNFI (Table VII. 3). The activities of the
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promoters were reported relative to the activity of the S promoter in the absence of 

exogenously expressed HNF1 in each cell line. The activity of the PS(1) promoter 

increased ten-fold in the presence of HNF1 in the dedifferentiated hepatoma cell line, 

HepG2.1, whereas none of the other HBV promoters was affected by the coexpression of 

HNF1. In the differentiated Huh7 cells, the PS(1) promoter activity increased seven

fold in the presence of exogenously expressed HNF1, and the activities of the other 

HBV promoters were not influenced. It appears that HNF1 is not involved in the 

regulation of surface antigen, X gene, or nucleocapsid promoters of HBV, either directly 

or indirectly by transcriptional interference, but can influence the activity of the large 

surface antigen promoter. Increasing the amount of HNF1 expression vector 

cotransfected in these experiments increased the level of PS(1) promoter activity but did 

not affect the activity of the other HBV promoters (data not shown). The lack of 

influence of HNF1 on the S promoter, X promoter, and C promoter may not be 

surprising as most of the genes regulated by HNF1 contain the recognition sequence 

within 50 to 200 nucleotides upstream of the transcriptional start site (Mendel & 

Crabtree, 1991), and in the HBV surface antigen, X gene and core promoter constructs, 

the HNF1 binding site is located 427, 1760, and 2255 nucleotides upstream of the start 

of transcription, respectively. In the HBV PS(1) promoter, the HNF1 recognition 

sequence is 77 nucleotides upstream of the start of transcription.

VII. G . Transactivation  of the  Large Surface  Antigen Prom oter Is Mediated through the 

HNF1 Binding Site

Large surface antigen promoter deletion constructs were cotransfected with the 

pMT or pMTHNFI expression vector to determine whether the activation of large 

surface antigen gene transcription by the HNF1 polypeptide was mediated through the 

binding site located between nucleotides -89 to -77 relative to the start of transcription 

at nucleotide 2809. The transcriptional activities were reported relative to the activity of 

the fu ll-length  PS(I) promoter in the absence of exogenously expressed HNFI
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polypeptide (Fig. VII. 8). Transcription from the constructs PS(l)pLUC and 

PS(1 )pn2840-2718LUC (containing sequences -90 to +35) was transactivated in the 

presence of the pMTHNFl expression vector by 12- to 15-fold in HepG2.1 cells (Fig. 

VII. 8A). In contrast, the transcriptional activity from the construct PS(l)p&2840- 

2733LUC, containing sequences -75 to +35, which does not include the HNF1 

recognition sequence, was not influenced by the exogenous expression of the HNF1 

polypeptide. The results were similar when these experiments were performed in Huh7 

cells, although the magnitude of the transactivation was only five- to six-fold (Fig. VII. 

8B). In HepG2 cells the transactivation was lower (Fig. VII. 8B), possibly due to the 

level of endogenous functional HNF1 present in this cell line (Raney et al.. 1990). 

These results strongly suggested that the influence of the HNFI polypeptide on the large 

surface antigen promoter is mediated through the HNFI recognition sequence 

(GTTAATCATTACT) between nucleotides -90 and -76. These results are also 

consistent with the observation that HNFI binds to this sequence in the large surface 

antigen promoter (Courtois el al.. 1988).

VII. H. Gel Mobility Shift Analysis Demonstrates Proteln-DNA Complex Using the 

HBV PS(1) Promoter HNFI Recognition Sequence

To demonstrate directly that the HNFI polypeptide produced by expression of 

the rat cDNA was binding the PS(I) promoter HNFI recognition sequence, and to 

determine whether a protein present in the cell lines used in the functional studies could 

bind the HNFI recognition sequence, gel mobility shift analysis was performed using 

nuclear extracts from Huh7, HepG2.1, and HeLa S3 cells and from HepG2.l cells 

transfected with the HNFI expression vector (see section VI. E for preparation of 

extracts and VI. F for gel mobility shift protocol). A double-stranded oligonucleotide 

containing the HBV PS(1) promoter HNFI binding site was radiolabelled and incubated 

with the extracts before electrophoresis on a 4% polyacrylamide gel. A gel retardation 

product was observed when 2 /ig of Huh7 nuclear extract was incubated with the
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Figure VII.8. (A) Influence of the HNF1 polypeptide exogenously expressed in
HepG2.l cells on the transcription from various large surface antigen 
promoter constructs, which included [PS(l)pLUC and PS(l)pn2840- 
2718LUC] or did not include the HNFI binding site [PS(I )p&2840- 
2733LUC]. The construct pl9DLUC was transfected as a negative control. 
The relative activities of the large surface antigen promoter constructs 
were determined in the presence (+HNF1) and the absence (-HNFI) of 
exogenously expressed HNFI polypeptide using the expression vectors 
pMTHNFI and pMT, respectively. The activities were calculated as in 
Fig. VI. 4 and reported relative to the activity of the full-length promoter 
[PS(l)pLUC] in the absence of exogenously expressed HNFI polypeptide. 
Arrows indicate the positions and directions of transcription from the 
HBV surface (Sp), X gene (Xp), core (Cp), and PS(1) (PSp) promoters, 
respectively. Boxes indicate the positions of the HBV enhancer I sequence 
(Eh), HBV polyadenylation sequence (pA), presurface antigen ORF (PS), 
surface antigen ORF (S), X gene ORF (X), precore ORF (PC), core ORF 
(C), polymerase ORF (P), and luciferase ORF (LUC). The horizontal lines 
indicate the HBV sequences present in the various PS(I) promoter 
plasmids. The HBV sequences deleted from the various plasmids are 
designated by nucleotide coordinates derived from the GenBank genetic 
sequence data bank. The internal control used to correct for transfection 
efficiencies was pSV2CAT. (B) Influence of the expression of the HNFI 
polypeptide on the transcriptional activity from the large surface antigen 
promoter in HepG2, Huh7, and HepG2.l cells.



radiolabelled HNF1 double-stranded oligonucleotide (Fig. VII. 9), suggesting that a 

polypeptide which recognized the HNF1 binding site was present in the Huh7 nuclear 

extracts. This protein-DNA complex was competed when excess (20-fold, 200-fold, and 

2000-fold molar excess) unlabelled HNF1 double-stranded oligonucleotide was added to 

the reaction, indicating that the protein in the complex was binding specifically to the 

HNF1 oligonucleotide. A similar complex with a slightly greater mobility was observed 

when 12 ¿*8 of HepG2.1 or 12 fig of HeLa S3 nuclear extract were incubated with the 

radiolabelled HNF1 oligonucleotide. The complex formed with the HepG2.1 extract was 

efficiently competed by the same amounts of unlabelled HNF1 oligonucleotide that were 

used to compete the Huh7 complex, suggesting that the protein in this complex was also 

specifically binding to the HNF1 recognition sequence. The unlabelled HNF1 

oligonucleotide did not compete as efficiently for the HeLa S3 complex as for the Huh7 

and HepG2.l complexes, but complete competition was achieved at a 2000-fold molar 

excess of oligonucleotide. The HeLa S3 cells may contain a polypeptide with similar 

migration properties to the polypeptides that bind to the HNF1 recognition sequence in 

Huh7 and HepG2.1 cell extracts, but the specificity of binding appears lower than that 

observed with the hepatoma cell extracts. Gel mobility shift analysis also demonstrated 

that nuclear extracts made from Hep3B cells contained a polypeptide, that bound the 

radiolabelled HNF1 oligonucleotide, which appeared to be sim ilar in size and 

concentration to the polypeptide in Huh7 nuclear extracts that bound the HNF1 

recognition sequence (data not shown). Similar amounts of HepG2.l and HeLa S3 

nuclear extract displayed binding to the HNFI oligonucleotide at much lower levels than 

in the Huh7 and Hep3B extracts (data not shown). The relative intensities of the bands 

in lanes 2, 6 and 10, which contain 2 fig of Huh7, 12 fig of HepG2.l and 12 fig of HeLa 

nuclear extract, respectively, suggested that the concentration of a polypeptide binding 

the HNFI recognition sequence was approximately six-fold greater in Huh7 cells than in 

HepG2.l or HeLa cells. The complex formed with the Huh7 extract appeared to 

comprise a closely migrating doublet, and the complex formed with the HepG2.1 and 

HeLa S3 extracts migrated at the position of the lower band in the Huh7 and Hep3B
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Figure VII.9. Gel retardation analysis of the HBV large surface antigen promoter HNF1 
binding region. The MP-labelled double-stranded oligonucleotide probe 
containing the HNFI recognition sequence located in the PS(1) promoter 
was analyzed for its ability to form complexes with DNA-binding 
proteins present in Huh7, HepG2.1 and HeLa cell nuclear extracts. 
Unlabelled double-stranded HNFI oligonucleotide was used as competitor 
DNA to demonstrate the specificity of the observed complexes. Two pg 
Huh7 nuclear extract (lanes 2-5), 12 fig HepG2.l nuclear extract (lanes 6- 
9) and 12 fig HeLa nuclear extract (lanes 10-13) were incubated with the 
radiolabelled double-stranded HNFI oligonucleotide probe. Unlabelled 
double-stranded HNFI oligonucleotide was also added to the reactions 
shown in lanes 3, 7, II (20-fold molar excess), 4, >, 12 (200-fold molar 
excess) and 5, 9, 13 (2000-fold molar excess). Lane 1 is a control in 
which the HNFI oligonucleotide was incubated with buffer instead of 
nuclear extract.



doublet. One possible explanation for this observation is that the differentiated 

hepatoma cell lines may contain the HNF1 polypeptide as well as a related polypeptide, 

vHNFl or HNFI0, which is a slightly smaller polypeptide and also binds the HNFI 

recognition sequence (Baumhueter et al., 1988; Cereghini et al., 1988), and that the 

dedifferentiated hepatoma cell line HepG2.1 and the non-hepatoma cell line HeLa S3 

express only the variant of HNFI, vHNFl, or an unrelated polypeptide, which forms a 

complex migrating in the position of the lower band of the doublet in the Huh7 extract. 

The complex formed using the Huh7 nuclear extracts migrated in the same position as 

the gel retardation product using HepG2.1 cells expressing the HNFI cDNA (Fig. VII. 

16). The untransfected HepG2.1 cells expressed a polypeptide which formed a complex 

of a slightly greater mobility than that of the HNFI cDNA transfected cells. These 

observations are consistent with the suggestion that Huh7 cells express a functional 

HNFI polypeptide and HepG2.1 cells express a related polypeptide at a level too low to 

activate the PS(1) promoter through the HNFI binding site.

V II .  I .  D N ase  I F o o tp r in t in g  A n a ly s is  o f  th e  H B V  P S (1 )  P ro m o te r  using  N u c lea r  

Extracts an d  Purified TATA Binding Protein

DNase I footprint analysis demonstrated that purified TATA binding protein 

(TBP) can bind the PS(I) promoter TATA box element located from -31 to -23 relative 

to the start of transcription (see section VI. G for DNase I footprinting protocol). The 

nucleotides on a 423-base-pair radiolabelled PS(I) promoter fragment that were 

protected from DNase I digestion by purified TBP spanned -23 to -40 on the long 

(minus) strand, encompassing the sequence TTATATAATATACCCG (Fig. VII. 10). The 

DNase I footprinting analysis also identified a binding site for a protein which was 

present in Huh7 nuclear extracts. Nuclear extracts prepared from HepG2.1 and HeLa S3 

cells did not protect the same region (Fig. VII. 10). The region of the PS(I) promoter 

fragment protected from DNase I digestion by Huh7 nuclear extract spanned nucleotides 

-6 9  to  - 9 9  on th e  m in u s  s t r a n d ,  e n c o m p a s s in g  th e  s e q u e n c e
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Figure VII. 10. DNase I footprinting analysis of the long (minus) strand of the 
HBV large surface antigen promoter. The 423-nucleotide HBV 
DNA fragment from -379 to +44 was 5*-end labelled at +44 and 
incubated in the presence (lane 1) or absence (lane 2) of 4 units of 
purified TBP (TFIID, Promega), or in the presence (lanes 4, 5 and 
6. respectively) or absence (lane 3) of 30 /¿g Huh7, HepG2.1 or 
HeLa nuclear extract. An unrelated DNA sequence (GATC) is . 
adjacent to lane 1 and was used as a size standard to localize the 
TBP and HNF1 binding sites.





AGTTTGGAAGTAATGATTAACTAGATGTTCT. This protected region included the 

13-nucleotide sequence containing homology to the consensus recognition sequence for 

the transcription factor HNF1 (AGTAATGATTAAC). Consistent with the liver- 

enriched distribution of HNF1 (Courtois el al., 1988; Courtois el a!.. 1987; Rey-Campos 

el al., 1991; Cereghini el al., 1990; Baumhueter el al., 1988) and the functional data 

indicating the importance of the HNF1 binding site for PS(1) promoter activity in 

differentiated hepatoma cell lines (Fig. VII. 6 and 8), it seems likely that the protein 

binding the HNF1 recognition site in the differentiated hepatoma cell line Huh7 is 

HNF1 or a related polypeptide. The absence of a detectable footprint over the HNF1 

recognition sequence using the HepG2.1 and HeLa S3 nuclear extracts is also consistent 

with the suggestion that the dedifferentiated HepG2.1 cell line and the non-hepatoma 

HeLa S3 cell line lack a sufficient level of functional HNF1 polypeptide to transactivate 

the large surface antigen promoter.

V II .  J .  I n f l u e n c e  o f  O r i e n t a t i o n  o f  t h e  H N F 1  B in d in g  S i t e  on T r a n s c r i p t i o n a l  

T ransactivation  by the HNF1 Polypeptide

The HNF1 recognition sequence, GTTAATNATTAAC, is an inverted palindrome 

to which the HNFI polypeptide has been shown to bind as a dimer (Frain el al.. 1989). 

In light of this information, it was of interest to determine whether the orientation of 

the HNFI binding site affected the level of transcriptional transactivation contributed by 

the HNFI polypeptide. A double-stranded oligonucleotide containing the large surface 

antigen HNFI binding site was inserted upstream of the HBV sequences in the minimal 

promoter construct PS(l)po2840-2767LUC which contained promoter sequences -41 to 

♦35 (see section VI. A and Fig. VII. 7). The plasmid PS(l)po2840-2767HNFI(+)LUC 

contained the HNFI binding site in the same orientation as it was found in the HBV 

genome, and the recognition sequence was located 22 nucleotides upstream of the PS(1) 

promoter TATA box element (located between nucleotides -31 and -25; Fig. VII. 7) The 

plasmid PS(I)pa2840-2767HNF1(-)LUC contained the HNFI binding site in the opposite
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orientation to that found in the HBV genome, and the recognition sequence was 21 

nucleotides upstream of the PS(1) promoter TATA box element. In the plasmids 

PS(l)pLUC and PS(l)p&2840-2718LUC, the HNF1 binding site and TATA box element 

were separated by 45 nucleotides, as in the HBV genome. The constructs containing the 

synthetic HNF1 binding site oligonucleotides were transfected into HepG2.1 cells in the 

absence (-HNF1) or presence (+HNF1) of the expression vector pMT or pMTHNFl, 

respectively. The activities were reported relative to the activity of the full-length PS(1) 

promoter in the absence of the HNF1 expression vector (Fig. VII. 11). The relative 

activity of the PS(1) minimal promoter construct lacking the HNF1 site (plasmid 

PS(l)pn2840-2767LUC) was 12-fold lower than the full-length plasmid, PS(l)pLUC. 

