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The transcription of woodchuck hepatitis virus (WHV)
genome was studied in the liver of chronically infected wood-
chucks by Northern blot, nuclease mapping and primer ex-
tension analysis. Two major transcripts, 2.1 and 3.7 kb in
length, and several minor transcripts were found in samples
which supported active WHV replication. The 2.1-kb RNA
represents the major transcript of the S gene, encoding the
viral surface antigen (WHsAg) as demonstrated by blot-
hybridization experiments. Two transcription initiation sites
were localized downstream of the second AUG of the pre-S
region, 139 and 152 nucleotides upstream of the translation
initiation codon of the S gene. The 3.7-kb transcript, pres-
ent in an equal amount, is slightly larger than the WHV
genome and could be involved in the expression of all viral
proteins. The data derived from RNA mapping strongly sug-
gest that this transcript is initiated - 70 nucleotides upstream
of the C gene, encoding the viral core antigen (WHcAg), and
represents the message for VHcAg. It might also serve in
the viral replication cycle as a potential template for reverse
transcription. All WHV-specific transcripts were found to be
processed at a unique site, 20 nucleotides downstream of the
polyadenylation signal situated within the core gene. A dif-
ferent set of WHV-specific mRNAs was observed in a wood-
chuck hepatocellular carcinoma when only integrated forms
of WHV DNA could be detected. Two RNA species of 2.3
and 4.6 kb were characterized. The 3.7-kb RNA was absent,
reinforcing the hypothesis that this transcript corresponds to
the pre-genome.
Key words: WHV transcription/infected liver/mRNAs/nuclease
mapping

Introduction
Woodchuck hepatitis virus (WHV) was originally described by
Summers et al. (1978) in association with liver diseases in the
Eastern woodchuck (Marmota monax). WHV belongs to the
group of animal DNA viruses recently designated as 'hepadna
viridae' (Robinson et al., 1982), including also human hepatitis
B virus (HBV), ground squirrel hepatitis virus (GSHV) and duck
hepatitis B virus (DHBV). They share a common virion struc-
ture, genetic organization of viral DNA and the ability to cause
persistent infections (Marion et al., 1980; Mason et al., 1980;
Summers, 1981; Feitelson et al., 1981; Galibert et al., 1982;
Mandart et al., 1984; Seeger et al., 1984). The genome of the
'hepadna viridae' is a small circular and partly double-stranded
DNA molecule. A long or L(-) strand of fixed length (3.3 kb

for WHV) with a nick or a gap of a few nucleotides and a short
or S(+) strand of variable length maintain the circular structure
by base pairing of their 5' ends (for a review, see Tiollais et
al., 1984). Four large open reading frames termed S, C, P and
X, which are conserved among the mammalian 'hepadna' viruses,
are located on the L(-) strand. The S region is subdivided into
the pre-S region and the S gene which corresponds to the coding
sequence of the surface antigen. The C region encodes the core
antigen, a structural polypeptide of the virion. A protein encoded
by the region X still has to be defined. The region P probably
corresponds to the gene for the endogenous DNA polymerase
associated with the virion. The discovery of a reverse transcrip-
tase activity of the viral DNA polymerase allowed the develop-
ment of a model for the viral replication cycle that involves a
RNA intermediate called pre-genome (Summers and Mason,
1982).
The pathologic effects ofWHV infection in woodchucks, i.e.,

acute hepatitis, chronic persistent and chronic active hepatitis,
are very similar to HBV-induced diseases in man (Frommel et
al., 1984). In addition, as for HBV, chronic active hepatitis is
frequently associated with the development of hepatocellular car-
cinoma (Snyder and Summers, 1980; Gerin, 1984). This path-
ology has never been reported for ground squirrels, Pekin ducks
or HBV-infected chimpanzees. Therefore, infection of wood-
chucks by WHV is likely to represent the best animal system
for studying the relationship between HBV infection and the
appearance of hepatocellular carcinoma (HCC).

