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Co-transcribed 3' host sequences augment expression
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We have previously reported the cloning and structural
analysis of integrated hepatitis B virus DNA copies from the
human hepatoma cell line PLC/PRF/5. Here we show that
the cloned DNA fragments of 10.7 kb and 10.5 kb contain
intact coding sequences for HBsAg since Ltk- cells trans-
fected with these DNAs secrete considerable amounts of
HBsAg. We show for the 10.7-kb fragment that multiple
readthrough messages composed of viral as well as cellular
sequences are transcribed. These RNAs differ only in their 3'
sequences. Furthermore, the 10.7-kb insert leads to a sub-
stantial increase in HBsAg produced compared with HBV
DNA and with the 10.5-kb insert. We provide evidence that
the different 3' sequences on the HBsAg transcripts account
for the augmentation of expression.
Key words: hepatoma cell line/integrated hepatitis B virus
DNA/HBV surface antigen/hybrid host-virus mRNA/
increased expression

Introduction
Hepatitis B virus (HBV) infects human and primate hepato-
cytes and causes hepatitis and probably primary liver carci-
noma (PLC) in humans (Szmuness, 1978). We have previously
reported (Koshy et al., 1983; Koch et al., 1984b) the cloning
of different human DNA sequences with integrated HBV
DNA from PLC/PRF/5 cells (Alexander et al., 1976), which
were derived from human primary liver carcinoma tissue. The
cloned inserts were characterized by restriction mapping and
partially by nucleotide sequencing (Koshy et al., 1983; Koch
et al., 1984a, 1984b). Two of the fragments - designated
A-10.7 and A-10.5 - contain cellular flanking sequences
only on one side of the integrated viral DNA (Figure 1). On
the basis of restriction mapping and nucleotide sequencing it
appears that in A-10.7 and A-10.5 the HBV DNA sequences
as well as 187 nucleotides - with the exception of three bases
- of adjacent human flanking DNA are identical, but the re-
mainder of the cellular sequences are unrelated (see Figure 1;
Koch et al., 1984a). The viral sequences are co-linear with the
published HBV genome (Valenzuela et al., 1980).

Both A-10.7 and A-10.5 contain the HBV surface antigen
(HBsAg) gene (S gene) and two sequences implicated as the
S gene promoter, a 'TATA box' preceding the pre-S gene
(Pourcel et al., 1982; Gough, 1983; Rall et al., 1983) and a
region homologous to the SV40 late promoter sequence in the
pre-S gene (Cattaneo et al., 1983). However, integration was
such that both inserts lack the viral S gene termination region
downstream of the putative S gene polyadenylation signal

TATAAA as well as the viral poly(A) signal itself, which nor-
mally lies 1083 bp 3' of the S gene (Figure 1; Pourcel et al.,
1982; Gough, 1983; Cattaneo et al., 1983).
To study the functional properties of the integrated viral

sequences and their possible interaction with flanking host
DNA, the cloned DNAs were transfected into mouse Ltk -
cells. The S gene transcription and translation products are
characterized here in detail. Compared with the unintegrated
viral S gene, both cloned fragments lead to significantly aug-
mented HBsAg expression. This can be ascribed to distal
human sequences co-transcribed on hybrid host-virus
mRNAs.

Results
HBsAg secretion by transfected Ltk cells
To investigate whether HBsAg can be expressed despite the
loss of viral regulatory signals at the 3' end of the HBsAg
transcription unit, lambda Al 10.7 and lambda Al 10.5
(lambda recombinants containing A-10.7 and A-10.5, re-
spectively) were co-transfected with pFG5 (Colbere-Garapin
et al., 1979), containing the thymidine kinase (tk) gene of
herpes simplex virus I, into mouse Ltk - cells by the calcium
phosphate precipitation procedure (Graham and van der Eb,
1973; Pellicer et al., 1978). Cells were grown in selective
medium containing hypoxanthine, aminopterin and thymid-
ine (HAT). Two weeks after transfection colonies were pick-
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Fig. 1. Restriction maps of the cloned DNA fragments from PLC/PRF/5
cells. Cleavage sites are shown for the inserts A-10.7, A-10.5 and linearized
HBV DNA (subtype ayw) for comparison. The thin lines represent human
DNA, solid boxes HBV DNA and the open box HBV DNA not present in

A-10.7 or A-10.5. The viral sequences in A-10.7 and A-10.5 were truncated
by the cloning procedure due to an unexpected HindIll site within viral
DNA (Koshy et al., 1983). The thick arrow at the bottom marks the
location of the pre-S and S gene. The position of the viral S gene poly(A)
signal (TATAAA) is indicated. In A-10.7 and A-10.5, 187 nucleotides of
human flanking sequences - from the host-virus junction to the positions
marked by the arrows - are identical. The following subfragments of