When the synthetic HNF1 oligonucleotide was inserted into the minimal promoter 

c o n s tru c t (c o n s tru c ts  PS( 1 )pn2840-2767H N F  1 (+)LUC and P S (l)p a2 8 4 0 - 

2767HNF1(-)LUC), the relative activity was nine- to ten-fold higher than the activity of 

the positive control, PS(l)pLUC. The presence of the HNF1 binding site, in either 

orientation, appeared to be responsible for a substantial increase, in transcriptional 

activity from the large surface antigen minimal promoter construct, PS(l)p&2840- 

2767LUC. One possible explanation for the ten-fold higher relative activity of the 

constructs containing the synthetic HNF1 binding site compared with the full-length 

PS(1) promoter may be that the closer positioning of the HNF1 recognition sequence to 

the TATA box results in a more efficient utilization of an endogenous polypeptide 

present in HepG2.1 cells which binds the HNF1 site. Experiments examining the effects 

of spacing between the HNF1 binding site and TATA box have been performed and are 

described in section VII. M. From the results described above, it appeared that the 

sequences deleted from these minimal promoter constructs (from -76 to -42) were not 

necessary for maximal promoter activity when the HNFI binding site was present. In 

fact, the deletion of these sequences resulted in higher relative activity from the 

synthetic promoter (constructs PS(1 )pA2840-2767HNFl(+)LUC or PS(l)pn2840- 

2767HNF1(-)LUC) than from the minimal promoter construct containing these sequences 

and the HNFI binding site (construct PS(l)pn2840-27I8LUC). In addition to the
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Figure VII. 11. Influence of the orientation and sequence of the HNFI binding site on 
the transcriptional activity from large surface antigen minimal promoter 
constructs containing single synthetic HNFI binding sites in HepG2.1 
cells. The arrow indicates the location of the large surface antigen 
transcription initiation site. The boxes indicate the positions of the HNFI 
binding site, the HBV TATA box element, and the luciferase (LUC)
ORF. The HBV sequences deleted from the various plasmids are 
designated by nucleotide coordinates derived from the GenBank genetic 
sequence data bank. The plasmid PS(1)pa2840-2767HNF1(+)LUC 
contains a synthetic large surface antigen HNFI binding site in the same 
orientation as it is found in the HBV genome. The plasmid PS(l)pn2840- 
2767HNFI(-)LUC contains a synthetic large surface antigen HNFI 
binding site in the opposite orientation to that found in the HBV genome. 
The plasmid PS(l)pn2840-2767AHNFl(+)LUC contains a synthetic HNFI 
binding site from the human albumin promoter in the same orientation 
relative to the direction of transcription as is found in the albumin gene. 
The relative activities of the minimal promoter constructs were 
determined in the presence (+HNFI) and the absence (-HNFI) of 
exogenously expressed HNFI polypeptide using the expression vectors 
pMTHNFl and pMT, respectively. The activities were calculated as in 
Fig. VI. 4 and reported relative to the activity of the full-length promoter 
[PS(l)pLUC] in the absence of exogenously expressed HNFI. The 
internal control used to correct for transfection efficiencies was 
PSV2CAT.



possibility that spacing between the promoter elements may affect the relative activity 

from the promoter, there exists the possibility that the sequences between -76 and -42 

may comprise a negative element which, when deleted, results in a relative increase in 

promoter activity. It is also possible that the construction of the synthetic promoter 

elements produced an artificial positive element at the junction of the oligonucleotide 

sequence and the HBV minimal promoter sequence. It appears that the orientation of 

the HNF1 binding site does not affect the level of transcriptional activity from these 

constructs as the relative activity from the (♦) and (-) orientation constructions was 

equivalent. When the HNF1 expression vector was included in the transfection 

(+HNF1), the constructs containing the synthetic HNF1 binding site were inducible to a 

similar degree as the full-length promoter construct. These results indicate that the large 

surface antigen HNF1 binding site inserted into the PS(1) promoter minimal construct 

was able to mediate transcriptional transactivation by the HNF1 polypeptide regardless 

of its orientation, as may have been expected, as HNF1 is known to bind its recognition 

sequence as a dimer (Frain el al., 1989; Nicosia el al., 1990; Chouard el al., 1990).

V I I .  K . I n f l u e n c e  o f  S e q u e n c e  o f  th e  H N F 1  B in d i n g  S i t e  on T r a n s c r i p t i o n a l  

Transactivation by th e  HNF1 Polypeptide

HNF1 has been reported to interact with a number of liver-specific genes 

(Cereghini el al., 1988; Cereghini el al.. 1990; Courtois el al., 1988; Courtois el al.. 1987; 

Feuerman el al.. 1989; Hardon el al., 1988; Lichtsteiner & Schibler, 1989; Maire el al., 

1989; Ryffel el al., 1989; Tsutsumi el al.. 1989; Vaulont el al.. 1989), and it has been 

shown to bind its recognition sequence both as a homodimer and as a heterodimer with 

the related polypeptide, vHNFl (Chouard el al., 1990; Nicosia el al., 1990; De Simone el 

al.. 1991; Rey-Campos el al., 1991). An analysis using the human albumin promoter 

HNF1 binding site was reported (Nicosia el al., 1990) which mapped the transcriptional 

activation domains of HNFI to a different region of the polypeptide from this analysis 

using the HBV PS(I) promoter HNFI binding site (see section VII. O, Fig. VII. IS). To
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determine whether this observed difference were due to the sequences of the HNF1 

binding sites, a double-stranded oligonucleotide containing the human albumin promoter 

HNF1 binding site was cloned into the HBV large surface antigen minimal promoter 

construct PS(l)pû2840-2767LUC to create PS(1 )pA2840-2767AHNFl(+)LUC. It was 

necessary to determine whether the full-length HNF1 polypeptide could activate 

transcription from the promoter construct containing the albumin HNF1 recognition 

sequence. The sequence of the human albumin prom oter HNF1 binding site 

(«3TTAATAATCTAC) differs from the HBV PS(1) promoter HNF1 binding site 

(GTTAATCATTACT) at four of the 12 conserved positions in the consensus HNF1 

binding site (GTTAATNATTAAC) (Courtois et al., 1988). Each of these HNF1 binding 

sites differs from the consensus recognition sequence by only two nucleotides in the 3’ 

half of the sequence. The relative transcriptional activity from the plasmid containing 

the synthetic albumin HNF1 binding site, PS(l)pà2840-2767AHNFl(+)LUC, was most 

similar to that of the PS(1) promoter, both in the absence (-HNF1) and presence 

(+HNF1) of exogenously expressed HNF1 polypeptide (Fig. VII. 11). This result 

demonstrated that the human albumin HNF1 binding site mediated transcriptional 

activation by HNF1 polypeptide exogenously expressed in HepG2.1 cells to a similar 

extent as the HBV PS(1) promoter HNF1 binding site contained in a minimal promoter 

construct. The sequence differences between the albumin and HBV HNF1 binding sites 

did not appear to influence the ability of the recognition sequence to mediate the 

induction of transcriptional activation by the HNF1 polypeptide in this system.

VII. L. T ranscrip tional Activity from the PS(1) Prom oter HNF1 Binding S ite  and  TATA 

Box Element

It appeared that the HNF1 binding site was critical for the majority of the large 

surface antigen promoter activity in differentiated hepatoma cell lines. In order to 

determine whether this promoter element together with the TATA box element could 

support transcriptional activity, synthetic promoter constructs containing the PS(I)
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promoter TATA box element, or the PS(1) promoter HNF1 binding site, or both (see 

section VI. A) upstream of the luciferase ORF were tested for their transcriptional 

activities in HepG2.1 cells in the absence (-HNF1) or presence (+HNF1) of the HNF1 

expression vector (Fig. VII. 12). The activities were reported relative to the activity of 

the full-length PS(1) promoter construct in the absence of exogenously expressed HNF1 

(-HNF1). The construct containing only the TATA box element upstream of the 

luciferase ORF (construct pHBVTATALUC) exhibited transcriptional activity of 

approximately one-fifth the level of the PS(1) promoter and it was not inducible by 

expression of HNF1. The construct containing only the PS(1) promoter HNF1 binding 

site upstream of the luciferase ORF (construct pHNFILUC) produced transcriptional 

activity approximately two-fold lower than the full-length PS(1) promoter and this 

activity was inducible to a similar extent as the PS(1) promoter. The construct 

containing both the HNF1 binding site and the TATA box element (construct 

pHNFITATALUC) displayed a level of transcriptional activity equivalent to the full- 

length PS(1) promoter, suggesting that these two elements may be responsible for the 

majority of the activity from the large surface antigen promoter, and that the other HBV 

sequences are dispensable for the activity observed in this assay system. The 

transcriptional activity of this construct was also increased ten-fold by the expression of 

the HNF1 polypeptide, similar to the induction of the full-length promoter. These 

results suggested that regulated transcriptional activity similar to that observed for the 

complete HBV PS(1) promoter can be achieved using a synthetic promoter comprising 

two promoter elements, the HNF1 recognition sequence and the TATA box element. It 

is possible that subtle regulation by additional transcription factors may influence the 

level of activity from the large surface antigen promoter to a degree that is not 

detectable in these experiments. It appears, however, that the interaction of HNF1 with 

the PS(I) promoter is a very important facet of the regulation of the large surface 

antigen gene.
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Figure VII. 12 Transcriptional activities from constructs containing the PS(I) promoter
HNF1 binding site and TATA box element. The relative activities of the 
constructs were determined in HepG2.l cells in the presence (+HNF1) or 
absence (-HNF1) of exogenously expressed HNF1 polypeptide using the 
expression vectors pMTHNFl and pMT, respectively. The activities were 
calculated as in Fig. VI. 4 and reported relative to the activity of the full- 
length promoter [PS(l)pLUC] in the absence of exogenously expressed 
HNFI polypeptide. The internal control used to correct for transfection 
efficiencies was pSV2CAT. The HBV sequences of plasmid PS(l)pLUC 
are represented by a thin line. The locations of the HNFI and TATA 
box sequence homologies in all of the constructs are indicated by boxes 
labelled HNFI and TATA, respectively. The luciferase gene sequences 
are indicated by the box labelled LUC. In the plasmids 
pHNFITATALUC, pHBVTATALUC and pHNFILUC. linker sequences 
are represented by thin lines.



VII. M. Influence of Spacing between the HNF1 Binding Site and the TATA Box 

Element of the HBV PS(1) Promoter

In the synthetic construct pHNFITATALUC, the number of nucleotides between 

the two promoter elements is 39 nucleotides, whereas in the HBV PS(1) promoter, there 

are 43 nucleotides between these two elements. The results shown in Fig. VII. 12 

suggested that a small change in the spacing between the HNFI binding site and the 

TATA box element does not affect the activity or the inducibility of the construct. 

However, the sequences between the two elements differ in the two constructs being 

compared [PS(l)pLUC and pHNFITATALUC] and these could affect the level of 

transcription from the plasmid. In addition, in a previous experiment in which the 

HNFI binding site was inserted upstream of a minimal promoter construct (see section 

VII. J ,  construct PS(l)p&2840-2767HNFl(+)LUC), creating a construct in which the 

spacing between the HNFI binding site and the TATA box element was 22 nucleotides, 

the basal level of transcription was approximately ten-fold higher than that of the full- 

length promoter (Fig. V II .  II ) .  The experiments in Fig. V II .  12 showed that 

transcriptional activity and HNFI responsiveness could be achieved using a synthetic 

promoter containing only the HNFI binding site and the TATA box element of the 

PS(1) promoter. To examine the effect of changing the spacing between these two 

elements, a series of plasmids was constructed from pHNFITATALUC in which the 

spacing between the HNFI binding site and the TATA box element was changed by the 

addition or deletion of nucleotides (see section VI. A). The spacing varied from 10 to 

66 nucleotides between the two binding sites. These constructs were transfected into 

HepG2.l cells and their transcriptional activities in the absence (-HNFI) and presence 

(♦HNFI) of exogenously expressed HNFI were compared with the activity from the 

full-length PS(I) promoter in the absence (-HNF1) of exogenously expressed HNFI (Fig. 

VII. 13A). The results of this transfection series indicated that the spacing between the 

HNFI recognition sequence and the TATA box element does not have a large effect on 

the activity from these synthetic promoters when transfected in HepG2.l cells in the
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Figure VII.13 The influence of spacing between the HNF1 binding site and the 
TATA box of the PS(1) promoter in (A) HepG2.1 cells and (B) 
Huh7 cells. Synthetic promoter constructs containing the PS(1) 
promoter HNF1 recognition sequence and the TATA box element 
separated by a range of nucleotide distances were transfected into 
HepG2.1 cells in the absence or presence of exogenously expressed 
HNF1 polypeptide (A), or into Huh7 cells in the absence of 
exogenously expressed HNF1 polypeptide (B). The relative 
activities were calculated as in Fig. VI. 4 and reported relative to 
the activity of the full-length PS(l)pLUC construct in the absence 
of exogenously expressed HNF1 polypeptide. The internal control 
used to correct for transfection efficiencies was pSV2CAT. The 
distance (nucleotides) indicates the number of nucleotides between 
the 3’ and 3’ boundaries of the HNF1 and TATA binding 
sequences, respectively. The constructs which generated peaks of 
relative activity are indicated by the distance between the binding 
sites (18, 28, 38, SO).
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absence of HNF1. Although some fluctuation of activity between individual points 

seemed to occur, and two high values occurred at a distance of 18 and 38 nucleotides, 

the level of activity did not change enough to indicate that a particular distance between 

the two binding sites was highly beneficial or detrimental for the transcriptional activity 

in HepG2.1 cells. In the presence of HNF1 polypeptide, however, relatively high levels 

of activity occurred at distances of 18, 28, 38 and 30 nucleotides between the HNF1 and 

TATA binding sites. The apparent 10-nucleotide periodicity of higher relative 

transcriptional activities suggested that the binding of HNF1 and TATA binding protein 

(TBP) on the same face of the DNA increased the efficiency of transcriptional 

transactivation of these plasmids. The activity of each of the constructs was induced 

five- to 13-fold by HNF1. Similar results were obtained when the experiment was 

performed in Huh7 cells in the presence of the endogenous HNF1 polypeptide (Fig. VII. 