Precise studies on the transcription ofHBV have been hamper-
ed until now by the lack of a cell culture system as well as by
the paucity of liver material from humans. Several models have
been used, including permanent cell lines established from human
hepatocellular carcinoma (Chakraborty et al., 1980; Edman et
al., 1980; Pourcel et al., 1982), animal cells transfected with
cloned HBV DNA (Gough and Murray, 1982; Pourcel et al.,
1982; Gough, 1983; Cattaneo et al., 1983) or with recombinants
between heterologous viral promoter-sequences and subgenomic
fragments of HBV DNA (Simonsen and Levinson, 1983; Laub
et al., 1983; Standring et al., 1984; Will et al., 1984; Michel
et al., 1984). HBV transcripts have also been identified in the
liver of an infected chimpanzee (Cattaneo et al., 1983, 1984).
In all these models the S gene is efficiently expressed and the
HBsAg transcriptional unit has been mapped on the HBV gen-
ome, including the localization of two different promoters and
a unique polyadenylation signal, but the question of a splicing
event occurring in the pre-S region is still unanswered (Galibert
et al., 1982; Gough, 1983; Laub et al., 1983).
The transcription of the other viral genes is so far less docu-

mented. Results concerning the core gene have been obtained
by 'in vitro' transcription assays of cloned HBV DNA (Rall et
al., 1983) or nuclease mapping and blot hybridization analysis
of HBV-specific RNA in different systems (Gough, 1983; Stand-
ring et al., 1984; Will et al., 1984; Cattaneo et al., 1984).
However, these models, with the exception of the infected chim-
panzee, do not allow viral replication and therefore do not mimic
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Fig. 1. Analysis of WHV-related transcripts in the liver of chronically infected woodchucks. Poly(A)+ and poly(A)- RNA were prepared and selected as
described in Materials and methods. About 7 yg of poly(A)+ RNA and 50 Ag of poly(A)- RNA were routinely separated on formaldehyde-agarose gels and
subsequently transferred to nitrocellulose filters. WHV-related transcripts were identified by hybridization with the radiolabelled 3.3-kb WHV-specific EcoRI
fragment of pBH20-WHV-1. The RNA size markers were mammalian 28S and 18S rRNA, E. coli 23S and 16S rRNA and bacteriophage MS2 RNA,
visualized by ethidium bromide staining. The liver samples tested were: a tumor-free chronic carrier, woodchuck W64 (February 1984) (lane 1: poly(A)+
RNA; lane 2: poly(A)- RNA; lane 4: same sample as in lane 1, probed with pBR322 DNA); the uninfected woodchuck WIOI (lane 3: 50,ug of total
RNA); the chronically infected W78 woodchuck with hepatocellular carcinoma [non-tumorous liver, poly(A)+ RNA (lane 5)]; two other tumor-bearing
animals: poly(A)+ RNA from W64 tumorous liver (July 1984) (lane 6); W64 non-tumorous tissue (lane 7); and W74 tumorous tissue (lane 8). The blots
were exposed for 8-24 h with an intensifying screen at -70°C.

a virus-infected liver.
In this study, we characterized WHV transcripts by blot hybrid-

ization as well as by nuclease mapping and primer extension
experiments. In addition, WHV-specific transcripts were identi-
fied in two different cases of hepatocellular carcinoma.

Results
Transcription of WHV in infected woodchuck livers
WHV transcripts were investigated in biopsy samples of chron-
ically infected woodchucks, either from the liver of tumor-free
chronic carriers, or from tumorous and non-tumorous regions
of the liver of HCC-bearing animals. A general overview of the
size ofWHV transcripts was obtained by gel electrophoresis and
hybridization analysis of polyadenylated and non-polyadenylated
RNA. Figure 1 shows that the poly(A) + RNA from tumor-free
liver and from the non-tumorous part of carcinoma-carrying liver
contain WHV-specific transcripts identical in number and size.
Two predominant poly(A)+ RNA had an estimated length of 3.7
and 2.1 kb, by reference to RNA size markers on several dif-
ferent gels. They represented 40 and 45 %, respectively, of total
WHV transcripts when the autoradiograms were scanned on a
Beckman scanner (data not shown). Two minor poly(A)+ species
of 6.9 and 5.6 kb were also detected (Figure 1), representing

- 10% of the WHV transcripts. Other minor bands of 11 and
9 kb were only occasionally observed. A smear ofRNA smaller
than 3.7 kb appeared in the poly(A)- tracks, sometimes accom-
panied by one or two discrete bands in the 1.0-2.0 kb area
(Figure 1, lane 2). The analysis of total RNA of non-infected
woodchuck liver as well as the use of 32P-labelled pBR322 DNA
to probe the blots shown in Figure 1 did not allow the detection
of any signal (Figure 1, lanes 3,4). The total WHV-specific
transcripts were estimated to represent -0.2% of total poly(A) +
RNA in the liver of chronically infected woodchucks by dot-blot
experiments (data not shown).