A-10.7 are shown at the top: Hindlll-EcoRl (2.5 kb) and Hindlll-Pstl

(3.5 kb); both were used to map the region responsible for the augmented
HBsAg expression; the Accl-Bg/ll fragment (2.85 kb) was ligated to the

herpes simplex virus I tk gene to check for enhancer activity.
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Fig. 2. CsCl gradient sedimentation profile and electron micrograph of
HBsAg particles from supernatant medium of A-10.7 transfected cells.
Medium from - 1.5 x 108 Ltk 2425 cells - transfected with pAl 10.7
(A-10.7 in pBR327) - was centrifuged at 15 000 g for 24 h. The pellet was
resuspended in I ml of medium and submitted to CsCl density gradient
centrifugation (1.21 g/ml; 45 000 r.p.m. at 17°C for 60 h in a Beckman
SW 41 rotor). Fractions were collected from the bottom, diluted 1:100 and
HBsAg measured using the Abbott AUSRIA II radioimmunoassay (solid
circles). Open circles represent fraction densities. The peak fraction was
submitted to a second, identical CsCl gradient, dialysed and concentrated
by precipitation with 107o polyethyleneglycol 6000, adsorbed on carbon-
coated grids and particles visualized by staining with 2Wo uranyl formeate.

30.000

ed and transferred to culture wells.
Supernatant media from cells in culture wells were tested

for HBsAg by radioimmunoassay (AUSRIA II, Abbott). Six-
teen of 18 and four of 12 colonies transfected with lambda Al
10.7 DNA and lambda Al 10.5 DNA, respectively, secreted
HBsAg (see below). Thus A-10.7 and A-10.5 are able to
express HBsAg despite the absence of the viral S gene termin-
ation and polyadenylation signals in both cases.
To characterize the HBsAg product, supernatant medium

from one of the Ltk colonies (Ltk 2425) was submitted to
CsCl density gradient centrifugation. When fractions were
analyzed for HBsAg by radioimmunoassay a peak was seen
at 1.21 g/cm3 (Figure 2). This is typical for 22 nm HBsAg
particles, which are frequently found in infected human
serum (Gerin et al., 1969). Spherical particles of 20-25 nm
were detected by electron microscopy (Figure 2) after further
purification. 35S-labeled polypeptides were enriched and
examined by SDS-polyacrylamide gel electrophoresis. The
presence of bands of 24 000 and 28 000 daltons (Figure 3a) is
in agreement with other reports (Stibbe and Gerlich, 1982).
When the same sample was immunoprecipitated with a
human anti-HBsAg positive serum (obtained from the Max-
von-Pettenkofer-Institut, Munich) again polypeptides of the
same size are present (Figure 3b). Thus by all criteria applied
the HBsAg secreted by Ltk 2425 cells is indistinguishable
from that secreted by HBV-infected human hepatocytes.

Cell line Ltk 2425 was also used to quantify HBsAg ex-
pression. Up to 1.2 tg/107 cells/24 h are produced (for
details see Freytag von Loringhoven, 1984) which is in the
range of HBsAg expression under the control of retroviral
LTR sequences (Stratowa et al., 1982).

Fig. 3. SDS-PAGE analysis of HBsAg polypeptides. [35S]Cysteine-labeled
proteins (106 c.p.m.) from supernatant medium of Ltk 2425 cells were
precipitated with 1007o polyethyleneglycol 6000 and analyzed by
electrophoresis through a 13% polyacrylamide gel (lane a). The same
sample was immunoprecipitated with 10 1l of anti-HBs containingy human
serum (lane b). Proteins of 24 000 and 28 000 daltons are present in both
lanes a and b. The positions of 14C-labeled protein standards are also
indicated.

Comparison ofHBsAg expression levels directed by A-10. 7,
A-10.5 and HBVDNA
The level of HBsAg expression in individual colonies varied
as expected (Table I), presumably reflecting a combination of
factors including different DNA copy number, influence of
flanking Ltk DNA and chromatin structure. Surprisingly,
however, the average level of HBsAg expression in lambda
Al 10.7-derived colonies was eight times higher than that in
lambda Al 10.5-derived colonies. This was corroborated by
further analysis of five representative colonies from each
series. Cells were grown to mass culture, their HBsAg pro-
duction and cell number quantitated and the copy number
determined by dot blotting (see Freytag von Loringhoven,
1984). While the number of integrated copies was between
one and three per genome and on average equal in lambda Al
10.7 and lambda Al 10.5 colonies, the average level of
HBsAg produced per 107 cells per day was again eight times
higher in lambda Al 10.7 than in lambda Al 10.5 colonies
(see Freytag von Loringhoven, 1984). These data exclude the
possibility that the difference in expression of HBsAg is due
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Hybrid host-virus mRNAs augment HBV gene expression