13B). Relatively higher levels of activity were observed when the distance between the 

HNFI and TATA box recognition sequences were 18, 28, 38 and 30 nucleotides. The 

relative activities from the synthetic constructs in which the distances between the HNFI 

and TATA elements were 22 and 43 nucleotides were approximately the same as those 

from the corresponding constructs containing HBV sequences, PS(l)pn2840- 

2767HNF1(+)LUC and PS(l)pLUC, respectively (data not shown). The data also seemed 

to suggest a slight reduction in transcriptional activity as the distance between the 

binding sites increased, although additional constructs with greater distances between 

these sites would need to be tested to verify this trend.

VII. N. Clustered Point Mutational Analysis o f  the  Minimal P S (I )  Promoter

From the data described above, it appeared that the spacing between the HNFI 

recognition sequence and the TATA box element could be changed without loss of 

transcriptional activity or inducibility by the HNFI polypeptide (see section VII. M and 

Fig. VII. 13). It also appeared that the sequences between the HNFI binding site and 

TATA box element were not important for these activities, as the synthetic spacing
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constructs contained linker sequences, rather than the endogenous HBV sequences, 

between the two elements. In order to determine whether the HBV sequences did play 

some role in the regulation of transcription from a minimal promoter without altering 

the spacing between the HNF1 binding site and TATA box element, clustered point 

mutations were made in the region of the promoter from the HNF1 binding site to the S’ 

end of the TATA box element (see section VI. A). Each clustered mutation changed 

approximately ten nucleotides (Fig. VII. 14A). These constructs were cotransfected into 

HepG2.1 cells in the presence of the negative control vector pMT (-HNF1) or the HNF1 

expression vector pMTHNFl (+HNF1), and their relative activities were compared with 

that of the full-length PS(1) promoter construct and the HBV constructs from which the 

mutant constructs were made (see section VI. A). None of the four clustered point 

mutations Ml to M4 appeared to have a large influence on the activity from the 

promoter as the relative activities (-HNF1) varied only from 1.1- to 2.6-fold over the 

fu ll-length  promoter (Fig. VII. 14B). The mutations Ml to M4 (see constructs 

PS(l)pMlLUC to PS(l)pM4LUC) were constructed from the plasmid PS(l)p&2840- 

2707LUC and contained mutations of the sequences between the HNFI binding site and 

the TATA box element. The transcriptional activities of the mutant promoters relative 

to the activity observed with the PS(l)pa2840-2707LUC clone were 0.4 to 0.9 (-HNFI), 

indicating that the mutated sequences were not critical for promoter activity. In the 

presence of exogenously expressed HNFI (♦HNFI), the Ml to M4 mutant constructs 

exhibited activities similar to those of the full-length promoter and their parental 

construct, PS(l)pn2840-2707LUC, and their levels of induction were also similar. The 

mutant constructs were induced to levels between the levels of the PS(1)pa2840- 

2707LUC cnstruct and the full-length clone in these experiments, indicating that the 

Ml to M4 mutations do not appear to affect the activity of the promoter, in the absence 

or presence of exogenously expressed HNFI in HepG2.l cells. These constructs were 

also transfected into Huh7 cells in the absence of the HNFI expression vector to 

determine the effects of the mutations in the presence of endogenous HNFI. The results 

of those transfection experiments (Fig. VII. I4B) demonstrated that the M3 and M4
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Figure VII. 14 Clustered point mutational analysis of the minimal PS(1) promoter.
(A) The sequence (subtype ayw) of the HBV PS(1) promoter 
region from -89 to +1 is shown. Coordinates of the large surface 
antigen promoter region are derived from the Gen Bank genetic 
sequence data bank and their position relative to the transcription 
initiation site (+1) is shown in parentheses. The regions of 
homology to the HNF1 recognition sequence and the TATA box 
element, and the start of transcription are underlined. The 
sequence of the clustered point mutation is shown for each mutant 
construct. The nucleotides which differ from the HBV sequence 
are indicated in lowercase; unchanged nucleotides are indicated in 
uppercase. The Ml, M2, M3, M4 mutations were introduced into 
the PS(l)pA2840-2707LUC construct and the M3 mutation was 
introduced into the PS( 1 )p&2840-2425LUC construct.
(B) Relative activities of the clustered point mutation constructs in 
HepG2.1 cells in the presence (+HNF1) or absence (-HNF1) of 
exogenously expressed HNF1 polypeptide, and in Huh7 cells in the 
absence of exogenously expressed HNF1 polypeptide. The 
activities were calculated as in Fig. VI. 4 and reported relative to 
the activity of the full-length promoter [PS(l)pLUC^in the 
absence of exogenously expressed HNF1 polypeptide. The internal 
control used to correct for transfection efficiencies was pSV2CAT. 
The diagrammatic representation of the construct PS(l)pLUC is 
shown at the top. The HBV sequences of the plasmids are 
represented by a thin line. The locations of the HNF1 and TATA 
box sequence homologies are indicated by boxes labelled HNF1 
and TATA, respectively. The luciferase gene sequences are 
indicated by the box labelled LUC. The locations of the Ml, M2, 
M3, M4 and MS mutations are indicated by shaded boxes.
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mutations of the sequences between the HNF1 and TATA box binding sites did not 

affect the activity from the full-length promoter or the minimal promoter construct 

PS( 1 )pA2840-2707LUC in the presence of the endogenous HNF1 in Huh7 cells. The Ml 

and M2 mutations, which lie 3 to 12 nucleotides and 13 to 22 nucleotides, respectively, 

downstream of the HNF1 binding site appeared to have a small effect, four- to five

fold, on the activity from the promoter constructs PS(l)pLUC and PS(l)pA2840- 

2707LUC. It is possible that the proximity to the HNF1 site of these mutations could 

affect the interaction between HNF1 and its recognition sequence. However, these 

mutated constructs do retain considerable transcriptional activity, unlike the constructs 

that do not contain the HNF1 binding site (see construct PS(l)pA2840-2733LUC and 

PS< 1 )pa2840-2425M5LUC).

The S’ deletion analysis of the large surface antigen promoter provided evidence 

that the HNFI recognition sequence was im portant for the m ajority of the 

transcriptional ac tiv ity  from this promoter in the presence of endogenous (in 

differentiated hepatoma cell lines) or exogenously expressed (cotransfected into 

dedifferentiated HepG2.1 cells) HNFI polypeptide (see sections VII. E and G; Fig. VII. 6 

and 8). To examine the possibility that other HBV sequences could compensate for the 

HNFI recognition sequence in its absence, the mutant construct PS(l)pA2840- 

2425M5LUC was made. In this plasmid the sequence of the HNFI binding site was 

mutated in the presence of the promoter sequences from -383 to +33 [plasmid 

PS(l)pA2840-2425LUC]. It appeared (Fig. VII. 14) that the HNFI recognition sequence 

did not contribute to the activity from the PS(I) promoter in the dedifferentiated 

hepatoma cell line HepG2.l in the absence of exogenously produced HNFI polypeptide 

[see column (-H N FI)] because the HNFI binding site mutant construct retained 

essentially full activity relative to its parental construct (compare construct PS(l)pA2840- 

2425M5LUC with PS(l)pA2840-2425LUC). These results are consistent with the deletion 

analysis (Fig. VII. 6) and with the suggestion that the HepG2.l cell line lacks a sufficient 

level of functional HNFI polypeptide (or related polypeptide) to transactivate the HBV 

large surface antigen promoter. The construct containing the mutated HNFI binding site
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was not transactivatable in HepG2.1 cells in the presence of exogenously expressed 

HNF1 polypeptide [see column (+HNF1)], suggesting that other HBV sequences were 

unable to compensate for the HNF1 recognition sequence by mediating transactivation of 

the promoter by the HNF1 polypeptide. These results are consistent with the suggestion 

that the HNF1 polypeptide binds specifically to its recognition sequence in the HBV 

large surface antigen promoter to mediate its effect. In Huh7 cells, the relative activity 

of the HNF1 mutant construct PS(l)p&2840-2425M5LUC was undetectable in these 

experiments. This observation is consistent with the data from the deletion analysis (Fig. 

VII. 6 and 8) demonstrating the importance of the HNF1 binding site for transcriptional 

activity from the PS(1) promoter in differentiated hepatoma cell lines. These data 

suggest that the HNFI recognition sequence is necessary to mediate transcriptional 

activation of the large surface antigen promoter by the HNFI polypeptide.

VII. O. Characterization of the Transcriptional Activation Domain of HNFI

In order to determine the transcriptional activation domain of the HNFI 

polypeptide, a series of deletion mutants of the cDNA in the HNFI expression vector 

was constructed (see section VI. A). A functional analysis of these deletion plasmids was 

performed by cotransfecting the deletion series into HepG2.1 cells with plasmids 

containing the HNFI binding site to measure their ability to transact!vate transcription 

from the promoter constructs containing the HNFI recognition sequence. A 3' and 

internal deletion analysis of the cDNA was performed because the dimerization and 

DNA binding domains of the polypeptide had previously been identified in the amino

terminal 281 amino acids of the polypeptide (Chouard el al.. 1990; Frain el al., 1989; 

Nicosia el al., 1990). The fold-induction of the promoter constructs by the truncated 

HNFI polypeptides were reported relative to the activity of the promoter construct in 

the absence of the HNFI expression vector (in the presence of the negative control 

expression vector pMT) (Fig. VII. 13). The HNFI polypeptide designations indicate the 

amino acids which are not present in the product of the cDNA deletion expression
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Figure VII. 15. Deletion analysis of the HNF1 polypeptide and identification of the 
domain involved in the transcriptional activation of the large surface 
antigen promoter [PS(l)pLUC] and minimal promoter constructs 
containing synthetic HNF1 binding sites [PS(1)pa2840-2767HNF1(+)LUC 
and PS(1)pa2840-2767AHNF1(+)LUC] in HepG2.1 cells. The plasmid 
PS(l)pA2840-2767HNFl(+)LUC contains a synthetic large surface antigen 
HNF1 binding site in the same orientation as it is found in the HBV 
genome. The plasmid PS(1)pa2840-2767AHNF1(-OLUC contains a 
synthetic HNF1 binding site from the human albumin promoter in the 
same orientation relative to the direction of transcription as is found in 
the albumin gene. DIM, dimerization domain; POU-A, region of POU 
subdomain A homology; HOMEO, homeobox-like domain; PRO, proline- 
rich transcriptional activation domain; GLU/PRO, glutamine- and 
proline-rich transcriptional activation domain; SER, serine-rich 
transcriptional activation domain. The horizontal lines indicate the HNF1 
polypeptide amino acid residues present in the various truncated HNFI 
polypeptides expressed in HepG2.1 cells. The HNFI polypeptide 
designations indicate the amino acids which are not present in the product 
of the cDNA deletion expression vectors. The HNFI designation 
represents the full-length HNFI polypeptide. The activities were 
calculated as in Fig. VI. 4 and reported relative to the activity of each 
reporter construct in the absence of exogenously expressed HNFI (NO 
HNFI). ND; not done.



vector. The deletion series was tested on three promoter constructs: the full-length PS(1) 

promoter [PS(l)pLUC]; the PS(1) minimal promoter construct containing the HNF1 

binding site [PS(1)pa2840-2767HNF1(+)LUC]; and the PS(1) minimal promoter construct 

containing the human albumin HNF1 binding site [PS(1)pa2840-2767AHNF1(+)LUCJ. 

The induction of the PS(1) promoter by the full-length HNF1 expressed in HepG2.1 

cells was approximately 11-fold. The results indicated that the carboxy-terminal 112 

amino acids were not necessary for maximal levels of induction of the large surface 

antigen promoter (see HNF1&5I7-628 and column PS(l)pLUC). The region between 

amino acids 502 and 516 (see HNF1&502-628 and HNF1&517-628) appeared to 

contribute to the maximal level of transactivation by the HNF1 polypeptide as deletion 

of the nucleotides encoding these residues resulted in a loss of approximately 35% of the 

transactivation of the PS(1) promoter. No further reduction in transactivation was 

observed as a result of deletion of an additional 26 amino acids (see HNF1&482-628 and 

HNF1&476-628). The region between amino acids 458 and 475, however, appeared 

essential for the majority of the transactivation of the PS( 1) promoter, as deletion of the 

cDNA through the region encoding these residues resulted in almost complete loss of 

induction by the truncated HNF1 polypeptide (see HNFIa458-628 and HNF1M76-628). 

Although the absolute level of induction of the construct PS(1)pa2840-2767HNF1(+)LUC 

by the full-length HNF1 polypeptide was a little lower than that of the PS(l)pLUC 

construct, the region of the polypeptide necessary to transactivate the minimal promoter 

construct containing the HBV HNF1 binding site was clearly identified by the deletion 

analysis as the same as the transactivation domain identified using the PS(1) promoter 

construct (see column PS(l)p&2840-2767HNFl(+)LUC]. This 18-amino-acid region 

contains five glutamine and four proline residues. Other transcription factor activation 

domains also have a high concentration of particular amino acids. For example, the 

transactivation domain of Spl is rich in glutamine residues (Courey A Tjian, 1988) and 

the transactivation domain of CTF is rich in proline residues (Mermod et a!., 1989).

The transactivation domain identified by this analysis differs from the previously 

identified transactivation domains of HNFI. An in vitro transcription analysis performed
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with a promoter containing the human albumin HNF1 binding site identified two regions 

of the HNF1 polypeptide necessary for transcriptional activation (Nicosia el at.. 1990). 

These were the regions from amino acids 281 to 318 and from 347 to 628. To determine 

whether this observed difference in the mapping of the transactivation domains were 

due to the different HNF1 recognition sequences, the deletion analysis was performed on 

the minimal promoter construct containing the human albumin HNF1 binding site [Fig. 

VII. 13, column PS(l)p&2840-2767AHNFl(+)LUC]. The level of induction of this 

promoter construct by the HNF1 polypeptide was equivalent to the level of induction of 

the PS(1) minimal promoter construct containing the HBV HNF1 binding site, consistent 

with previous results showing that the sequence of the HNF1 recognition site did not 

influence the effect of transactivation in the context of the PS(1) minimal promoter 

construct (see section VII. K. and Fig. VII. 11). Deletion of the region encoding the 

activation doipain previously identified by in vitro transcription analysis in the carboxyl 

terminus of the polypeptide (amino acid residues 347 to 628) (Nicosia el at.. 1990) did 

not influence the induction of the albumin HNF1 binding site-containing promoter in 

this system (see construct HNFln549-628 and column PS(l)pn2840-2767AHNFl(+)LUC). 

Deletion of sequences encoding the other activation domain identified by in vitro 

transcription analysis (amino acid residues 281 to 318) also had no effect on the 

activation of the promoter construct containing the albumin HNF1 binding site in this 

analysis (see constructs HNF1A391-628 and HNF1A283-628). The region which 

appeared to mediate the HNF1 transactivation was contained between amino acids 400 

(HNFIa400-628) and 481 (HNF1 ¿482-628), the region that contains the transactivation 

domain identified using the PS(1) promoter in transfection assays (amino acids 438 to 

473). This is distinct from the transactivation domains previously identified using the 

albumin promoter HNFI binding site in an in vitro transcription analysis (Nicosia el at., 

1990). The difference in the mapping of the transcriptional activation domains may be 

due to the differences between an In vitro transcription analysis and a transient 

transfection analysis. These results indicate that the same transactivation domain of the 

HNFI polypeptide can mediate the effect of HNFI through two different HNFI binding
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sites in the context of the minimal promoter construct used in this system.