Investigation of WHV-specific RNA from two independent
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hepatocellular carcinoma samples showed two different situations.
In the tumor from W74 woodchuck, the pattern of poly(A)+
RNA was indistinguishable from those previously shown for
tumor-free liver (Figure 1, lanes 7,8). In a second tumor (W64)
the WHV-specific transcripts appeared to be entirely different
in size. Two species of 4.6 kb and 2.3 kb were present in nearly
equal amounts, whereas the above-described WHV transcripts
were not detectable, even after long exposure of the blots.
To determine the transcribed regions of the WHV genome,

five probes corresponding to definite fragments of the viral DNA
were prepared as described in Materials and methods. The lo-
cation of these probes is illustrated in the lower part of Figure
2. Hybridization patterns of poly(A)+ RNA from chronically
infected liver showed that the RNA species of 3.7 kb gave a
positive signal with all probes, covering the entire WHV genome
(Figure 2, upper part, lanes N). The 2.1-kb transcript hybridized
only with probes I and II, which cover the WHV genome from
nucleotides 1 to 2190 on the physical map (Figure 2, lower part),
and not with probes HI, IV, V or with a BglII-EcoRI probe (773
nucleotides in length) prepared from pHB20-WHV-1 (data not
shown). Thus, it is likely to correspond to the WHsAg mRNA.
The analysis of poly(A) + RNA prepared from woodchuck W64
tumorous tissue was carried out in the same experiment (Figure
2, upper part, lanes T). The 4.6-kb transcript hybridized with
all probes, with the exception of probe III, which covers the C
gene region (nucleotides 2190-2535). The hybridization pat-
terns of the 2.3-kb transcript were identical to those of the 2.1-kb
RNA present in non-tumorous liver.
Southern blot analysis of viral DNA
The discrepancies observed between the WHV poly(A)+ RNA
patterns of woodchuck W64 hepatocarcinoma and the other pat-
terns obtained from tumorous or non-tumorous liver tissues might
be explained by a different state ofWHV DNA in the samples.
The presence ofWHV DNA in W64 tumorous and non-tumorous
tissues and in W74 tumor samples was investigated using the tech-
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Fig. 2. Hybridization of WHV-specific poly(A)+ RNA derived from non-

tumorous tissue of W64 (lanes N) or from tumorous tissue of W64 (lanes

T). Upper part: a set of Northern blots identical to those presented in
Figure 1, lanes 6 and 7, were probed with different subgenomic fragments
of cloned WHV DNA. Hybridization and autoradiography were performed
as in Figure 1. Lower part: location of WHV fragments, used as

hybridization probes, on the physical and genetic map of the WHV genome.

The different initiation codons of the pre-S and pre-C open reading frames
are indicated, and the positions of the stop codons are given by the
arrowheads (according to Tiollais et al., 1981 and Galibert et al., 1982).

nique of Southern blotting. After hybridization, uncut DNA from
W64 non-tumorous liver and W74 hepatocarcinoma showed an

intense band at position 4.2 kb and a long smear underneath
(Figure 3A and B, lanes uncut). This demonstrated the presence
of actively replicating free viral DNA including the open cir-
cular, linear and supercoiled forms (Fowler et al., 1984). After
digestion of the cellular DNA by three restriction endonucleases,
no band corresponding to high mol. wt. DNA could be detected.
However, under our experimental conditions, the presence of
small amounts of integrated WHV DNA cannot be excluded.
Hybridization experiments of W64 tumorous liver DNA failed
to reveal the presence of significant amounts of free viral DNA,