Table 1. Comparison of HBsAg levels secreted by Ltk colonies after
transfection with lambda Al 10.7 and lambda Al 10.5

Cell clone XAI 10.7 XAI 10.5
P/N P/N

1 2.1 10.6
2 12.3 6.2
3 114.1 11.6
4 65.2 (2.0)
5 3.1 2.4
6 5.5 -

7 140.2 -

8 15.8 -

9 8.3 -

10 9.5 -

11 28.6 -

12 15.1 -

13 24.2
14 14.9
15 30.9
16 23.7
17 _
18

Mean 28.7 3.6

5 yg of lambda Al 10.7 or lambda Al 10.5 DNA were mixed with 50 ng
of pFG5 (containing the HSV tk gene) and transfected into Ltk - cells by
the calcium phosphate method. Colonies were picked 14 days later and
transferred to culture wells (Costar). When cells were confluent the
supernatant media (I ml) of 48 h were analyzed for HBsAg by
radioimmunoassay (Abbott AUSRIA II). Measurements are expressed as
P/N. P/N ratios lower than 2.0 are indicated as negative values.

Table II. Comparison of HBsAg levels secreted by Ltk colonies after
transfection with pKK HBs 34, pAl 10.7 and two pAl 10.7 subfragments

Cell clone pKK HBs 34 pAI 10.7 pAI 10.7 pAl 10.7
(H-E) (H-P)

P/N P/N P/N P/N

1 2.2 445 213 104
2 2.1 407 27.6 7.7
3 11.5 33.1 18.4 9
4 6.5 8.3 16.2 5
5 21.8 - 9.3 91
6 - - 2.6 32
7 - - 97 53
8 - 2.5 440
9 - 27.2 -
10 - 544
11 - 97
12 - 454
13 - 10.3
14 - -

15 -

16 -

Mean 3.8 128 108.6 82.6

Equimolar amounts of pKK HBs 34 (2.8 Ag), pAl 10.7 (5 Ag), pAl 10.7
(H-E, the 2.5-kb HindlIl-EcoRI fragment cloned in pBR327) (1.9 yg) and
the 3.5-kb HindIIl-Pstl fragment (H-P) of pAl 10.7 (1.1 jg) were
precipitated with 50 ng of pFG5 (contains the HSV tk gene). All plasmids
were previously digested to completion with HindlIl. pAl 10.7
subfragments are also indicated in Figure 1. Colonies were picked 14 days
later and transferred to culture wells (Costar). When cells were confluent
the supernatant media (1 ml) of 24 h were analyzed for HBsAg by
radioimmunoassay (Abbott AUSRIA II). Measurements are expressed as
P/N.
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Fig. 4. Comparison of HBsAg levels secreted by unselected Ltk cell
cultures. Equimolar amounts of HindII-digested pAl 10.7 (3 Mig),
pAl 10.5 (2.55 Mg) and pKK HBs 34 (1.65 Mig) were transfected into Ltk-
cells. Cells were maintained as monolayers and supernatants were assayed
for HBsAg by radioimmunoassay on the indicated days. Results are the
averages of duplicate experiments.

to different copy numbers of cloned inserts in transfected Ltk
cells.

In a second transfection experiment the HBsAg expression
by pAl 10.7 - pBR327 containing A-10.7 (Koshy et al.,
1983) - was compared with that of cloned HBV DNA of the
same subtype (adw2; Valenzuela et al., 1980; Koch et al.,
1984b). Plasmid pKK HBs 34, which is composed of the
2.8-kb BglII-BglII HBV DNA fragment containing the func-
tional S gene and the pBR322-derived vector pKK92-c (Wang
et al., 1982), was used. Equimolar amounts of each DNA
were transfected along with tk DNA into Ltk - cells as de-
scribed above. When supernatant media from cell colonies
were assayed for HBsAg the average level of HBsAg expres-
sion of pAl 10.7-derived colonies was 33 times higher than
that of pKK HBs 34-derived colonies (Table II).
The levels of HBsAg expression of A-10.7, A-10.5 and

HBV DNA were also compared in unselected cell culture
(Figure 4). Equimolar amounts of pAl 10.7, pAl 10.5 and
pKK HBs 34 were individually transfected into Ltk - cells and
supernatants assayed for HBsAg over a period of 13 days.
Under these conditions the possibility is minimized that the
expression levels are determined by the integration position in
the Ltk genome, since they are compared early after transfec-
tion. Furthermore, a far higher amount of transfected inserts
can be screened than in tk-selected colonies. Here again, the
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same pattern is evident as in the experiment comparing tk +
colonies. A-10.7 was clearly more efficient in directing
HBsAg expression than A-10.5, which in turn was more effi-
cient than HBV DNA (day 6: P/NA-10.7= 37.3,
P/NA-10.5= 10.4, P/NHBV DNA= 2.4). The differences,
however, were somewhat less pronounced than in tk-selected
colonies.