Three internal deletion constructs were tested to confirm the results of the 

carboxy-terminal deletions in the mapping of the transactivation domains of the HNF1 

polypeptide. Deletion of the region encompassing the transactivation domain identified 

by the carboxy-terminal deletions (HNFI A283-547) resulted in essentially complete loss 

of transactivation of all of the promoters tested. In contrast, the HNF1 truncated 

polypeptides in which the regions encompassing the previously identified transactivation 

domains of HNF1 (HNF1A283-392 and HNF1A283-392/549-628) were deleted were able 

to transactivate all of the promoters examined. The results of the 3' and internal 

deletion analyses are consistent with the identification of a transactivation domain of the 

HNF1 polypeptide located in a region between amino acids 393 to 316, distinct from the 

activation domains identified in the in vitro transcription analysis using the human 

albumin HNFI binding sites (Nicosia et al.. 1990). These results indicated that the 

previously identified activation domains are not necessary for induction of the promoters 

containing the large surface antigen and human albumin HNFI binding sites used in 

these experiments.

V II. P. C el M obility S h if t A nalysis o f T runcated  H N F I Polypeptides

To demonstrate that the exogenously expressed truncated HNFI polypeptides 

were able to bind the HNFI recognition sequence, gel mobility shift analysis was 

performed using nuclear extracts prepared from HepG2.l cells transfected with the 

truncated HNFI expression vectors (Fig. VII. 16). Nuclear extract prepared from 

untransfected Huh7 cells was also used (lane 2) and shown to produce a gel retardation 

complex which migrated in the same position as the product of the HepG2.l cells 

expressing the full-length HNFI cDNA (lane 4). This result was consistent with the 

evidence from the transient transfection analysis that the Huh7 cell line expresses a 

functional HNFI polypeptide. The gel re tardation  complex formed with the 

untransfected HepG2.l nuclear extract (lane 3) appeared to be less abundant than the
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Figure VII.16. Gel retardation analysis of truncated HNF1 polypeptides. Nuclear extracts 
were prepared from HepG2.1 cells transfected with 30 pg of the 
expression vector (lane 4) pMTHNFl, (lane 5) pMTHNFl¿502-628, (lane 
6) pMTHNFl a 4 5 8 -628, (lane 7) pMTHNFl¿400-628, (lane 8 ) 
pMTHNFl A39I-628, (lane 9) pMTHNFlA283-547, (lane 10) pMT. 
Nuclear extracts were also prepared from Huh7 cells (lane 2) and 
HepG2.l cells (lanes 3-10) as described in section VI.E. Six /ig nuclear 
extract were incubated with the radiolabelled double-stranded HNF1 
oligonucleotide as described in section VI. F. Lane 1 is a control in 
which the HNFI oligonucleotide was incubated with buffer instead of 
nuclear extract.



Huh7 complex and migrated slightly faster, consistent with the suggestion that HepG2.1 

cells express a low level of an HNF1-related polypeptide, possibly vHNFl, which binds 

to the PS(1) promoter HNF1 recognition sequence. The truncated HNF1 polypeptides 

produced from the expression vectors pMTHNFl A502-628 (lane 5), pMTHNFlA458-628 

(lane 6). pM THNFl ¿400-628 (lane 7). pM T H N Flo391 -628  (lane 8), and 

pMTHNFl ¿283-547 (lane 9) produced gel mobility shift complexes with the HNF1 

recognition sequence that decreased in size corresponding to the extent of the cDNA 

deletion. The polypeptide HNF1a283-547 (lane 9) generated several gel mobility shift 

products, suggesting that the polypeptide may have been proteolytically cleaved or that it 

formed several conformations due to the extent of the deletion. These expression 

vectors were chosen for this experiment as representatives of expression vectors whose 

products did transactivate (pMTHNFl, pMTHNFlA502-628), or did not transactivate 

(pMTHNFl ¿458-628, pMTHNFln400-628, pMTHNFla391-628, pMTHNFl¿283-547) 

the large surface antigen promoter in HepG2.1 cell transfections. In addition, the 

product of the expression vector pMTHNFl&502-628 exhibited a small decrease in the 

amount of transactivation it mediated on all o f the promoter constructs tested, the 

product of the vector pMTHNFlA458-628 defined the breakpoint for the region critical 

for transactivation of the large surface antigen promoter HNF1 binding site constructs, 

and the product of the vector pMTHNFlA283-547 confirmed by internal deletion the 

region important for transactivation of all of the promoter constructs. It was important 

to determine whether the expected polypeptides were expressed and could bind to the 

recognition sequence, especially for those that did not mediate transactivation. The 

sample containing buffer only (lane 1) did not form a complex with the HNFI binding 

site. The sample containing extract made from HepG2.l cells transfected with the 

negative control expression vector (lane 10) formed the same complex as the 

untransfected HepG2.1 extract sample. This analysis demonstrated that truncated HNFI 

polypeptides were expressed and able to bind the HNFI recognition sequence.
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V II. Q . E ffec t o f  E xpression V ector Levels on T ran sc rip tio n a l A ctivation  of th e  PS(1) 

P rom o ter in HepG2.1 Cells

The gel mobility shift analysis (Fig. VII. 16) results suggested that transfection of 

the HNFI expression vectors may result in the synthesis of different amounts of the 

truncated HNFI polypeptides. To determine whether the amount of expression vector 

transfected affected the transcriptional activation of the large surface antigen promoter, 

various amounts of HNFI expression vector plasmids were transfected into HepG2.1 cells 

and the induction of the PS(1) promoter was examined (Fig. VII. 17). The results 

demonstrated that the levels of induction of the PS(1) promoter increased as the amounts 

of the expression vector plasmids pMTHNFl, pMTHNFl¿549-628, and pMTHNFIn283- 

392/549-628 transfected were increased. Expression vectors which produced truncated 

HNFI polypeptides which had little effect on the activity of the PS(1) promoter in the 

analysis of the functional activation domain of HNFI (pM T H N Fl¿400-628, 

pMTHNFl¿283-547, and pMTHNFl&283-628) did not transactivate the large surface 

antigen promoter when increased amounts (up to 30 mb) of the vector were transfected. 

This analysis demonstrated that the mapping of the transactivation domains of the HNFI 

polypeptide was not affected by the amount of expression vector transfected. The levels 

of transactivation in this analysis were lower than previously observed when 1.5 pg of 

expression vector were transfected and may be due to the increased amount of DNA 

transfected into the cells (46.5 MB total) compared with the standard assay (18 MB total).
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Figure VII. 17. Effect of expression vector levels on the transcriptional activation of the 
large surface antigen promoter in HepG2.l cells. Cells were transfected 
with 15 jig of PS(l)pLUC, 1.5 jig of pSV2CAT, and 30 jig of pMT plus 
expression vector DNA. The indicated amount of expression vector was 
combined with pMT DNA such that the total amount of DNA was 30 jig. 
Each transfection mixture therefore contained a total of 46.5 jig DNA. 
Fold induction indicates the amount of transcriptional activity relative to 
the activity from PS(l)pLUC in the absence of exogenously expressed 
HNF1 polypeptide. The HNFI polypeptide designations indicate the 
amino acids which are not present in the product of the cDNA deletion 
expression vectors. The HNFI designation represents the full-length 
polypeptide.



VIII. DISCUSSION

Hepatitis B virus is a hepatotropic virus of highly restricted host range, infecting 

only human beings and chimpanzees. It is known that the major target of HBV 

infection is the hepatocyte, but the mechanism(s) of this tropism is not understood. 

Possible restrictions at many steps in the viral life cycle, such as the need for a 

hepatocyte-specific viral receptor, or for tissue specific transcription factors, may limit 

infectivity predominantly to hepatocytes. HBV infection of primary hepatocyte cultures 

has been achieved (Rijntjes el al.. 1988; Gripon el al., 1988), but tissue culture cell lines 

have not been successfully infected. However, transfection of viral DNA into 

differentiated hepatoma tissue culture cell lines has resulted in the production of 

replication intermediates and viral particles (Sureau el al., 1986; Tsurimoto el al.. 1987; 

Sells el al., 1.987; Chang el al.. 1987; Yaginuma el al.. 1987). This suggests that at least 

one factor in the hepatotropism of the virus is related to entry of the virus into the cell. 

However, it has also been shown that transgenic mice carrying an integrated HBV 

genome express the 2.1 kb surface antigen and 3.5 kb pregenomic RNAs primarily in the 

liver and kidney (Araki el al., 1989; Farza el al., 1988), and the enhancers I and II and 

core promoter regulatory regions appear to display liver cell-type specificity in 

transfection experiments (lameel & Siddiqui, 1986; Karpen el al.. 1988; Antonucci & 

Rutter. 1989; Honigwachs el al.. 1989; Yee, 1989; Chang & Ting, 1989; Yuh &. Ting, 

1993), suggesting that tissue-specific transcriptional regulation may also play a role in 

the tissue specificity of the virus. To investigate the transcriptional regulation of HBV, 

and of the large surface antigen gene in particular, several tissue culture cell lines were 

used (Fig. VII. 3). In previously described tissue culture transfection experiments (De- 

Medina el al.. 1988; Pourcel el al.. 1982; Siddiqui el al.. 1986), the expression of the 

major surface antigen gene appeared to be less specific than in transgenic mice, which 

indicates that tissue culture cell lines may be different with respect to the composition 

of transcription factors from primary cultures or tissues. Huh7 and HepG2 cells are 

differentiated human hepatoblastoma cell lines which have been shown to produce viral
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particles after transfection of HBV DNA (Sureau et al., 1986; Tsurimoto el al., 1987; 

Sells et al., 1987; Chang et al., 1987; Yaginuma et al.. 1987). This indicates that these 

cell lines have all of the components necessary for the life cycle of the virus and may 

represent the closest tissue culture system to the in vivo environment. The human 

hepatocellular carcinoma cell lines PLC/PRF/5 (Alexander) and Hep3B contain 

integrated HBV sequences and have been shown to express major surface antigen 

(Alexander et al., 1976; Aden et al., 1979; Macnab et al., 1976; Knowles et al., 1980). 

The PLC/PRF/5 cell line has also been shown to complement surface antigen-minus 

mutant HBV genomes to produce virus (Okamoto et al., 1993). The dedifferentiated 

HepG2.1 cell line is a derivative of the HepG2 cell line which arose during continuous 

culturing of the HepG2 cells (Raney et al., 1990). The morphological and biochemical 

phenotype of this cell line is distinct from the parental HepG2 line. It does not have the 

characteristic hepatocyte-like epithelial morphology, and its 'y-glutamyltransferase 

activity is much lower than that of all of the other differentiated hepatoma cell lines. 

The HeLa S3 line is a human cervical carcinoma cell line, and the NIH 3T3 line is a 

mouse fibroblast cell line. The dedifferentiated hepatoma and non-hepatoma cell lines 

have been used in the analysis of transcriptional regulation of the large surface antigen 

promoter to try to distinguish regulatory components of the virus which may be specific 

for differentiated hepatoma cell lines capable of supporting viral replication.

The relative strengths of the four hepatitis B virus promoters were examined in 

several cell lines in the context of the complete viral genome located upstream of a 

luciferase (LUC) reporter gene (Table VII. 2). As the major surface antigen promoter 

displayed relatively high transcriptional activity in all cell lines examined (Siddiqui et al., 

1986; Pourcel et al., 1982; De-Medina et al.. 1988), the activities of the other three HBV 

promoters were reported relative to the activity of the surface antigen promoter in each 

cell line to compare the cell type specificity of the promoters. The full length genome 

was located upstream of the LUC reporter gene such that expression of luciferase was 

directed by the major surface antigen, X gene, nucleocapsid, or large surface antigen 

promoter in the constructs SpLUC, XpLUC, CpLUC, and PS(l)pLUC, respectively (Fig.
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VII. 4). The HBV DNA sequences were derived from the clone pCPIO (Dubois el al., 

1980) of the HBV subtype ayw. A clone of this subtype was used because the ayw 

cloned DNA has been shown to produce viral particles which are infectious in 

chimpanzees (Will el al.. 1982; Will el al.. 1985), indicating that all of the sequences 

necessary for the life cycle of the virus have been maintained. The constructs were 

made with the complete genome to include all of the cis-acting regulatory sequences 

which may influence the activity of the promoters. The analysis of the activities of the 

four HBV promoters in several cell lines demonstrated that the major surface antigen 

promoter and the X gene promoter displayed the greatest amount of transcriptional 

activity in most of the cell lines examined. The nucleocapsid, or core, promoter 

exhibited similar levels of activity to the surface antigen promoter in the differentiated 

hepatoma cell lines, but relatively less activity in the dedifferentiated hepatoma and 

nonhepatoma cell lines. The large surface antigen promoter was the weakest of the four 

promoters in every cell line tested, but like the core promoter, demonstrated higher 

relative activity compared with the surface antigen promoter in the differentiated 

hepatoma cell lines. These results suggested that the nucleocapsid and large surface 

antigen promoters may be subject to a degree of cell-type specific regulation and 

therefore may contribute to the hepatotropism of the virus. The differentiated hepatoma 

cell lines may contain factors which interact specifically with the regulatory regions of 

the nucleocapsid and large surface antigen genes to increase transcription from these 

promoters. The relative levels of activity from the major surface antigen, nucleocapsid 

and large surface antigen promoters were similar to the 2.1 kb, 3.5 kb and 2.4 kb RNA 

levels observed during HBV infection and in differentiated hepatoma cell lines 

producing viral particles (Cattaneo el al., 1984; Chang el al., 1987; Su el al., 1989b; 

Sureau el al., 1986; Tsurimoto el al., 1987; Yaginuma el al.. 1987; Yokosuka el al., 1986). 

These results indicated that the relative activities of the viral promoters appear to be 

important for virus production, suggesting that coordinate regulation of transcription 

may be employed by the virus to generate the levels of mRNAs necessary for production 

of the appropriate levels of viral polypeptides required for assembly of the virus. Large
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surface antigen is an essential component of the virion, or Dane particle (Ueda el al., 

1991). The relative weakness of the PS(1) promoter suggested that regulation of the 

level of the 2.4 kb RNA, from which the large surface antigen is translated, may 

represent an important factor in the viral life cycle. The high relative level of activity 

from the XpLUC construct in these experiments was not consistent with the low or 

undetectable level of 0.7 kb RNA observed in infected tissue or cell lines producing 

viral particles (Cattaneo el al.. 1984; Chang el al., 1987; Su el al., 1989b; Sureau el al., 

1986; Tsurimoto el al., 1987; Yaginuma el al., 1987; Yokosuka el al.. 1986). This 

observation could be attributed to a difference in the stability of the luciferase mRNA 

relative to the stability of the 0.7 kb mRNA, or to the fortuitous generation of a positive 

element in the X promoter as a result of cloning the HBV sequences into the luciferase 

vector, or to a loss of regulation of the X gene in the transient transfection system.