whereas discrete bands of high mol. wt. DNA were observed
with each endonuclease-digested sample (Figure 3C) suggesting
the presence of integrated WHV sequences in cellular DNA.
3' ends of WHV transcripts
The mapping of the 3' ends of WHV transcripts was performed
using different overlapping probes, covering almost the entire
viral genome. Probes EcoRI 3047 and XbaI 2926 represent the
WHV DNA fragments PstIlEcoRI* and EcoRIlXbaI*, respect-
ively (see Figure 2, lower part). They were labelled at their 3'
ends, hybridized to poly(A) + RNA of W64 and treated with SI
nuclease. The resulting protected fragments indicated a unique
3' end for all WHV-specific transcripts, around position 2000
within the C gene (data not shown). In order to localize more
precisely this 3' end, probe AvaI 942 representing the restric-
tion fragment BglIIIAvaI* was annealed to poly(A)+ RNA of
W64, total RNA of W65 and total RNA of non-infected WIOI
(used as a control). A single protected fragment of 464 bases
was observed after SI nuclease and exonuclease VII digestion
(Figure 4). Thus, the unique 3' terminus was localized 20 nucleo-
tides ( 5) downstream of the variant 5'TATAAA3' polyadenyl-
ation signal situated at position 2037 in the WHV genome.

5' ends of the 2.1-kb mRNA
Northern blot-hybridization experiments clearly demonstrated that
the 2.1-kb mRNA covers the region extending from the EcoRI
site to the Hindlll site of the WHV genome (Figure 2, lower
part, probes I and II). Moreover, an unspliced poly(A)+ RNA
species of 2.1 kb, i.e., of - 1.9-2.0 kb after subtraction of
100-200 nucleotides for the poly(A) track, which terminates
at position 2057 (see above), should initiate a region immediately
upstream of the S gene. Thus, we chose the probe Apal 887 and
the primer ApaI 505, i.e., fragments EcoRI/ApaI* and
XbaI/ApaI*, respectively, to determine the 5' end of this mRNA
by nuclease mapping and primer extension.
Two fragments of 742 ( 10) bases and 729 ( 10) bases were

found to be protected against S1 nuclease as well as against exo-
nuclease VII digestion. The corresponding fragments observed
in the primer extension experiment consisted of 738 ( i 10) bases
and 721 (i 10) bases (Figure 5, A,b). These data localize two
efficient transcription initiation sites at positions 145 ( 10) and
158 (±i 10) on the WHV genome (see Figures 2 and 5B). In the
primer extension experiment, we detected an additional band of
697 ( i 10) bases, which had no counterpart in the nuclease map-
ping pattern. A minor band, corresponding to an extended frag-
ment of 908 ( + 20) bases, appeared after longer exposure of the
gel (Figure 5, A,a). This fragment is longer than probe ApaI
887, and could indicate the presence of a minor transcription start
site at nucleotide 3287 ( 20) on the WHV genome, if the tran-
script is not spliced. We cannot rule out completely the possi-
bility of a splicing event, involving the position 141 as acceptor
splice, as proposed by Mandart et al. (1984), since we found
a strong signal at nucleotide 145 (- 10) in nuclease mapping
experiments. Considering positions 145 and 158 as the major
start sites and position 2057 as the 3' end, the calculated length
of 1900 nucleotides for the WHsAg RNA would match the length
deduced from the Northern blot anlaysis, counting - 200 nucleo-
tides for the poly(A) track.

5' ends of the 3. 7-kb mRNA
The second major mnRNA of 3.7 kb is slightly larger than the
WHV genome (3.3 kb). Since we found only one polyadenyl-
ation signal at position 2037 used for the 3' end processing of
all WHV-specific mRNA, this 3.7-kb transcript should start
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Fig. 3. Southern blotting analysis of liver DNA samples. DNA extracted by SDS/proteinase K digestion, hydrolyzed with different restriction enzymes,
analyzed by electrophoresis through 0.8% agarose gels and hybridized with a WHV-specific probe as in Figure 1. The DNA size markers were HindM- and
EcoRI-digested bacteriophage X DNA and the WHV-specific 3.3-kb EcoRI fragment of pBH20-WHV-1, which indicates the position of linear forms of free
viral DNA. (A) 12 yg of DNA from a non-tumorous liver sample of woodchuck W64 were loaded in each lane. (B) 2.5 itg of DNA from hepatocarcinoma
tissue of woodchuck W74 per lane. (C) 80 jtg of DNA from hepatocarcinoma tissue of woodchuck W64 per lane. The blots were exposed for 12-48 h with
an intensifying screen at -70°C.