Mapping of the DNA region responsiblefor the high HBsAg
expression
The integrated HBV sequences as well as 187 nucleoticies of
adjacent human DNA - with the exception of three bases -
are identical in A-10.7 and A-10.5 (Koch et al., 1984a).
Therefore the DNA region responsible for the different ex-
pression of HBsAg cannot lie within the HBV-specific se-
quences, but must reside in cellular sequences at least 187
nucleotides away from the host-virus junction. To map this
region more precisely two subfragments of A-10.7 were iso-
lated and their expression compared with that of the complete
A-10.7 as follows. (i) A 2.5-kb HindIll-EcoRl fragment (see
Figure 1) containing all of the HBV sequences and 0.5 kb of
flanking human DNA was subcloned into pBR327 (Soberon
et al., 1980) and linearized with HindIll. (ii) A 3.5-kb
HindIll-PstI fragment (see Figure 1) containing all of the
HBV sequences and 1.5 kb of flanking DNA was purified.
Equimolar amounts of these DNAs were included in the
experiment mentioned above in which the expression of pAl
10.7 and pKK HBs 34 DNA were compared (Table II). The
average level of surface antigen expression directed by the
2.5-kb HindIII-EcoRl subfragment of pAl 10.7 was P/N =
108.6, that of the 3.5-kb HindIII-PstI fragment P/N = 82.6.
Both differed only marginally from the mean expression of
pAl 10.7 transfected colonies (P/N = 128; Table II). There-
fore, the DNA region responsible for the differential HBsAg
expression of A-10.7 and A-10.5 lies within a region of cellu-
lar DNA encompassing - 300 bp. This region extends from a
position 187 nucleotides away from the host-virus junction
(extent of identical sequences in A-10.7 and A-10.5) to the
nearest EcoRI site in A-10.7.
To test whether the augmentation of HBsAg expression is

due to an enhancer sequence situated in this region, a 2.85-kb
AccI-BglII fragment (containing the region mapped as being
responsible for the high HBsAg expression; see Figure 1)
from A-10.7 was ligated in the same (pF8) and in the op-
posite (pF3) orientation next to a BamHI-BamHI fragment
containing the functional tk gene (for details see Freytag von
Loringhoven, 1984). As these constructs were assayed in the
same cell line (mouse Ltk) as all other experiments reported
here, an enhancer potential should result in a large increase in
tk-positive colonies after transfection (Jolly et al., 1983;
Hearing and Shenk, 1983). However, this was not the case.
pF3 (1 colony/ng) and pF8 (0.89 colonies/ng) resulted in
very similar colony numbers to pFG5 (1.17 colonies/ng)
which does not contain A-10.7 sequences. Thus the presence
of a cellular enhancer sequence responsible for the elevated
HBsAg expression is unlikely.
Characterization of the HBsAg mRNA
Since the viral S gene polyadenylation and termination signals
are not present in A-10.7 and A-10.5 the HBsAg expression
described could be explained by assuming transcriptional
readthrough into human flanking DNA and termination
therein. Such hybrid host-virus transcripts may be exception-
ally stable, thus accounting for the observed increase in
HBsAg expression. The possibility of readthrough transcrip-
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Fig. 5. Nuclease SI mapping of the 5' and 3' ends of the HBsAg mRNA
in A-10.7 transfected cells. 5' end (top left): a 1.9-kb Accl-Accl
subfragment of pAl 10.7 was 5' end-labeled and digested further with
Sphl to give an asymmetrically labeled fragment of 1.8 kb. 50 000 c.p.m.
of this DNA were hybridized to 30,g of total RNA from Ltk 2425 cells or
to 30 yg of yeast tRNA at 53°C for 16 h. Hybrids were treated with
different amounts of S1 nuclease at 37°C for 30 min. After alkali
hydrolysis of the RNA, protected fragments were electrophoresed through
a 607o polyacrylamide sequencing gel. Lanes 1, 2, labeled DNA after
hybridization to Ltk 2425 RNA and digestion with 30 and 10 units of SI
nuclease, respectively. Lanes 3, 4, labeled DNA after hybridization to yeast
tRNA and digestion with 30 and 10 units of SI nuclease, respectively. The
32P-end-labeled marker DNA was a mixture of Hindlll and EcoRI digested
lambda DNA and Hpall digested pBR322. Underneath pAl 10.7 (straight
line, plasmid DNA; filled box, HBV DNA; open box, human DNA), the
hybrid of mRNA and the end-labeled Accl-Sphl fragment and the SI
protected fragment are schematically depicted. 3' end (top right): an
unlabeled 4.4-kb Accl-Accl subfragment of pAl 10.7 was hybridized to
30 Mg of total Ltk 2425 RNA or yeast tRNA at 59°C for 16 h. Hybrids
were treated with 10 or 30 units of SI nuclease at 37°C for 30 min and the
RNA hydrolysed with alkali. Protected fragments were separated on a 2%7o
agarose gel, blotted onto nitrocellulose filter and hybridized to a 32P-labeled
HBV-DNA probe. Lanes 1, 2, Accl-AccI fragment hybridized to Ltk 2425
RNA and digested with 10 and 30 units of SI nuclease, respectively. Lanes
3, 4, Accl-Accl fragment hybridized to 30 Mg yeast tRNA and digested
with 10 and 30 units of SI nuclease, respectively. HaelII-digested kX174
was used as mol. wt. marker. Below a scheme of the experiment is given.
A summary of the results is provided at the bottom of the figure. An
excerpt of pAl 10.7 and the positions of the pre-S and S gene as well as
the two promoters (TATA and SV40 late-like) and the four poly(A) signals
in the human DNA are shown. Below the locations of the SI mapped
RNAs are given.
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A ATCCTGCGGA CGACCCCTCC CGGGGCCGCT