Many, studies have indicated that the product of the X gene can transactivate 

several viral and cellular promoters, including HBV promoters and the SV40 enhancer 

and early promoter (Spandau A  Lee, 1988; Twu A  Schloemer, 1987; Zahm el al.. 1988; 

Seto et al.. 1988; Twu A Robinson, 1989; Siddiqui el al.. 1989; Colgrove el al.. 1989). 

As the full-length large surface antigen promoter construct PS(l)pLUC contains the 

complete X gene and the sequences necessary for its expression, the possibility that the 

X gene product was influencing the activities of the SV40 early promoter, the mouse 

metallothionein promoter, or the large surface antigen promoter in these transient 

transfection analyses was examined (section VII. D and Fig. VII. 5). The activities of 

the full-length PS(l)pLUC construct and two additional constructs derived from 

PS(l)pLUC and designed to interrupt the coding capacity of the X gene, PS(l)pXlLUC 

and PS(l)pX2LUC, were analyzed in HepG2.l and Hep3B cells in the presence of one of 

two internal control plasmids, pSV2CAT or pMTCAT. The absolute numbers of light 

units and the corrected relative activities of the PS(l)pLUC construct and the X 

mutation PS(l)pLUC constructs did not vary more than two- to three-fold in either of 

the cell lines examined. The CAT activities from the cotransfected internal control 

pMTCAT did not vary more than two- to three-fold, and the activities from pSV2CAT
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were within approximately two-fold. These variations were no greater than those 

expected as normal variation of these assays. These results indicated that in this system, 

if the X gene product were being made, it did not influence the activities of the large 

surface antigen, SV40 early, or mouse metallothionein promoters enough to alter the 

interpretation of the data. These data were consistent with the results of the 5’ deletion 

analysis (see section VII. E, Fig. VII. 6) which demonstrated that deletion of the X ORF 

did not substantially affect the activity of the large surface antigen promoter. These 

results are inconsistent with reports of X transactivation of the SV40 enhancer and early 

promoter (Spandau A Lee, 1988; Zahm el al., 1988; Twu A Robinson, 1989; Siddiqui el 

al.. 1989). It is possible that the X gene product was not made in this system, and this 

could account for the lack of effect of the X gene on these promoters observed in this 

analysis. It is also possible that the amount of X gene product expressed in this system 

was inappropriate for transactivation of these promoters. It has been shown that the 

effect of the X gene product on the HBV enhancer is dose dependent (Faktor A Shaul, 

1990). An alternative explanation for the lack of effect of the X gene product on these 

promoters is that the cell lines used for these analyses may lack a factor necessary to 

mediate the effect of the X polypeptide. The X gene product has not been shown to 

bind DNA and is thought to act through cellular factors such as CREB, ATF-2, AP-1, 

AP-2 and NF-k0 which bind DNA and may mediate its effects (Maguire el al., 1991; 

Faktor A  Shaul, 1990; Twu el al.. 1989a; Twu el al.. 1989b; Siddiqui el al.. 1989; 

Siddiqui el a!.. 1987; Lucito A Schneider, 1992; Seto el al.. 1990). The precise role of 

the X polypeptide in HBV infection has not been adequately defined and, in fact, the X 

gene product is not needed for HBV replication in cell culture (Blum el al.. 1992) but 

does appear necessary for replication of the WHV in woodchucks (Chen el al., 1993).

The higher relative ac tiv ity  of the large surface antigen prom oter in 

differentiated hepatoma cell lines suggested that liver cell type specific factors may be 

interacting with regulatory regions of the large surface antigen gene to mediate the 

increased activity in these hepatoma cell lines. When this analysis was initiated, the 

regulation of the large surface antigen promoter had not been well characterized. The
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initiation site of the 2.4 kb RNA had been mapped by SI nuclease and primer extension 

analyses in cell culture systems to nucleotide 2809 (Sells et a!., 1988; Yaginuma et at., 

1987), which is 25 to 32 nucleotides downstream of a TATA box element characteristic 

of eukaryotic promoters. One analysis of transcriptional activity indicated that an HBV 

fragment containing 400 nucleotides upstream of the 2.4 kb transcription initiation site 

contained promoter activity (Siddiqui et al„ 1986). In an attempt to characterize the cis- 

acting regulatory elements in the HBV genome which mediated the apparent preferential 

liver cell type activity of the large surface antigen promoter, transient transfection 

analyses were performed. A 5' deletion analysis of the HBV DNA sequences contained 

in the large surface antigen promoter-LUC construct PS(l)pLUC was performed in 

dedifferentiated and differentiated hepatoma cell lines (Fig. VII. 6). The PS(l)pLUC 

construct contained the complete HBV genome located upstream of the luciferase ORF 

such that expression of luciferase was directed by the large surface antigen promoter. In 

the differentiated hepatoma cell line Hep3B, PS(1) promoter activity decreased 

approximately four-fold when the sequences including the HBV enhancer I were deleted 

[see construct PS( 1 )pA2840- 1238LUCJ. This decrease was not observed in any other cell 

line, suggesting that the Hep3B cells may contain a positive transcription factor binding 

to the enhancer I region which is not present in the other cell lines examined. These 

results are not entirely consistent with those of an analysis of the large surface antigen 

promoter using CAT as a reporter molecule in transfections of human hepatoma cell 

lines (Chang & Ting, 1989). In that study, a 400 base pair enhancer fragment inserted 

downstream of the CAT gene, which was under the control of a large surface antigen 

promoter fragment (-380 to +19), increased the activity from the PS(1) promoter by 30- 

to 40-fold in Huh7 and HepG2 cells, but did not increase the PS(I) promoter activity in 

the poorly differentiated hepatoma line HA22T/VGH or in HeLa cells. The effects of 

the enhancer on the activity of the large surface antigen promoter in that study were 

much greater than those observed in this analysis and the effects were seen in HepG2 

cells and Huh7 cells, in which no influence by the enhancer was detected in this 

analysis. It is possible that differences in subtype (adw versus ayw) or differences in the
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plasmid constructions used could account for these differences. The plasmid constructs 

used in this analysis contain the complete HBV genome interrupted only by the insertion 

of the luciferase vector sequences downstream of the large surface antigen transcription 

initiation site and the effect of the enhancer was measured by deletion of the enhancer 

sequences, whereas Chang and Ting (Chang & Ting, 1989) inserted a 400 base pair PS(1) 

promoter fragment upstream of the CAT gene and measured promoter activity in the 

presence or absence of a 400 base pair enhancer fragment inserted downstream of the 

CAT gene. The full-length constructs used in this analysis were designed to maintain all 

of the sequences which might affect transcription, which could then be systematically 

deleted or mutated to observe changes in transcriptional activities. This approach was 

taken to preserve the context of the c/s-acting elements as closely as possible to the 

native genome, rather than inserting selected fragments out of context around a reporter 

molecule. Other analyses have also shown some effect of the enhancer I on PS(1) 

promoter activity, but these analyses also differ in their constructions and subtypes of 

HBV sequences used (Shaul el al.. 1985; Patel et a!., 1989).

All of the cell lines retained transcriptional activity when the sequences upstream 

of -90 (see construct PS(l)pn2840-2718LUC] relative to the transcription initiation site 

at HBV nucleotide 2809 were deleted. These results indicated that, in this system, the 

other HBV promoters and enhancer II (located in the nucleocapsid promoter region) 

elements did not have a measurable influence on the activity of the large surface antigen 

promoter. These results are consistent with an analysis in which the enhancer II region 

did not affect the activity of the large surface antigen promoter in Huh7 cell transient 

transfection experiments (Zhou A Yen, 1990). The minor variation observed in the 

activities of the deletion constructs upstream of -90 may be the effect of interactions of 

transcription factors with the HBV genome that subtly modulate the activity from the 

large surface antigen promoter. If that is so, the influences are small and do not affect 

the majority of the transcriptional activity. In the differentiated hepatoma cell lines, the 

transcriptional activity decreased to levels of 4% to 13% of the activity of the full-length 

promoter (compare constructs PS(l)pLUC with PS(l)pa2840-2733LUC) when the
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sequences upstream of -75 were deleted. This deletion defined a 15-nucleotide region 

which appeared to be critical for the activity of the large surface antigen promoter in 

d if f e r e n t ia te d  h ep a to m a ce ll l in e s . T his reg io n  c o n ta in s  a sequence 

(G TTAATCATTACT) homologous to the consensus re co g n itio n  sequence 

(GTTAATNATTAAC) for the transcription factor hepatocyte nuclear factor 1 (HNF1), 

which has been shown to bind this site in the HBV large surface antigen promoter 

(Courtois et al., 1988). HNF1 is a transcription factor which is found predominantly in 

the liver but is also expressed in the kidney and intestines (Frain et al.. 1989; 

Baumhueter et al.. 1990; K.uo el al.. 1990) and is known to interact with several liver- 

specific genes such as albumin, 0-fibrinogen and a t-antitrypsin (Lichtsteiner A Schibler, 

1989; Maire et al.. 1989; Sawadaishi et al.. 1988; Courtois et al., 1987; Courtois et al.. 

1988; Monaci et al., 1988). In contrast to the effect of the deletion of the HNF1 binding 

site on the activity of the large surface antigen promoter in the differentiated hepatoma 

cell lines, the activity of the large surface antigen promoter in the dedifferentiated 

hepatoma cell line HepG2.1 was not affected by the deletion of the HNF1 recognition 

sequence. These results are consistent with a similar analysis of the large surface antigen 

promoter in which the activity of the promoter decreased approximately 30-fold upon 

deletion of the HNF1 binding site when transfected into the differentiated hepatoma cell 

lines Huh7 and HepG2, but decreased only 1.4-fold in the poorly differentiated human 

hepatoma cell line HA22T/VGH (Chang et al., 1989). An effect on the promoter 

activity was observed in the HepG2.l cell line only when an additional 34 nucleotides 

were deleted, leaving only the HBV sequences from -41 to +35 in the construct. This 

deletion resulted in the loss of 86% of the activity compared with the full-length 

promoter construct, suggesting that a binding site for a positive acting transcription 

factor which contributes to the low level of activity in dedifferentiated hepatoma cells 

may exist between nucleotides -75 and -42. Complete loss of promoter activity was 

observed in all cell lines when sequences upstream of -25 were deleted. The region 

between -41 and -25 includes the sequence TATATTATATA, which comprises almost 

all of the TATATTATATAA sequence defined as the HBV large surface antigen TATA
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box element (Fig. VII. 7).

The results of the transient transfection experiments using the four HBV 

promoters in several cell lines indicated that the nucleocapsid promoter, as well as the 

large surface antigen promoter, was subject to regulation by liver specific transcription 

factors (Table VII. 2). Although the activity of the major surface antigen promoter did 

not appear to be cell line specific in these experiments, a transgenic mouse model has 

demonstrated liver-specific regulation of the major surface antigen promoter (Araki el 

a!., 1989; Farza el al., 1988). This observation may indicate some of the limitations of 

the transient transfection system used in this study.

It has been reported that a binding site for HNF1 was located in the enhancer I 

region, suggesting that HNF1 might contribute to liver cell type specificity of the other 

HBV promoters (Patel el al.. 1989). The evidence for the HNF1 binding site was a 

DNase 1-protected region, a footprint, using rat liver nuclear extracts on the sequence 

TCCATTTACACAATGTGGATATCCT (map position 1025 to 1049) just upstream of 

the classically defined enhancer I (map positions 1070 to 1374). The footprint was 

competed by an unidentified HNF1 oligonucleotide. The homology to the HNF1 

consensus sequence (GTTAATNATTAAC) is not obvious, and the best alignment results 

in a homology of 5 of 12 conserved nucleotides. It was, however, of interest to 

determine whether the apparent hepatoma cell line specificity of the nucleocapsid 

promoter observed in these transient transfection experiments, and the liver specific 

expression of the major surface antigen (2.1 kb) and nucleocapsid (3.5 kb) RNAs in 

transgenic mice (Araki el al.. 1989; Farza el al.. 1988) could be due to the influence of 

HNFI. To examine the possibility that HNF1 influenced the activity from the other 

HBV promoters in addition to the large surface antigen promoter, an expression vector 

containing the cDNA of the rat HNFI polypeptide was cotransfected with the HBV 

promoter-LUC constructs into the dedifferentiated hepatoma cell line HepG2.1, which 

appears to lack the endogenous HNFI necessary to transactivate the large surface antigen 

promoter, and into the differentiated hepatoma cell line Huh7, which appears to express 

functional HNFI polypeptide. The data demonstrated that the exogenous expression of
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HNF1 transactivated only the large surface antigen promoter in both cell lines (Table 

VII. 3). The HBV major surface antigen, X gene, and nucleocapsid promoters were 

completely unresponsive to the expression of HNF1 in both cell lines in this system. 

This is consistent with the observation that none of these three promoters showed 

dependence upon the HNF1 binding site in the deletion analyses of their transcriptional 

activities in differentiated hepatoma cell lines (Zhang el al., 1992; Raney el al.. 1989; 

Raney el al.. 1991b). The liver cell type specificity of HBV cannot be attributed to the 

activity of HNF1 alone. Although HNF1 appears to be the factor most involved in the 

regulation of the large surface antigen promoter, its expression is not sufficient to 

transactivate the nucleocapsid and surface antigen promoters in this tissue culture 

system. It is possible that other transcription factors may interact with HNF1 to confer 

the apparent liver cell type specificity to the nucleocapsid and surface antigen 

promoters, or.that HNFI is not involved in the regulation of these promoters. Evidence 

that other transcription factors, including NF-1, EF-C, AP-1, and the liver-enriched 

C/EBP (Ben-Levy el al., 1989; Dikstein el al., 1990; LOpez-Cabrera el al., 1990; Trujillo 

el al., 1991; Shaul & Ben Levy, 1987), bind to the enhancer and promoter regions 

suggests that C/EBP and possibly additional unidentified factors may contribute to the 

liver-specific regulation of these promoters (Yuh & Ting, 1993; Shaul el al.. 1985; Patel 

el al., 1989). No evidence currently exists to suggest that HNFI is involved in the 

transcriptional regulation of the nucleocapsid and surface antigen promoters.