around positions 1800-1900. Therefore, we screened the WHV
genome for transcription start sites in this region using the probe
Bgll 2152 (data not shown) and the probe Bgll 942 (fragments
XbaI/Bgll* and AvaI/Bglll*, respectively). We observed a strong
signal at 583 ( 10) bases and a less intense signal at 605 ( i 10)
bases by nuclease mapping (Figure 5, A,c). Supporting these
data, extended fragments of 587 (-+ 10) bases and 613 (i 10)
bases were found using primer Bgll 344 (fragment HindIIII
Bglll*) in a primer extension experiment (Figure 5, A,c). The
transcription initiation sites corresponding to these protected or
extended fragments map at position 1950 ( 10) and 1925 ( i 10)
on the WHV genome (see Figures 2 and SB). In addition, a third
extended fragment of 826 ( -20) bases could represent a third
minor transcription signal at position 1708 (+ 20), but no corre-
sponding protected fragment could be identified by nuclease map-
ping (Figure 5). The major start sites correspond to an unspliced
transcript of 3420 nucleotides, which terminates at the poly-
adenylation signal within the core gene. This is in agreement with
the size of 3.7 kb estimated for the polyadenylated RNA species
from blot hybridization experiments.

Discussion
WHV transcripts were characterized in the liver of chronically
infected animals by Northern blot, nuclease mapping and primer
extension studies. In livers supporting viral multiplication, the
WHV transcripts represented -0.2% of the total poly(A)+
1510

RNA. Two predominant RNA species of 2.1 kb and 3.7 kb were
detected in nearly equal amounts.
The 2.1-kb transcript contains the sequences of the S gene and

the X gene, but not of the C gene. Its major initiation sites were
mapped at positions 145 and 158 on the viral genome, and were
found to terminate at nucleotide 2057. Examination of the WHV
sequence reveals that the 5' start of this RNA is located between
the second and third AUG of the S region. Therefore, it can only
direct the synthesis of the S gene translation product, initiated
at the AUG at position 296 (Figure 2). This polypeptide is 222
amino acids long and corresponds to the major protein ofWHs-
Ag, present in the viral envelope in glycosylated and non-glyco-
sylated forms with apparent mol. wts. of 25 and 22 kd (Feitelson
et al., 1983). The 39-kd protein of the viral envelope is probably
initiated at the second AUG (position 116) of the S region, and
could be the translation product of the minor WHV mRNA,
initiated at position 3287 on the viral map, 137 nucleotides
upstream of the second AUG of the S region (Figure 5). This
glycosylated 39-kd protein would be 287 amino acids long. A
longer transcript of the S region, initiated upstream of the pre-S
open reading frame, which could direct the synthesis of the large
protein of the envelope, was not detected in Northern blot ex-
periments. This large protein would also be a translation pro-
duct of the 3.7 kb RNA.
RNA transcripts similar to the 2.1-kb WHsAg mRNA were

described for other viruses of the hepadna group. In the case of
duck hepatitis B virus, two different niRNA of 2.1 and 2.35 kb
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Fig. 4. Nuclease digestion mapping of the 3' ends of WHV-related
transcripts. (A) Autoradiogram showing the analysis of WHV
RNA 3' ends by SI nuclease and exonuclease VII. SI nuclease assays were

performed either with 10 jig of W64 woodchuck poly(A)+, using 500,
1000, 1500 and 3000 units/ml of S1 nuclease (from left to right), or with
40 Ag of W65 woodchuck total RNA (1500 units/ml of S1 nuclease). 10 Ag
of W64 poly(A)+ RNA were analyzed by exonuclease VII mapping using
20 units/ml of the enzyme. The probe AvaI 942 labelled at its 3' end of the
minus-strand was used in all experiments. The positions of size markers are

give at the right of the lanes. (B) Schematic localization of the WHV-
specific RNA 3' processing site. The upper part of the figure represents the
physical and genetic map of WHV genome, linearized at its unique EcoRI
site. The bottom part depicts the location of probe AvaI 942, of the
protected fragment and of the WHV mRNA processing/polyadenylation site.
The labelled 3' end of probe AvaI 942 is indicated by an asterisk.