TGGGACTCTA TCGTCCCCTT CTTCGTCTGC CGTACCGTCC GACCACGGGG

CGCACCTCTC TTTACGCGGT TTCCCCGTCT GTTCCTGCTC ATCTGCCGGT

viral 4 human
CCGTGTACAC TTTGCTTCAC CTCTGCACGA CGCATGGAAC TGGCACCCGC

Poly(A)
CATGAACACT TACATAAGTG AACCCTTGAA CTGTATTAAT GTAGCMTAAP-a

Poly(A)
TTATGACATT GTGTAATGTC GGTTATGTAA CAATCIATAA_t -TAATGGTTT

b

AGGTAACAGA TTAATGTTAT GCCAAGGTTA ATGATAAACT ATACATGGAG

GCTGTTGGCA TAAATGGTGC GACCAACTTC ATATTAGCAT ATTTTATTAT

Poly(A)1 *
TGATTATTA ATA ACTT CAAAAGCCAA CAAGGAGGTT AATTTAGAGA

AGCAGACTCA GCTACATGGG

501 TTTGTTTCAA GAGTAAGTAA GACTAAGAGT AAGTCAGAGT TTGGAATTAT

551 TCTGTTTTGC TGTGGGCATA ATTCAATTCC AGTTTCCAAT CCCTGTGATT

Poly(A)2
601 TTTTAAAACT GTCAATTTGA AAAAAGG GACAACATAG TGATTGTAAA

Eco RI
651 GAGGAAGAAC CAGAACTTGA GTTAATTGAA TTCTATCATT TTAATGTGAT

701 CACTTGGAAC TTTTATTTTT GCTTAAAGTT TAGAACTGTG AAGGATATTG

751 AGAAGGCACT TCCCACCCAC CGAGAGGCTC TAATCCAGAA GACTGACAAT

801 AACACGAGTT GGGGCGGATT TGGAGAAAGT TGAATCCTCC CACATTGCTG

Poly(A)3
851 GAGGGGGTGT AAXAAAtGC AACCACTTTG GAAAATAGTT TGGCGGTTCC

901 TTAAAACGTT AAGCAAAAAT GTACCATATG GTCCAACCAT TCCACTCCTA

Poly(A)4
951 GGTATCCACC CAAGAGAAE! ~CCCAC CCTTGGAATC TCGCTCGGCG

Poly(A)
1001 TTTCGGCATA TTCGATTGTT AAGCAAGTCT CT CCACACTTAA

Fig. 6. Partial nucleotide sequence of A-10.7. The sequence shown covers

the region from the rightmost Accl site within HBV DNA to a position
418 bp 3' of the EcoRI site within human DNA (compare Figure 1).
Reading frames (a,b,c) are indicated by arrows. a and b are extensions of
the viral reading frames P and X (Valenzuela et al., 1980), respectively,
both of which are truncated in the integrated HBV DNA. Conventional
polyadenylation sequences (AATAAA, ATTAAA) are marked by solid
boxes, tentative signals (AATAAT) by dotted boxes. Poly(A) sites
accounting for the Si mapped fragments (Figure 5) are numbered. The
8-bp perfect inverted repeat suggested to form a stem-loop structure is
indicated by thick bars.

tion was investigated by S mapping. At the same time it was
tested which of the so far described HBs gene promoters
(Pourcel et al., 1982; Gough, 1983; Cattaneo et al., 1983; Rall
et al., 1983; Standring et al., 1984) operates in this system.
To map the 5' end of the Ltk 2425 HBsAg mRNA a