The HNFI recognition sequence GTTAATCATTACT located from nucleotide 

-89 to nucleotide -77 upstream of the start of transcription appears to be crucial for the 

majority of the activity of the large surface antigen promoter in differentiated hepatoma 

cell lines (Fig. VII. 6). This binding site is also necessary for the induction of a large 

surface antigen minimal promoter by exogenously expressed HNFI polypeptide in 

dedifferentiated and differentiated hepatoma cell lines (Fig. VII. 8). This sequence is 

completely conserved in all of the sequenced HBV genomes (Fig. V. 3), suggesting it 

plays an important role in the life cycle of the virus. The lack of dependence on the 

HNFI binding site in HepG2.1 cells for PS( 1) promoter activity and the relatively lower
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PS(1) promoter activity observed in dedifferentiated versus differentiated hepatoma cell 

lines suggested that the HepG2.l cells did not express a functional HNF1 polypeptide 

necessary to increase transcription from the large surface antigen promoter. This is 

consistent with the dedifferentiated characteristics of the cell line and with a similar 

observation in which the level of fibrinogen 0-chain gene expression was five-fold 

greater in the rat differentiated hepatoma cell line, Fao, than in the rat dedifferentiated 

hepatoma cell line, FaoflC2 (Baumhueter et al.. 1988). The dedifferentiated variant of 

the Fao cell line, FaoflC2, expresses a nuclear protein (vHNFl) of lower molecular 

weight than HNF1 which has DNA binding sequence specificity similar to that of HNF1. 

The differentiation states of these cell lines correlated with the 0-fibrinogen promoter 

activity, the morphology of the cell lines, and the expression of either the normal 

(HNF1) or variant (vHNFl) forms of the HNF1 transcription factor (Baumhueter et al., 

1988). The liver cell type activity of the large surface antigen promoter appears to be 

dependent upon the transcription factor HNF1, and may contribute to the hepatotropism 

of the virus as the large surface antigen is an essential component of the envelope of the 

viral particle (Ueda et al., 1991). Consistent with this possibility, viral particles have 

been produced in transfection experiments only in highly differentiated hepatoma cell 

lines (Sureau et a!., 1986; Tsurimoto et al., 1987; Sells et al., 1987; Chang et al., 1987; 

Yaginuma et al., 1987), which appear to express the HNF1 polypeptide necessary to 

activate the large surface antigen promoter. The existence of the variant HNF1, or 

vHNFl, in dedifferentiated hepatoma cell lines, and its ability to bind the HNF1 

recognition sequence (Cereghini et al.. 1988; Baumhueter et al., 1988) poses questions as 

to its possible role in the regulation of promoters containing an HNF1 binding site.

Exogenous expression of the HNFI cDNA in the transient transfection assays 

confirmed that the HNFI polypeptide was able to increase the activity of the PS(1) 

promoter through the HNFI binding site (Fig. VII. 8). Gel mobility shift analysis was 

perform ed to provide physical evidence that the exogenously expressed HNFI 

polypeptide could bind to the PS(1) promoter HNFI recognition sequence, and to 

determine whether proteins present in the cell lines used for the functional studies could
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also bind the PS(1) promoter HNF1 recognition sequence. The results demonstrated that 

a protein present in Huh7 cells bound the PS(1) promoter HNF1 binding site with 

similar migration properties to the complex formed between the HNF1 binding site and 

the exogenously expressed HNF1 polypeptide in the transfected HepG2.1 cell extract 

(Fig. VII. 9 and 16). These results are consistent with the existence of a functional 

HNF1 polypeptide in differentiated hepatoma cell lines which can activate transcription 

through the large surface antigen promoter HNF1 recognition sequence. The complex 

formed with the Huh7 nuclear extract appeared to comprise a closely migrating doublet. 

It is possible that the lower band of the doublet represents binding of the variant HNF1 

polypeptide, vHNFl, to the HNF1 recognition sequence oligonucleotide. It has been 

shown that vHNFl is a slightly smaller polypeptide than HNF1 (apparent molecular 

weight of 68 to 72 kD compared with 88 to 92 kD) (Baumhueter et at., 1988; Bach et at., 

1991; Courtpis et at., 1988) which binds the HNFI recognition sequence and is 

expressed, at levels much lower than those of HNFI, in liver and differentiated 

hepatoma cells (Bach et at., 1991; Rey-Campos et at., 1991). It is also possible that the 

multiple bands in the Huh7 extract represent proteolytic cleavage products or different 

modified forms of the polypeptide (Chouard el at., 1990; Lichtsteiner & Schibler, 1989). 

Nuclear extracts prepared from the dedifferentiated HepG2.l cells and nonhepatoma cell 

line HeLa formed a complex with the HNFI binding site oligonucleotide that migrated 

at the position of the lower band in the doublet. These dedifferentiated hepatoma and 

nonhepatoma cell lines may express the variant HNFI polypeptide, vHNFl. which binds 

the HNFI recognition sequence and demonstrates slightly faster mobility than HNFI in 

gel retardation analyses (Cereghini et at., 1988; Baumhueter et at., 1988). Expression of 

vHNFl, but not HNFI, by the dedifferentiated hepatoma cell line HepG2.1 is consistent 

with the observation that dedifferentiated rat hepatoma cell lines. H5 and FaoflC2, 

express vHNFl but not HNFI and are also unable to support transcription from HNFI- 

dependent promoters (Rey-Campos el at.. 1991; Cereghini et at., 1988; Baumhueter et at., 

1988). In addition, the complex formed with the HepG2.1 nuclear extract was 

efficiently competed by addition of 20-fold molar excess of unlabelled HNFI binding
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site oligonucleotide to the gel mobility shift assay (Fig. VII. 9). The complex formed 

with the HeLa nuclear extract was not competed until 2,000-fold excess oligonucleotide 

was added, suggesting that the binding of the polypeptide in this extract has a lower 

specificity for the HNF1 binding site and may not be vHNFl. This would be consistent 

with the observation of another group that the albumin promoter proximal region 

containing the HNF1 binding site did not form a gel retardation product with HeLa cell 

nuclear extract that migrated in the position of either the HNF1 or vHNFl complexes 

(Cereghini et al„ 1988). These gel mobility shift results indicated that the differentiated 

hepatoma cell lines, which exhibit HNFl-dependent large surface antigen promoter 

activity, expressed a polypeptide that could bind the HNF1 recognition sequence and 

comigrated with the complex produced by the expression of the HNF1 cDNA. These 

results also demonstrated that the dedifferentiated hepatoma cell line HepG2.1 and the 

nonhepatoma cell line HeLa did not express the HNFI polypeptide or related 

polypeptide with similar migration properties. The HepG2.1 cell line did express, at 

relatively lower levels, a polypeptide with slightly faster mobility which specifically 

bound the HNFI recognition sequence, possibly vHNFl. The HeLa cells appeared to 

express a polypeptide with similar migration properties to the HepG2.1 polypeptide, but 

which did not bind to the HNFI recognition sequence with the same level of specificity.

It has been shown by DNase I footprinting analysis that purified HNFI and 

proteins present in differentiated hepatoma cell lines can bind the HBV PS(1) promoter 

HNFI recognition sequence and HNFI binding sites present in other promoters (Courtois 

et al., 1988; Lichtsteiner & Schibler, 1989; Frain et al., 1989; Baumhueter et al.. 1988; 

Zhou & Yen, 1991). The results of this DNase I footprinting analysis also demonstrated 

that a protein present in Huh7 nuclear extracts was capable of binding the PS(I) 

promoter HNFI recognition sequence (Fig. VII. 10). The Huh7 nuclear extract protected 

a 30-nucleotide region, spanning nucleotides -99 to -69 on the minus strand, of the 

PS(I) promoter fragment used in the footprinting assay. The protected region 

e n c o m p a s s e d  t h e  1 3 - n u c l e o t i d e  H N F I  b i n d i n g  s i t e  

(AG 1TTGGA^C7'AATCA7T^ytCTAGATGTTd; the HNFI site is indicated by italics).
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Neither the HepG2.1 nor the HeLa nuclear extracts protected any region of the 423- 

base-pair PS(1) promoter fragment (Fig. VII. 10). Both of these extracts formed a 

complex with the HNF1 binding site oligonucleotide in the gel mobility shift assay (Fig. 

VII. 9), but the complexes migrated in a slightly different position from that of the 

Huh7 nuclear extract and appeared to be present in much lower amounts than the Huh7 

complex. Whether the HepG2.1 and HeLa extracts contain vHNFl or a different 

polypeptide that binds the HNF1 recognition sequence, the absence of a footprint using 

these extracts is probably due to the relatively low level of the polypeptide in these cell 

lines. The DNase I footprinting analysis also identified the location of the TBP binding 

site in the HBV PS(1) promoter. Purified TBP (TFIID, Promega) protected a region of 

the PS(1) promoter from -40 to -25 (TTATATAATATACCCG on the minus strand; the 

TBP site is indicated by italics), which includes the TATATAA sequence located from 

-31 to -25 which is similar to eukaryotic TATA box elements.

The protection of the HNF1 recognition sequence by Huh7 nuclear extract, the 

formation of a gel retardation complex with similar migration properties to the 

recombinant HNF1, and the dependence on the HNF1 binding site for PS(I) promoter 

activity in differentiated hepatoma cells are consistent with the suggestion that these 

differentiated hepatoma cells contain a level of functional HNFI polypeptide which is 

sufficient to transactivate the large surface antigen promoter. The absence of a 

detectable footprint using HepG2.1 and HeLa cell nuclear extracts in the DNase I 

protection analysis was consistent with the suggestion that the HepG2.1 and HeLa cell 

lines do not express a level o f HNFI or H N FI-related polypeptide necessary to 

transactivate the large surface antigen promoter.

The transcrip tion  fac to r HNFI binds its palindrom ic target sequence, 

GTTAATNATTAAC, as a dimer (Frain el al.. 1989; Nicosia el a!., 1990; Chouard et a!., 

1990). One might expect that binding of HNFI to its recognition sequence would be 

orientation-independent because of these structural features. However, none of the 

identified HNFI binding sites conforms to the perfect palindrome of the consensus 

recognition sequence. Therefore, the influence of the orientation of the HBV large
i
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surface antigen promoter HNF1 binding site on the activity of a minimal promoter 

element was examined in the absence and presence of exogenously expressed HNFI in 

HepG2.1 cells. A double stranded oligonucleotide containing the PS(1) promoter HNF1 

binding site was inserted upstream of a PS(1) minimal promoter element, PS(l)pA2840- 

2767LUC, in the same or opposite direction relative to its orientation in the HBV 

genome (Fig. VII. 11). These constructs were cotransfected with the expression vector 

containing the HNF1 cDNA, pMTHNFl, or the negative control expression vector, pMT. 

Comparable levels of transactivation by the HNF1 polypeptide were mediated by the 

minimal promoters regardless of the orientation of the HNF1 binding site. The full- 

length and minimal promoter constructs containing the HNF1 binding site were induced 

seven- to 14-fold by the expression of HNF1, whereas the minimal promoter construct 

which did not contain the HNFI binding site, PS(I)pA2840-2767LUC, was not induced 

by the expression of HNFI. These results are consistent with those of two groups who 

investigated the effect of orientation of the HNFI binding site using in vitro 

transcription systems. The HNFI binding sites from the Xenopus albumin promoter and 

the human al-antitrypsin promoter were both able to support in vitro transcription, 

regardless of their orientation, in the context of a minimal promoter using liver nuclear 

extracts (Ryffel et al.. 1989; Monaci et a!.. 1988). In this transfection system, the 

minimal promoter constructs containing the HBV HNFI binding site demonstrated a 

relative activity of approximately 10-fold greater than the full-length PS(1) promoter 

construct and approximately 20-fold greater than the construct deleting through -91 

(PS(l)p¿2840-27l8LUC) in the absence of exogenously expressed HNFI in HepG2.1 

cells. This observation suggested that either the position of the HNFI binding site, 

perhaps relative to the TATA box element, or the deletion of sequences between -76 and 

-42, affected the basal activity from this minimal promoter. Although the activity of 

the PS(I) promoter was not dependent upon the HNFI recognition sequence in HepG2.1 

cells, it is possible that the closer positioning of the binding site to the TATA box 

element may enable interaction between transcription factors that was not possible at the 

greater distance, resulting in higher transcriptional activity. It is also possible that a
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negative element exists between -76 and -42, which when deleted results in a higher 

level of basal transcription, but does not affect the inducibility by HNF1. The questions 

regarding spacing of the HNF1 site and the TATA box and the possibility of a negative 

element between -76 and -42 were addressed by experiments described in sections VII. 

M and VII. N. An additional possibility to explain the higher basal activity from these 

synthetic minimal promoter constructs is that the sequences created at the junction of 

the oligonucleotide and the minimal promoter construct formed an artificial positive 

element. The possibility of creating artificial elements always exists when making 

synthetic promoter constructs and demonstrates the importance of trying to maintain the 

integrity of the promoter being characterized and to confirm and support the data by 

performing other experiments.

The ability  of the human albumin HNF1 binding site to mediate HNFI 

responsiveness was also examined in the context of a PS(1) minimal promoter construct 

in HepG2.1 cells. A double-stranded oligonucleotide containing the albumin recognition 

sequence was inserted upstream of the large surface antigen promoter sequences in the 

construct PS(l)pA2840-2767LUC to generate the clone PS(1)pa2840-2767AHNF1(+)LUC 

(Fig. VII. 11). Like the HBV HNFI recognition sequence, the human albumin HNFI 

recognition sequence appears to mediate HNFI induction by exogenously expressed 

HNFI in the context of the HBV PS(1) minimal promoter containing the TATA box 

element. The level of transcriptional activation was similar to that of the full-length 

PS(I) promoter construct and of the two constructs containing the HBV HNFI site 

inserted upstream of the PS(1) minimal promoter element, indicating that the two 

elements were comparable in their ability to mediate the influence of HNFI in this 

system. The sequences of the HBV PS(1) promoter (GTTAATCATTACT) and human 

albumin promoter (GTTAATAATCTAC) HNFI binding sites differ by four of the 12 

conserved sequences in the consensus binding site (GTTAATNATTAAC) (Courtois el at., 

1988), although each one only differs from the consensus by two nucleotides in the 3' 

half of the binding site. It appears that these sequence differences do not influence the 

ability of the transcription factor HNFI to mediate its effects through these binding
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sites. This is not surprising as more than 25 HNF1 binding sites in various liver genes 

have been identified and none has exactly the same sequence (Tranche & Yaniv, 1992).

The deletion analysis and the transactivation of the synthetic minimal promoter 

constructs containing the HNF1 recognition sequence demonstrated the importance of the 

HNF1 element for the activity of the large surface antigen promoter (Fig. VII. 6, 8, II). 