were characterized (Mason et al., 1982; Biischer et al., 1985).
As for WHV, the 2.1 kb RNA initiates downstream of the last
AUG of the pre-S region, whereas the longer pre-S mRNA starts
at the beginning of the open reading frame, upstream of the sec-

ond AUG. In the case of HBV, one major 2.1-kb HBsAg mRNA
was described (Pourcel et al., 1982; Gough, 1983; Cattaneo et
al., 1983; Standring et al., 1984; Michel et al., 1984). Its 5'
end was located a few nucleotides upstream of the second AUG
of the pre-S region, suggesting that this transcript could direct
the synthesis of the major envelope protein and also of the middle
protein, initiated at the second AUG. For this protein, a func-
tion of receptor for polymerized human serum albumin was
recently proposed (Machida et al., 1983; Michel et al., 1984).
Considering the positions of the 5' ends of WHsAg and DHBsAg
mRNA and the short distance between the HBsAg mRNA start
site and the initiator codon of the middle protein, it seems more
likely that this polypeptide is translated from a minor pre-S
mRNA initiated further upstream in the pre-S region (Rall et al.,
1983; Cattaneo et al., 1984).
The promoter sequences, involved in positioning the 5' ends

of WHsAg mRNA, differ from 'ATA'-like consensus sequences,
as is the case for the other hepadna viruses already studied (Cat-
taneo et al., 1983; Buscher et al., 1985). It seems probable that
a region related to SV40 late promoter sequences is involved in
the S gene transcription ofWHV as well as of HBV. The variant
5'TATAAA3' polyadenylation signal, situated within the core
gene, is used for WHsAg mRNA termination. An identical vari-
ant signal was found in the corresponding region of mammalian
hepadna viruses (Galibert et al., 1982; Seeger et al., 1984) and
the 3' end of the HBsAg mRNA was also mapped at this site
(Cattaneo et al., 1983; Simonsen and Levinson, 1983).
The second major viral mRNA, 3.7 kb long, covers more than

one WHV genome. Two major initiation sites, located at pos-
itions 1925 and 1950 on the viral map, were assigned to this tran-
script, whereas its 3' processing was found to occur at nucleotide
2057, using the same polyadenylation signal as the 2.1-kb RNA
and all WHV transcripts. Therefore, the 3.7-kb RNA is desig-
nated as the messenger specifying the viral core protein, using
the AUG at position 2021 as the initiation codon for the syn-
thesis of the WHcAg protein, which has the deduced length of
188 amino acids. The sequence preceding the C gene in the same
open reading frame is termed here 'pre-C region' and contains
two initiation codons, at positions 1910 and 1931 (Figure 2).
WHcAg-related polypeptides initiated at these positions could
represent the translation products of the minor transcript start-
ing around nucleotide 1708. However, the WHcAg proteins have
still to be characterized, and in particular their amino termini
have to be defined. It seems likely that 'ATA'-like promoter se-
quences, situated in the AT-rich region at an appropriate distance
upstream of the c-mRNA start sites, are involved in the control
of C gene transcription. Similar sequences were found in the
corresponding region of DHBV (Buscher et al., 1985). The
3.7-kb mRNA shares with all WHV transcripts a unique
polyadenylation site, situated in the C gene, which implies that
it is processed only after a second passage through this
polyadenylation signal. Furthermore, the minor 5.6- and 6.9-kb
RNA species result probably also from multiple passages around
the circular WHV genome. The presence of a unique
polyadenylation signal, which is used for 3' processing of all viral
transcripts and which is not always efficiently recognized is an
unusual feature, common to hepadna viridae.