5'-labeled AccI-SphI fragment (1.8 kb; Figure 5) from pAl
10.7 was hybridized to total Ltk 2425 RNA and the hybrids
subsequently digested with the single-strand specific nuclease
SI. After alkali hydrolysis of the RNA, analysis of the DNA
on a 60%o polyacrylamide sequencing gel showed that a frag-
ment of 846 nucleotides length was protected from S diges-
tion (Figure 5, lane 2). This corresponds well with the results
of Cattaneo et al. (1983) and demonstrates the transcription

of the S gene from the SV40 late-like promoter (Figure 5).
The possibility of the 5' end of the HBsAg mRNA being a
splice acceptor site rather than the proper start of the message
has been excluded by Cattaneo et al. (1983). Transcription
from the SV40 late-like promoter was also demonstrated for
HBV DNA of subtype adw2 in mouse Ltk cells (Standring et
al., 1984). This system was used here for comparisons of ex-
pression levels (Figure 4, Table II).

In the case of the 'TATA box' being the S gene promoter, a
1230-bp fragment should have been protected from SI diges-
tion. A fragment of this size is not visible in this experiment
(Figure 5). Minor amounts, however, of transcripts promoted
by the TATA sequence cannot be excluded by this analysis.
The 3' end of the HBsAg mRNA was mapped as follows:

a 4.4-kb AccI-AccI fragment (see Figure 5) was isolated from
pAl 10.7 and hybridized to total Ltk 2425 RNA. Hybrids
were digested with S1 nuclease. Remaining RNA was
hydrolysed by alkali treatment and single-stranded DNA
fragments separated on a 2% agarose gel. The DNA was
blotted onto a nitrocellulose filter and hybridized to a 32p_
labeled HBV DNA probe. Four fragments of 430, 660, 880
and 990 nucleotides were visible upon autoradiography, all of
which span the region (188 bp) between the AccI site within
HBV DNA and the host-virus junction and additionally cover
different amounts of flanking human DNA. This conclusively
proves transcriptional readthrough into human DNA. It is
noteworthy that the different fragments are present in signifi-
cantly different amounts. Intensities decrease as a function of
distance from the HBV DNA. These results were corrobor-
ated by Northern blot analysis of Ltk 2425 RNA, again using
HBV DNA as hybridization probe. A major band at position
2.1 -2.2 kb and several bands of slightly higher mol. wt.
were visible (data not shown).
Nucleotide sequence of A-10. 7flanking human DNA
The nucleotide sequence of the human DNA flanking the
integrated HBV DNA copy in A-10.7 was determined (Figure
6). In good agreement with the S1 nuclease mapping of the 3'
end of the HBsAg mRNA, the following poly(A) signals are
located in the positions indicated (measured from the right-
most Accl site in HBV DNA): AATAAA (Proudfoot and
Brownlee, 1976): sites 1 and 2 (positions 410 and 621) and
ATTAAA (Jung et al., 1980): site 4 (position 969). In ad-
dition, there is a sequence AATAAT (site 3; position 863)
which could give rise to the SI nuclease fragment of 880
nucleotides. This sequence has not previously been reported
to function as a poly(A) signal. A number of other candidate
poly(A) signals (Figure 6) apparently do not lead to poly-
adenylated transcripts.

Discussion
Transcription of hybrid host-virus mRNAs
Two copies of integrated HBV DNA (designated as A-10.7
and A-10.5) cloned from the human hepatoma cell line
PLC/PRF/5 were assayed for their ability to direct the syn-
thesis of HBsAg after transfection into mouse Ltk- cells.
Both DNAs led to secretion of HBsAg proving that their
HBsAg coding sequences are intact. The gene product was
indistinguishable from naturally occurring HBsAg. The
HBsAg mRNA transcribed in Ltk 2425 cells, which derive
from transfection with pAl 10.7, was analyzed. Of the two
sequences reported to function as the S gene promoter, a
TATA box preceding the pre-S gene (Pourcel et al., 1982;
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Gough, 1983; Rall et al., 1983) and an SV40 late-like pro-
moter region (Cattaneo et al., 1983), the latter was clearly pro-
ven here to be functional in this system. The same must apply
to A-10.5, since its HBV sequences appear to be identical to
those in A-10.7.

Transcriptional readthrough takes place into human flank-
ing DNA. The transcription of hybrid RNA molecules com-
posed of host and virus sequences has been long suspected
(Wall and Darnell, 1971) and was first proven to occur in
SV40-transformed cells (Sambrook et al., 1980). With respect
to integrated HBV sequences hybrid host-virus transcripts
have so far not been shown. However, based on preliminary
data Edman et al. (1980) had already suggested readthrough
transcription in PLC/PRF/5 cells.