The dependence on HNF1 for the liver specific transcriptional activity of several other 

promoters has been shown in both transient transfection systems and in in vitro 

transcription systems (Cereghini el al., 1988; Cereghini el al.. 1990; Courtois et al.. 1988; 

Courtois et al., 1987; Feuerman et al., 1989; Hardon et al.. 1988; Ryffel et al., 1989; 

Tsutsumi et at., 1989; Vaulont et at., 1989). The HNF1 binding site plus a TATA box 

element has been shown to support in vitro transcription using liver nuclear extracts 

(Ryffel et al., 1989). To determine whether the HBV large surface antigen promoter 

HNF1 binding site and TATA box element were enough to support transcriptional 

activity in this transient transfection system, synthetic promoter constructs were made 

containing the HBV HNF1 recognition sequence, the HBV PS(1) promoter TATA box 

element, or both, upstream of the luciferase ORF. These plasmids were transfected into 

HepG2.1 cells in the absence or presence of the HNF1 expression vector and their 

activities reported relative to that of the full-length PS(1) promoter in the absence of 

exogenously expressed HNF1. These experiments were performed to determine if these 

two elements could support transcription in the absence of any of the other HBV 

sequences, or if additional HBV sequences were needed for their function. The results 

(Fig. VII. 12) demonstrated that the plasmids containing either the TATA box element or 

the HNFI binding site could support transcription, to levels approximately 20% and 40% 

of the PS(I) promoter, respectively, in the absence of exogenously expressed HNFI. 

These individual promoter elements can apparently recruit the basal transcriptional 

machinery effectively enough to generate a low level of activity. The combination of 

the HNFI and TATA box elements results in transcriptional activity equivalent to that 

of the full-length PS(1) promoter in the absence or presence of HNFI. Both of the 

constructs containing the HNFI binding site were transactivated to levels similar to the
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full-length PS(1) promoter by the expression of HNF1, whereas the construct containing 

only the TATA box element upstream of the luciferase ORF was not. These results 

indicate that the HBV PS(1) promoter HNF1 site can mediate transcriptional activation 

by HNF1 in the absence of all other HBV sequences. The TATA box and HNF1 

elements appear to comprise all of the sequences necessary for the regulated transcription 

from the large surface antigen promoter in this transfection system, and although other 

factors may exert small modulatory effects which are difficult to detect in this system, it 

is clear that the transcription factor HNFI is crucial for the regulation of the large 

surface antigen gene. These results indicating that HBV sequences other than the HNFI 

and TATA box elements are not necessary for HNFI-dependent activity of the PS(1) 

promoter contradict those which suggest that an Oct-1 transcription factor binding site 

located 15 nucleotides downstream of the HNFI binding site is necessary for liver 

specific transcriptional activity in HepG2 and Huh7 cells and for HNFI transactivation 

of the large surface antigen promoter in HeLa cells (Zhou & Yen, 1991). One of the 

differences in the two analyses which could account for the apparent contradiction is the 

subtype of the HBV sequence used. In this analysis the subtype ayw is used, whereas 

adw was used for the other report. The consensus Oct-1 binding sequence is 

ATTTGCAT, the adw sequence is ATTTACAT, and the ayw sequence is ATI'l ACAC. 

The Oct-1 binding sequences only differ between these two subtypes by one nucleotide, 

but that nucleotide decreases the sequence homology of the ayw subtype to six of eight 

nucleotides, whereas the adw subtype contains seven of eight of the consensus sequence 

nucleotides. Additional experiments to address this issue were performed and are 

described in section VII. N.

The demonstration that the synthetic construct containing the HNFI recognition 

sequence and the TATA box element could mediate HNFI-dependent transcriptional 

activation permitted the analysis of a series of plasmids in which the distance between 

these two promoter elements was altered by deletion or by addition of linker sequences. 

The results shown in Fig. VII. 11 raised the question as to whether the spacing between 

these two binding sites influenced the 10-fold increase in the basal level of activity from
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the constructs PS(l)pa2840-2767HNFl(+)LUC and PS(l)pA2840-2767HNFl(-)LUC. The 

distance between the HNF1 recognition sequence and the TATA box element in the 

PS(1) promoter is 45 nucleotides, and in the two constructs mentioned above, it is 22 and 

21 nucleotides, respectively. In the synthetic promoter spacing series of constructs, the 

distance between the HNF1 and TATA elements varied between 10 and 66 nucleotides. 

The transcriptional activities of the constructs were measured in HepG2.1 cells in the 

absence and presence of exogenously expressed HNF1 and were compared with the 

activity of the full-length PS(1) promoter in the absence of exogenously expressed 

HNF1. The results (Fig. VII. 13) demonstrated that some variation in the levels of 

activity existed between constructs, and this variation suggests that the distance between 

the two elements may play a role in determining the level of transcription from these 

synthetic promoters. As the length of one turn of the DNA helix is approximately 10 

nucleotides, the 10-nucleotide periodicity of higher relative activities from the constructs 

suggested that binding by HNF1 and TBP on the same face of the DNA helix may be 

preferential for the increased transcriptional activity mediated by these factors. The 

level of activity from the synthetic construct containing the two elements separated by 

45 nucleotides, the distance in the PS(1) promoter, was similar to the activity from 

PS(l)pLUC (data not shown), suggesting that these two elements, HNFI and TBP, are 

sufficient to generate the transcriptional activity of the PS(I) promoter. In addition, 

transcription from the synthetic promoters did not substantially increase or decrease as 

the distance changed, even when the distance between the two elements was reduced to 

only 10 nucleotides, although it appeared to show a general trend towards lower activity 

as the distance between HNFI and TBP increased. This observation suggested that as 

the distance between the HNFI and TATA box elements increased, the interaction of 

the factors with the DNA binding elements was less efficient at activating transcription.

Clustered point mutations were made in the region of the large surface antigen 

promoter between the HNFI binding site and the TATA box element, between 

nucleotides -73 and -34. The S' deletion analysis demonstrated that the sequences 

upstream of -90 were not necessary for the majority of the transcriptional activity
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observed in differentiated hepatoma cell lines, nor were they required for activation by 

HNF1. Although the spacing constructs demonstrated that only the HNF1 recognition 

sequence and TATA box element were necessary for transcriptional activity and HNF1 

inducibility, it was of interest to determine whether the sequences downstream of the 

HNF1 binding site had an influence on this activity for two reasons. First, the 

experiments described in Fig. VII. 11 demonstrated that the uninduced level of activity 

from the minimal promoter constructs containing the HNF1 binding site [PS( 1 )p&2840- 

2767HNF1(+)LUC and PS(l)pA2840-2767HNFl(-)LUCJ was 10-fold higher than the 

full-length promoter in the absence of HNF1, but the level of induction by HNF1 was 

essentially equivalent to the full-length PS(1) promoter. This suggested the possibility of 

a negative element in the region between -76 and -42 that affects the uninduced activity 

from the promoter. Second. Zhou and Yen (1991) suggested that the Oct-1 sequence, 

located between nucleotides -61 and -54, was necessary for the HNF1 -dependent 

activity of this promoter in differentiated hepatoma cell lines and for HNF1 inducibility 

by exogenously expressed HNFI in HeLa cells. Each of the four mutant constructs, 

PS(l)pMlLUC to PS(l)pM4LUC, contained a 10-nucleotide mutated region between -76 

and -42 (Fig. VII. 14A) and were transfected into HepG2.1 cells in the absence or 

presence of the HNFI expression vector, pMTHNFl. All of the mutant constructs were 

made by PCR synthesis and some contain PCR errors. The PS(l)pMlLUC construct is 

missing a nucleotide within the mutated region. The resulting clone contains the desired 

mutation but decreases the distance between the HNFI binding site and TATA box 

element by one nucleotide. The data from the spacing constructs indicated that the 

distance between these two elements was not critical for similar activity, so the 

PS(l)pM lLUC construct was used. A PCR synthesis error was introduced in the 

PS(l)pM4LUC construct at nucleotide 2753 (-56), substituting an A for a G.

The results demonstrated that none of the mutations affects the uninduced or 

HNFI-induced activity from this promoter in HepG2.1 cells to a large extent (Fig. VII. 

14B). The levels of activity were within 2.5-fold of the full-length promoter in the 

absence of HNFI, and the levels of transactivation by HNFI were within the range
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observed for the full-length promoter and the parental deletion construct, PS( 1 )pA2840- 

2707LUC. Mutation of these sequences did not result in much greater transcriptional 

activity, suggesting that a negative element does not exist in this region and therefore 

does not answer the question as to why the PS(l)pA2840-2767HNFlLUC constructs show 

a higher level of uninduced activity in HepG2.1 cells. However, the mutations in these 

constructs did not cover the entire region that was deleted in the PS(I)pA2840- 

2767HNF1LUC constructs, and it is possible that mutating a larger region, or a different 

region within this 34-nucleotide segment, could define a negative element if it exists. 

An alternative explanation for the high uninduced level of activity from the 

PS( 1 )pa2840-2707LUC construct is that an artificial positive element was created by the 

juxtaposition of the oligonucleotide sequences and the HBV minimal promoter sequences. 

The mutation in the construct PS(l)pM2LUC changed six of the eight nucleotides of the 

Oct-1 binding site, which has been reported to be essential for HNF1 transactivation 

(Zhou & Yen, 1991), and the relative activities from this construct were essentially 

equivalent to those of the full-length and parental constructs in the absence or presence 

of HNF1 in HepG2.1 cells. The mutant constructs, the spacing constructs and the 

minimal promoter containing the HNF1 binding site yielded the same results, that the 

Oct-1 binding site is not necessary for HNF1 transactivation in HepG2.1 cells. This 

apparent contradiction to the results of Zhou and Yen (1991) may be a reflection of 

differences in the two systems being used. In the study by Zhou and Yen (1991), the 

adw subtype of HBV was used, which has a different Oct-1 sequence (ATTTACAT) 

from the ayw sequence (ATTTACAC) used in this study. The mutant constructs used in 

the two studies also differed. The adw sequence was changed to AAGGACAT, whereas 

the ayw sequence was changed to GGTACCCT. In addition, the cell lines used in these 

studies were different. Zhou and Yen (1991) presented data from transfection 

experiments using HepG2 and HeLa cells and reported that Huh7 results were similar, 

but they did not show the Huh7 data. In this study, Huh7 and HepG2.l cells were used 

for the transfection experim ents. The HepG2 and Huh7 cells both represent 

differentiated human hepatoma cell lines, but may have differences that could affect
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these transfection results. HeLa cells are human, non-hepatoma cells lacking HNF1, and 

HepG2.1 cells are dedifferentiated human hepatoma cells which appear to lack levels of 

functional HNF1 necessary for activating transcription from the HBV large surface 

antigen promoter. It seems possible that these two cell lines might differ enough that 

the results of transient transfections using these cell lines for the exogenous expression 

of HNF1 may differ.

All of these mutant constructs were also transfected into Huh7 cells and their 

activities compared with those of the full-length and PS( 1 )pa2840-2707LUC constructs. 

As in the HepG2.1 cells, the activities of PS(l)pM3LUC and PS(l)pM4LUC were 

approximately the same as the control plasmids. The activities of the PS(l)pMlLUC and 

PS(l)pM2LUC constructs were approximately four- to five-fold lower than the control 

plasmids in Huh7 cells. It is possible that the proximity to the HNF1 recognition 

sequence of these mutations (three to 12 and 13 to 22 nucleotides, respectively) affects 

the efficiency of endogenous HNF1 binding to its recognition sequence and reduces the 

activity level by approximately four-fold. This effect was not observed in the HepG2.1 

cells in the presence of exogenously expressed HNF1, possibly due to a difference in the 

level of transcription factor present when it is exogenously expressed. The level of 

exogenously expressed HNF1 in HepG2.1 cells may be higher than the endogenous 

HNF1 in Huh7 cells, and HNF1 may be present in enough excess that it can overcome a 

reduced efficiency of binding so that no effect is observed in HepG2.1 cells. These 

mutated constructs did retain relatively high levels of activity when compared with the 

constructs lacking the HNF1 binding site. These results are inconsistent with those 

demonstrating the importance of the Oct-1 binding site in HNF1 -dependent activity in 

HepG2 cells (Zhou & Yen, 1991). In that analysis, mutation of the Oct-1 binding site 

resulted in a greater than 10-fold decrease in activity in HepG2 cells, to levels similar to 

the activity in HeLa cells. In this analysis, the relative activity decreased only four-fold 

upon mutation of the Oct-1 site in Huh7 cells, and this relative activity is 30- to 70-fold 

higher than the relative activity of the PS(1) promoter in HepG2.l or HeLa cells (Table 

VII. 2). These data are consistent with the HepG2.l data in that the HNF1-dependent
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activity from the PS(1) promoter observed in these cell lines is not dependent upon the 

Oct-1 site, whereas in the study by Zhou and Yen (1991), the Oct-1 site is essential for 

HNF1-dependent activation of PS(1) promoter transcription.

The importance of the HNF1 binding site to the activity of the HBV large 

surface antigen promoter has been demonstrated by deletion analysis (Fig. VII. 6 and 8). 

The construct PS(l)pA2840-2425M5LUC, which contains a mutation of the HNF1 

recognition sequence, was made to determine whether other HBV sequences could 

compensate for the activity of the HNF1 binding site in its absence. The results, shown 

in Fig. VII. 14, were consistent with those of the deletion analyses indicating that the 

HNF1 binding site was not necessary for the low level of transcriptional activity present 

in HepG2.1 cells, but was absolutely critical for transactivation of the promoter in the 

presence of exogenously expressed HNF1. In Huh7 cells, the mutant construct 

PS(l)pA2840-2425M5LUC had essentially no transcriptional activity, which was also 

consistent with the suggestion that the HNFI binding site is the mediator of the HNF1- 

dependent activity of the large surface antigen promoter. These experiments were also 

performed with a construct which contains the HNFI (MS) mutation in the context of 

the full-length genome and the results were the same as with the PS(l)pn2840- 

2425MSLUC plasmid. The results were not shown because the full-length MS plasmid, 

PS(l)pMSLUC, contained three point mutations as a result of PCR synthesis. The point 

mutations were in regions previously shown not to be important for activity of this 

promoter, but their effect in this plasmid is unknown. It is apparent from these 

experiments that the HNFI recognition sequence located between nucleotides -90 and 

-77, and no other promoter or enhancer element, is the critical component in the HNF1- 

dependent activity of the large surface antigen promoter.

The cloning of the HNFI cDNA permitted the analysis of the ability of the 

HNFI polypeptide to transactivate promoters containing the HNFI recognition sequence. 

The ability to demonstrate transactivation by the exogenously expressed HNFI 

polypeptide permitted the characterization of the region of the polypeptide mediating 

this transcriptional activation. A series of deletion mutants of the HNFI cDNA in the
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expression vector pMTHNFl was tested for its ability to activate transcription in 

HepG2.1 cells from plasmids containing the HNF1 recognition sequence (Fig. VII. 15). 

Gel retardation analysis was performed using nuclear extracts prepared from HepG2.1 

cells transfected with the truncated HNF1 expression vectors to demonstrate that the 

polypeptides being produced were able to bind the HNF1 recognition sequence. The 

results (Fig. VII. 16) demonstrated that polypeptides produced by the truncated 

expression vectors formed complexes with the HNF1 binding site that decreased in size 

corresponding to the extent of the cDNA deletion. The complex formed with the 

nuclear extract containing the full-length polypeptide comigrated with the band observed 

in untransfected Huh7 cells, suggesting that the Huh7 cells express HNF1. These 

experiments confirmed that the expression vectors that did not show transactivation did 

produce polypeptides capable of binding the HNF1 recognition sequence. The results of 

the gel mobility shift analysis suggested that transfection of the HNF1 expression vectors 

may result in the synthesis of different amounts the truncated polypeptides. To 

determine whether the amount of expression vector transfected affected the activation of 

the large surface antigen promoter, increasing amounts of HNF1 expression vectors were 

transfected into HepG2.1 cells. The results of this experiment demonstrated (Fig. VII. 