Transcripts comparable with the 3.7-kb RNA were also found
in livers of HBV-infected chimpanzees and DHBV-infected
Peking ducks (Cattaneo et al., 1984; Mason et al., 1982; Buscher
et al., 1985). In addition, a similar RNA species was identified
in a rat cell line transfected with four head-to-tail repeats ofHBV
DNA (Gough, 1983). The presence of such transcripts was only
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observed when the virus was replicating or - at a minor level
- when the core antigen was expressed.
In the genome of hepadna viruses, two identical 10- 12 bp

sequences (DR and DR2) are directly repeated near the 5' ends
of the viral plus and minus DNA strands (Seeger et al., 1984;
Dejean et al., 1984). It is notable that the start sites of the 3.7-kb
RNA map within or directly upstream of DR2 (on the plus

strand), and that a minor initiation site maps near DRl. In the
case of DHBV, the 5' start of the greater than genome length
transcript was also localized a few nucleotides upstream of DR2.
The size and the structure of the major WHV 3.7-kb transcript
designate this RNA as a candidate for the template of reverse

transcription in the pathway of minus-strand DNA synthesis. The
terminal redundancies of this molecule, of 100-130 nucleotides,
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could play a role in maintaining a circular structure for the inter-
mediate DNA-RNA hybrids, during viral replication (Summers
and Mason 1982; Miller et al., 1984). Subsequent degradation
ofRNA molecules in the hybrids, or during the pathway of plus-
strand DNA synthesis, would lead to poly(A)- intermediates of
various lengths, which were observed in Northern blot exper-

iments.
In the absence of any detectable transcription start upstream

of the P and X open reading frames, the 3.7-kb and the 2. 1-kb
RNA could represent suitable messages, using internal initiation
codons during translation on polyribosomes. Since no splice has
been identified, the message of the P open reading frame could
also be translated by frameshift suppression as it is probably the
case for an avian retrovirus, or by a mechanism which includes
a posttranslational processing.

In the particular case of a HCC liver sample without viral
multiplication, the WHV-specific transcripts were - 10 times less
abundant than in the non-tumorous liver of the same animal,
which supported active viral replication. Two poly(A)+ RNA
of 4.6 and 2.3 kb were detected in nearly equal amounts, and
were shown to contain the sequences of the S and the X gene,

but not of the C gene. These RNA species could be transcribed
from WHV sequences integrated into cellular DNA or from re-

arranged episomal forms of high mol. wt. (Rogler and Summers,
1982). From previous studies (Ponzetto et al., 1984) and from
the present hybridization data, it seems unlikely that these RNA
species could direct the expression of any viral gene other than
the S or the X gene. The longer transcript (4.6 kb), could con-

sist of WHV-specific and adjacent cellular sequences and rep-
resent a message for a tumor-specific protein. The 3.7-kb RNA
absent in this tumor sample, was detected in all liver tissues which
supported viral multiplication, reinforcing the hypothesis that this
transcript represents the so-called 'pre-genome', acting as a

putative template for reverse transcription in the synthesis of viral
minus-strand DNA.

Materials and methods
Animals
Woodchucks (Marmota monax) were maintained in a colony housed at the Unite
de Recherches sur les Hepatites, Lyon, France. The first animal used in this study,
W64, had a chronic active hepatitis and produced high levels of WHV virions
until February 1984, when a liver biopsy sample was studied. A deterioration
in the animal's condition was accompanied by a drop of virus production and
a large tumor (-15 g) was discovered at autopsy, in July 1984. Tumorous and
non-tumorous parts of the liver were resected independently. A second animal,
W65, was chronically infected and highly viremic without developing any tumor.

Two other chronically infected woodchucks, W74 and W78, that had detectable
levels of viral DNA in the serum, were found to have developed a hepatocellular
carcinoma during routine liver biopsy. Tumorous and non-tumorous samples were

resected separately. The titers of WHV particles present in woodchuck sera were

determined by endogenous DNA polymerase activity assay (Summers etal., 1978)
as well as by dot hybridization assays, using cloned WHV DNA as a probe (data
not shown).

Extraction of liver DNA and Southern blot analysis
Liver tissue samples from surgical biopsies were immediately frozen and kept
in liquid nitrogen until used. DNA was prepared from up to 500 mg frozen tissue
as previously described (Brechot et al., 1980). Digestion of liver DNA with dif-
ferent restriction enzymes, conditions of agarose gel electrophoresis, transfer to
nitrocellulose and hybridization with [32P]nick-translated WHV DNA were as

reported previously (Wahl et al., 1979).