Detailed analysis revealed four HBV-specific hybrid RNA
species of different lengths. The multitude of hybridizing
fragments is explained by the presence of four polyadenyl-
ation signals in the flanking sequences of A-10.7 used at dif-
ferential efficiencies. The use of more than one poly(A) site in
a single transcription unit has been shown in other systems,
e.g., the major late adenovirus-2 transcription unit [five
poly(A) sites; Nevins and Wilson, 1981] and the dihydro-
folate reductase gene in methotrexate-resistant mouse cells
[four poly(A) sites; Setzer et al., 1980]. As the viral region
necessary for transcriptional termination and polyadenylation
is also missing in A-10.5, we assume that in this case too tran-
scriptional readthrough occurs into human DNA.
Augmented HBsAg expression is conferred by 3' co-tran-
scribed host sequences
Cell clones with stably integrated 10.7-kb DNA expressed
eight times more HBsAg than cells containing similar
amounts of 10.5-kb DNA and 33 times more than cells con-
taining cloned HBV DNA (pKK HBs 34) of the same sub-
type. Similar differences were found in unselected cell culture,
which proves that the different expression levels are not due
to different integration events.
The region responsible for the augmented HBsAg expres-

sion resides in cellular sequences not directly adjacent to the
3' end of the structural gene as can be inferred from the com-
parison between A-10.7 and A-10.5 which differ only in a
distal part of their host sequences (Koch et al., 1984a, 1984b).
The augmented expression was studied for A-10.7 in greater
detail. No indication at all was found for an enhancer effect.
As HBsAg mRNAs of A-10.7, A-10.5 and HBV DNA all

contain different sequences 3' of the S gene it appears prob-
able that these account for the observed different levels in
HBsAg expression. There are only a few other eucaryotic
examples of a similarly drastic influence of sequences 3' of a
gene on the level of polyadenylated mRNA (e.g., Kaufman
and Sharp, 1982; Zaret and Sherman, 1982; McDevitt et al.,
1984; Woychik et al., 1984). With respect to HBV surface
antigen expression this is the first time an augmentation has
been shown by foreign sequences 3' of the gene.
We consider the following two hypotheses to account for

the different HBsAg expression levels. First, expression levels
correlate with the actual sequences of the polyadenylation
signals. In cells transfected with A-10.7, poly(A) signals 1 and
2 (both AATAAA) lead to higher RNA levels (Figure 5) than
signals 3 and 4 (AATAAT and ATTAAA, respectively).
Conceivably, in this system AATAAA is a more potent poly-
adenylation signal than ATTAAA and AATAAT. As the
poly(A) signal of the viral S gene (TATAAA) also differs
from AATAAA it may also be used less efficiently than
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AATAAA. Second, an 8-bp perfect inverted repeat is located
12 nucleotides 3' of poly(A) signal 1 (Figure 6) which leads to
the highest amount of RNA. No such repeat is located im-
mediately 3' of the viral poly(A) site. Hairpin structures have
been detected predominantly in non-coding regions of pro-
caryotic and eucaryotic genes and have been suggested to
have regulatory significance (Mueller and Fitch, 1982;
McDevitt et al., 1984; Woychik et al., 1984). The inverted
repeat in A-10.7 might form a stable stem-loop structure pro-
tecting poly(A) site 1 from a nuclear single-stranded 3' -5'
exonuclease activity prior to polyadenylation. Since it is
known that the poly(A) addition site is 10-30 nucleotides 3'
of the poly(A) signal (Nevins and Wilson, 1981) it is also con-
ceivable that the hairpin structure may expose the poly(A)
addition site in its loop. We feel that a combination of these
hypotheses would best explain the high expression levels
observed. Both hypotheses presented are testable by in vitro
mutagenesis experiments.
Implications for hepatoma development

In contrast to the epidemiology, molecular biological studies
have so far not provided much evidence for a causal relation-
ship between HBV and primary liver carcinoma. Based on
these experimental results the following hypothesis may be
considered. As cellular sequences of A-10.7 and A-10.5 are
co-transcribed at very high levels in Ltk cells, the same is
likely true in PLC/PRF/5 cells. These sequences might be
expressed at low levels or not at all in normal hepatocytes but
become expressed at high levels as a consequence of HBV
DNA integration thus contributing to cell transformation.
Such a mechanism would be similar to proviral insertion
oncogenesis by the slow acting transforming retroviruses
which do not contain 'onc' genes (Hayward et al., 1981). A
short reading frame of 129 nucleotides (reading frame c,
Figure 6) is present in the transcribed cellular DNA in A-10.7.
Furthermore, two hybrid host-virus reading frames (a,b, see
Figure 6) are contained in A-10.7. The gene products of these
reading frames may be related to the transformed state of
PLC/PRF/5 cells. Although A-10.7 is not able to transform
NIH 3T3 cells, sequences in the inserts described in this paper
may well have transforming potential in hepatocytes, as
transformation may be cell type specific. Experiments intro-
ducing the cloned HBV specific fragments into primary
hepatocyte cultures are being attempted.