17) that the level of induction by HNFI increased as the amount of transfected vector 

increased and that increasing the amount of vectors which did not transactivate did not 

affect the PS(1) promoter activity. The mapping of the transactivation domains of the 

HNFI polypeptide was not affected by the amount of expression vector transfected. 

The gel retardation complex formed with untransfected HepG2.1 nuclear extract also 

demonstrated a low level expression of a specific DNA binding polypeptide with slightly 

faster migration properties than HNFI, suggesting the presence of vHNFI in the 

dedifferentiated HepG2.1 cells. This is consistent with the expression pattern of vHNFI 

in other dedifferentiated hepatoma cell lines (Cereghini el at., 1988; Mendel & Crabtree, 

1991; Baumhueter et al.. 1988; De Simone et al.. 1991).

Several structural features of the HNFI polypeptide have been characterized and 

the HNFI cDNA deletion constructs used to identify the activation domain were
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designed to retain the elements of the polypeptide in the amino-terminal half of the 

polypeptide which were required for sequence-specific DNA binding. These elements 

include a dimerization domain in the amino-terminal 32 amino acid residues, a region 

with homology to the A subregion of the POU-specific domain present in Pitl/C H Fl, 

Oct-1 and Oct-2, and Unc-86, and a divergent 81-amino acid homeodomain in the 

amino-terminal 281 amino acids (Frain et al.. 1989; Chouard el al.. 1990; Nicosia et al., 

1990). A transcriptional activation domain was identified between amino acids 393 and 

317, with the region between amino acids 438 and 476 contributing the majority of the 

transactivation of the large surface antigen promoter. Recently, a transactivation domain 

corresponding to the one identified in this study was mapped in HNF1 cotransfection 

experiments in HeLa cells using the albumin and C-reactive protein HNF1 binding sites 

(Toniatti et al., 1993). The critical region between amino acids 438 and 476 contains a 

high concentration of glutamine and proline residues. These two amino acids comprise 

30% of the residues in this 18-amino acid region. Several transcription factors appear to 

have activation domains characterized by high concentrations of particular amino acids, 

such as the proline-rich domains of AP-2 and CTF/NF-1, the glutamine-rich activation 

domains of Spl, Oct-1, and Oct-2A, and the negatively charged domains of AP-1, VP16 

and GAL4 (Hope A Struhl, 1986; Ma A Ptashne, 1987; Triezenberg el al.. 1988a; 

Williams et al.. 1988; Seipel et al., 1992; Mermod et al., 1989; Courey A  Tjian, 1988; 

Mitchell A Tjian, 1989; Kadonaga et al., 1988; Williams A  Tjian, 1991; Bohmann A 

Tjian, 1989). It is thought that the activation domains function by mediating 

interactions between the sequence specific transcription factors and other proteins, either 

components of the general transcription machinery, or coactivators. Different types of 

activation domains may interact with different components of the general transcription 

machinery or may communicate with specific coactivators, which may increase the rate 

of transcription initiation. The Spl glutamine-rich activation domain appears to interact 

with a TBP:TAFU250:TAF„110 complex in the Drosophila system (Weinzierl et al„ 1993). 

Recent evidence supports a model for different functional mechanisms of action for 

different classes of activation domain (Seipel et a!.. 1992). It appears that glutamine-
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rich activation domains act from sites close to the promoter but do not work from 

remote positions, as an enhancer element might. Negatively charged domains, such as 

those in VP16, GAL4, and p63 (NF-k£), and the serine/threonine-rich domains of ITF- 

1 and ITF-2 were able to activate transcription from remote (i.e., enhancer) as well as 

proximal positions, and proline-rich domains typical of CTF/NF1 and AP-2 were good 

proximal activators and weak activators from remote positions (Seipel et al„ 1992). 

Analyses such as this may help to characterize the modes of action used by different 

transcription factors based on the structure of their activation domains. These modular 

activation domains may interact with different coactivators/TAFs or strengthen 

interactions with targets present in limiting concentrations. It has been suggested that 

the factors containing 'proximal* activation domains may interact directly with the basal 

transcription machinery and that different classes of activation domains, such as the 

acidic, glutamine-rich and proline-rich domains, interact with different proteins in the 

preinitiation complex. Based on the identification of the activation domain of HNF1 in 

this analysis, it would appear that the HNF1 activation domain might fall into the 

'proximal* position activator group, unable to activate from a remote position unless the 

glutamine/proline activation domain of HNF1 possesses the weak distal activation 

characteristics of the proline-rich domains identified. In HBV, HNF1 appears to act 

from a proximal position. The HNF1 protein bound to the HNF1 recognition sequence 

located at -89 to -78 upstream of the large surface antigen transcription initiation site 

mediates strong transcriptional transactivation, whereas the same site which is located 

427, 1760, and 2235 nucleotides upstream of the major surface antigen, X gene, and 

nucleocapsid transcriptional start sites does not affect transcription from these promoters 

(Raney et a!., 1991a).

The results of this analysis differed from a previous study which identified the 

transactivation domains of the HNFI polypeptide using an in vitro transcription system 

with the albumin promoter HNFI recognition sequence (Nicosia et al., 1990). The 

regions identified as important for transcriptional activation in the in vitro system were 

located from amino acids 281 to 318 and from amino acids 547 to 628. These regions
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had no effect on the activation by the HNF1 polypeptide of the three promoter 

constructs analyzed in this transient transfection system, including a minimal promoter 

containing the albumin HNF1 binding site. The region between amino acids 302 and 

316 had a small effect, less than two-fold, on the activation level mediated by HNF1 in 

the transfection system, but no effect was observed upon deletion of amino acids 348 to 

628. The results of the internal deletions (Fig. VII. 13) confirmed those of the 3’ 

deletions, demonstrating that neither the region from residues 281 to 318 nor the region 

from 347 to 628 mediated the activation from the HNF1 polypeptide in the transfection 

system, thus defining mutually exclusive regions of the polypeptide as activation 

domains (Tronche & Yaniv, 1992). This result is interesting because the mapping of the 

Spl activation domains concurred in in vitro transcription and transient transfection 

systems (Courey & Tjian, 1988; Kadonaga el at.. 1988). The difference in the sequences 

of the HNF1 binding site cannot account for the different results because the albumin 

HNF1 binding site was used in both analyses. A possible explanation which could 

account for the apparent differences in the characterization of the activation domains of 

HNFI is the differences in the nature of the systems used. In the in vitro transcription 

study, a rat spleen nuclear extract which was complemented by nuclear extract from 

HNFI-recombinant vaccinia virus infected HeLa cells, was supplied with a template 

containing polymerized HNFI binding sites from the albumin promoter inserted next to 

the herpes simplex virus thymidine kinase (HSV-TK) promoter TATA box element. In 

this study, the dedifferentiated hepatoma cell line HepG2.1 was cotransfected with the 

promoter construct and the expression vector containing the HNFI cDNA. It is likely 

that the composition of transcription factors in the spleen nuclear extract complemented 

with vaccinia virus HeLa cell nuclear extract is different from the HepG2.1 cells in 

culture. Different cell-type specific coactivators present in each system may be 

mediating the activity of HNFI by interacting with distinct regions of the polypeptide, 

resulting in the mapping of different domains which are important for transactivation in 

the two systems. Evidence that a cell-type-specific inhibitor it involved in the control 

of c-Jun activity has resolved a similar discrepancy in the findings of a transfection
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study using F9 teratocarcinoma cells (Angel et at., 1989) and an in vitro study using 

HeLa cell extracts (Bohmann A Tjian, 1989) mapping the activation domains of c-Jun. 

It was observed that an activation domain, A l,  of c-Jun  was necessary for 

transactivation of AP-1 containing promoter elements in transfection of F9 cells (Angel 

el al.. 1989), whereas this region had no activity in the HeLa in vitro system (Bohmann 

A Tjian, 1989). Further experiments have demonstrated that the Al site is an activation 

domain and increases activation in Drosophila Schneider line 2 (SL2) cells, human 

hepatoma HepG2 cells and F9 cells in transfection experiments (Baichwal & Tjian, 

1990). This region also activated transcription in an in vitro transcription system using 

Drosophila SL2 extracts but not when using HeLa extracts (Baichwal A Tjian, 1990). 

Competition experiments demonstrated that a cell-type-specific inhibitor in HeLa cells 

represses the activity of the Al activation domain and explains the differences in the 

initial mapping of the activation domains of c-Jun (Angel et al., 1989; Bohmann & 

Tjian, 1989). The inhibitor appears to interact with the negative regulatory domain, 4, 

and an additional domain («), which are adjacent to the Al domain, to modulate the 

activity of Al (Baichwal et al., 1992). This inhibitory activity is not present in the other 

cell types examined (Angel et al., 1989; Baichwal A Tjian, 1990; Baichwal et al., 1992). 

Very recently, a transfection study was reported (Toniatti et al„ 1993) which confirms 

the presence of an HNF1 activation domain in the glutamine/proline-rich region of the 

HNF1 polypeptide identified as critical for mediating transactivation of the HBV large 

surface antigen promoter (Fig. VII. 13).

A transcription factor related to HNFI, variant HNFI (vHNFI), binds the same 

recognition sequence as HNFI, can transactivate a promoter containing the HNFI 

binding site, and can form heterodimers with HNFI (Baumhueter et al„ 1988; De Simone 

et al., 1991; Rey-Campos et a!., 1991; Mendel et al., 1991a). vHNFI is expressed in 

differentiated and dedifferentiated hepatoma cell lines and in the same tissues as HNFI 

such as liver, kidney and intestine, although at different levels (Bach et al., 1991; Rey- 

Campos et al., 1991). The cDNA for vHNFI has been cloned and sequenced and the 

predicted protein exhibits structural features characteristic of homeoproteins (Rey-
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Campos et al., 1991). The highest degree of sequence homology to HNF1 exists in the 

regions important for dimerization and specific DNA binding. The carboxy-terminal 

portion of the proteins do not contain a high level of homology, and there is no 

homology in the regions of the activation domains mapped by in vitro transcription 

(Nicosia el al., 1990; De Simone el a!., 1991; Rey-Campos et a!., 1991; Mendel el al.. 

1991a; Bach et al., 1991). As the vHNFl polypeptide is only 557 amino acids long, it 

lacks the carboxyl-terminal portion of the polypeptide which contains one of the two 

previously defined activation domains. Interestingly, one region in the carboxy-terminal 

half of the polypeptide which shows homology to HNF1 is in the region between 

residues 393 and 348, the activation domain identified in this study. This region 

displays 34% amino acid identity (71 of 132 residues), and the region critical for 

activation of the large surface antigen promoter, between amino acid residues 438 and 

473, displays 78% amino acid identity. The conservation of these regions suggests that 

the transactivation function of the vHNFl polypeptide could be mediated by the same 

domain as the one identified in HNF1 on the large surface antigen and albumin HNF1 

recognition sequences in transient transfection assays. vHNFl was initially thought to 

exhibit a different tissue distribution from HNFI and the two appeared to be mutually 

exclusive in differentiated versus dedifferentiated hepatoma cell lines. However, it has 

recently been shown that vHNFl is expressed in liver tissue and differentiated hepatoma 

cell lines (Bach et al.. 1991; Rey-Campos et al., 1991), and that vHNFl can transactivate 

the albumin promoter in transient cotransfection experiments (Rey-Campos et al., 1991). 

It would be very interesting to characterize the domain responsible for this activation to 

determine whether it is the same or a different domain from the one utilized by HNFI 

in transient transfection systems. This study has been initiated by inserting the vHNFl 

cDNA into an expression vector to perform the deletion analysis of the cDNA in an 

effort to identify the transcriptional activation domain of vHNFl in transient 

transfection experiments.

Heterodimerization has been shown to be an effective mechanism to alter the 

activity and binding specificity of transcription factors. The AP-1 family of proteins.
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including the Fos proteins and Jun proteins, heterodimerize, and Fos/Jun heterodimers 

bind DNA and activate transcription more efficiently than Jun homodimers (Curran & 

Franza, 1988). The heterodimerization of two homeodomain proteins, the yeast mating 

type factor Mat al and Mat a2, appears to change the binding specificity of Mat <*2 

(Goutte & Johnson, 1988; Dranginis, 1990). Similarly, the binding specificity of two Jun 

heterodimers, Jun /F os  and Jun/CREB, is d ifferent. The Jun/Fos heterodimer 

preferentially recognizes AP-I sites over the related CRE recognition sequence 

(M acgregor el a l.,  1990). In co tran sfec tio n  experim en ts, it appears that 

heterodim erization of vHNFl and HNF1 does not have a strong effec t on the 

transactivation of the albumin promoter proximal element (Rey-Campos el al., 1991; De 

Simone el at.. 1991; Mendel el al.. 1991a). The relative amounts of vHNFl and HNF1 

homodimers and heterodimers in different tissues may affect the activities of HNF1- 

binding-site-containing genes in different tissues. Heterodimerization could also 

broaden the spectrum of coactivators or general transcription factors through which these 

factors might act.

The results of the studies described here indicate that the transcriptional 

regulation of the HBV large surface antigen gene appears to be relatively simple. The 

viral enhancer elements have little, if any, effect on this promoter, and the minimal 

regulatory region appears to comprise two critical binding elements, the hepatocyte 

nuclear factor 1 recognition sequence and the TATA box element. Other elements may 

subtly modulate the activity from this promoter, but in the transfection system used for 

this study, the majority of transcription from the large surface antigen promoter appears 

to be mediated by the factors that bind the HNFI and TATA box elements.

The role of liver-specific, or liver-enriched transcription factors in the regulation 

of HBV transcription is central to the life cycle of the virus. Generation of the 

replication template is dependent upon the nucleocapsid promoter, which exhibits liver 

cell type specificity, and production of the infectious viral particle is dependent upon 

the assembly of the correct proportion of viral polypeptides. As the large surface 

antigen is an essential component of the virion, the tissue-specific regulation of its rare
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mRNA is likely to be an extremely important aspect of the viral life cycle. HNF1, like 

its homeoprotein counterparts shown to be important in the development of many 

organisms, plays a key role in the appropriate regulation of the expression of this mRNA 

and is therefore a major influential factor in the life cycle of HBV. The regulation of 

HNF1 itself and the means by which HNF1 mediates its effects, through coactivators or 

by direct interaction with the general transcription machinery, or by heterodimerization 

with other factors to alter its specificity, are areas which provide many opportunities for 

studying both the biology of HBV and the more basic mechanisms of transcriptional 

regulation.
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