Liver RNA preparation and analysis
Total RNA was extracted from up to 1 g frozen tissue by hot phenol. The tissue
was pulverized in liquid nitrogen and transferred into a mixture (1:1) of phenol
and lysis buffer (10 mM CH3COONa, pH 5.2, 50 mM NaCl, 0.5% SDS). After
20 strokes in a Dounce homogenizer, the mixture was incubated for 5 min at
55°C with vigorous agitation and quickly cooled in ice. The aqueous phase was
re-extracted twice with phenol and precipitated with ethanol. Polyadenylated RNA

was selected by chromatography on an oligo(dT)-cellulose column. Denatured
poly(A)+, poly(A)-, or total RNA was separated on 1.2% agarose gels con-
taining 2.2 M formaldehyde and subsequently transferred to nitrocellulose or Zeta-
bind (Microfiltration Research Division) filters. Pre-hybridization and hybridization
steps were carried out according to standard procedures (Maniatis et al., 1982).
WHV DNA probes
Hybridization probes were prepared either from pBH20-WHV-1, a plasmid con-
taining the WHV genome cloned at its unique EcoRI site in pBH20 (Ogston et
al., 1982), or from subgenomic clones in pBR322 from pHB20-WHV-l restric-
tion fragments. Three plasmids termed pWCA, pWCB and pWCC were con-
structed using, respectively, the EcoRI-BamrHI fragment (1-1529), BamHI-BgII
fragment (1529 -2535) and BglI-BamHI fragment (2535-3520) (M.Lange, un-
published results). Five different WHV sequences, covering the whole WHV
genome, were prepared from these plasmids by digestion with appropriate restric-
tion enzymes, agarose gel electrophoresis, and electroelution. They were radio-
labelled by nick-translation to a specific activity of 2-4 x 108 c.p.m.4tg.
The probes used for nuclease mapping and primer extension were derived from

the plasmid pBH20-WHV-1. Probes Bg(I 942, BgflI 2152 and primer BglI 344
were labelled at their 5' ends of the minus-strand to a specific activity of 3-5
x 105 c.p.m./pmol end. Probe ApaI 887 and primer ApaI 505 were labelled in
the same way to a specific activity of 2 x 105 c.p.m./pmol end. Probes AvaI 942,
EcoRI 3047 and XbaI 2926 were labelled at the 3' end of the minus-strand to
a specific activity of -0.8-2.8 x 106 c.p.m./pmol end.
Nuclease mapping and primer extension
Polyadenylated RNA from woodchuck W64 liver (non-tumorous tissue) and total
RNA from woodchuck W65 liver were used. In the latter case, the method of
Auffray and Rougeon (1980) was applied for RNA preparation. Negative con-
trols consisted of total RNA of non-infected woodchuck WIOI liver, prepared
as described above.

SI nuclease and exonuclease VII assays were performed with minor modifi-
cations as described previously (Weaver and Weissman, 1979; Berk and Sharp,
1978; Favoloro et al., 1980). Briefly, either 20-30 Ag of total cellular RNA,
or 5-10I g of poly(A)+ RNA were incubated with 0.1-0.15 pmol of probe
BgtI 942 or 0.2 -0.3 pmol of probe ApaI 887. All samples were brought to
a total of 40 itg RNA with Escherichia coli rRNA and then hybridized in 80%
formamide at 51°C for at least 9 h. The hybrids were digested with 500-4000
units/mi S1 nuclease (Sigma Type M) for 1 h at 22°C or with 20-40 units/ml
exonuclease VII (BRL) at 37°C for 2.5 h. After ethanol precipitation, the pro-
tected fragments were denatured by heating in 80% formamide and loaded on
a 6% polyacrylamide-8 M urea gel.

For primer extension, the hybrids were passed through a Biogel column (1 ml),
precipitated and washed with 70% ethanol. The reaction was carried out at 42°C
for 1 h in the presence of four unlabelled deoxynucleotides, using 50 units of
reverse transcriptase from avian myeloblastosis virus (AMV, Life Sciences). After
phenol extraction, the samples were precipitated, washed with 70% ethanol,
denatured by heating in 80% formamide and loaded on 6% polyacrylamide-8 M
urea gels.
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