Materials and methods
Transfection of cells
Mouse Ltk- cells were grown in Dulbecco's modified Eagle's (DME) medium
supplemented with 10% fetal calf serum and 50 ytg/ml kanamycin. Trans-
fection by the calcium phosphate method was carried out as described by
Stratowa et al. (1982). HindIII-digested plasmid DNA (for amounts see
legend to Figure S) was made up to 10 yg with calf thymus DNA, precipitated
and transfected. Cells were kept in monolayers for 13 days and supernatants
assayed for HBsAg by radioimmunoassay. For tk selection 5 sg of phage
DNA or HindlII-digested plasmid DNA (for amounts see Table legends), and
50 ng of pFG5 (containing the thymidine kinase gene of herpes simplex virus
I; Colbere-Garapin et al., 1979) were made up to 20 ,g with salmon sperm
DNA and precipitated. Two days after transfection, selection in hypoxan-
thine, aminopterin, thymidine (HAT) medium was started. About 2 weeks
later, individual colonies were picked with cloning cylinders, transferred to
culture wells (Costar) and supematants assayed for HBsAg by radioimmuno-
assay. Some cell colonies were later grown to mass cultures.
HBsAg detection
HBsAg was measured with AUSRIA II radioimmunoassay kits (Abbott).
Samples were counted in a gamma counter. Positive controls were between
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7000 and 9000 c.p.m. and negative controls were around 140 c.p.m. As
measurement was only linear between 20 and 40Wo (1000-2000 c.p.m.) of
positive controls, test samples were diluted, if necessary, to lie within this
range. Results are expressed as P/N (experimental result over negative con-
trol). Supernatants with values of P/N >2.1 are considered to contain
HBsAg.
Purification of HBsAg particles
Cell media were centrifuged at 15 000 g for 24 h. The pellet was dissolved in
1 ml of medium and HBsAg particles were further purified by two subsequent
CsCI density centrifugations (density 1.21 g/ml) in a Beckman SW 41 rotor at
45 000 r.p.m. at 17°C for 60 h and precipitation with 10o polyethyleneglycol
6000. Pellets were resuspended in phosphate buffered saline (PBS).
Electron microscopy
Samples were adsorbed on carbon-coated grids and stained with 20/o uranyl
formeate. Grids were examined under a Siemens Elmiscop 102.

Polypeptide analysis

Ltk 2425 cell cultures, which were 80% confluent, were incubated for 20 h in
HAT medium containing 0.1 mg/l cysteine, 400 uCi of [35S]cysteine and no
cystine. Supernatants were collected and precipitated with 10% polyethylene-
glycol 6000. Pellets dissolved in PBS were immunoprecipitated with human
anti-HBs containing serum (obtained from the Max-von-Pettenkofer Institut,
Munich) essentially as described (Stratowa et al., 1982). Samples in 5% SDS
and 0.5 M dithiothreitol were boiled for 4 min and electrophoresed through
slab gels of 13% polyacrylamide. Gels were fluorographed, dried and exposed
to X-ray film for 48 h.
Si nuclease analysis
RNA was isolated by the guanidium isothiocyanate method (Chirgwin et al.,
1979).
The 5' end mapping experiment was carried out essentially as described by

Weaver and Weissmann (1979). Briefly, 30 Ag of total Ltk 2425 RNA or as
blank tRNA from yeast were hybridized to a 5' end-labeled 1.8-kb AccI-SphI
fragment from pAl 10.7 (see Figure 5) in 20 1d 80% formamide, 40 mM
Pipes (pH 6.4), 1 mM EDTA and 0.4 M NaCl at 53°C for 16 h. Hybrids
were incubated for 30 min at 37°C with 1 (tRNA only), 10 or 30 units of S1
nuclease (PL Biochemicals) in 200 !dl of 0.25 M NaCl, 30 mM Na acetate,
1 mM ZnSO4 and 100 Ag salnon sperm DNA and subsequently treated with
0.2 M NaOH for 2 h at 45°C. Protected DNA fragments were electrophores-
ed through a 6% DNA sequencing gel (Maxam and Gilbert, 1980).
The 3' end was mapped by hybridizing Ltk 2425 RNA or yeast tRNA at

59°C to a 4.4-kb Accl-AccI fragment from pAl 10.7 (see Figure 5), followed
by SI nuclease digestion and alkali treatment as described above. Protected
fragments were separated on a 2% agarose gel, blotted on a nitrocellulose
filter and hybridized to 32P-labeled HBV-DNA.
DNA sequencing
Nucleotide sequencing was done following the method of Maxam and Gilbert
(1980).
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