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We report here the isolation by molecular cloning and the analysis by heteroduplex and restriction enzyme
mapping of seven distinct DNA fragments containing hepatitis B virus (HBYV) sequences from genomic DNA of
the PLC/PRF/5 human liver carcinoma cell line (the Alexander cell). No intact full-length HBV genomes were
present. Three different patterns of organization of HBV fragments were detected. These included two linear
fragments without detectable rearrangement, three other HBV fragments with internal deletions, and two HBV
fragments containing long inverted duplications. HBsAg sequences are preferentially included in the integrated
fragment, whereas the core gene is preferentially eliminated. Several of the integrated HBV fragments might
act as templates for the synthesis of functional HBsAg mRNA, whereas only one clone could produce a full core

antigen transcript.

Hepatitis B virus (HBV) is the etiological agent for a major
form of hepatitis particularly prevalent in Asia and Africa.
Epidemiological studies have revealed a striking correspon-
dence between the areas of high incidence of HBV infection
and the frequency of hepatocellular carcinoma (HCC).
These observations led to the postulate that HBV and HCC
are causally related (29). A number of subsequent observa-
tions are consistent with this hypothesis. (i) There are
several animal viruses with biochemical and biophysical
characteristics similar to HBV. One of these, the woodchuck
hepatitis virus, induces HCC as a sequel to chronic hepatitis
(27). (ii) HBV carrier patients are several hundredfold more
at risk to HCC than control patients (1). (iii) HCC tissues
often produce HBsAg. (iv) HBV sequences are frequently
integrated into the host genome in HCC cells 4, §, 7, 8. 12,
26) and in the DNA of carrier patients (3, 16).

These results support the further hypothesis that the
integration of HBV sequences is associated with oncogene-
sis. We have examined the structure of the integrated HBV
sequences in a primary liver carcinoma cell line (PLC/PRF/
5, the Alexander cell) isolated from an African male with
persistent HBV infection (18). Alexander cells synthesize
and secrete 22-nm particles with the immunochemical char-
acteristics of HBsAg (19); these cells also induce HBsAg-
positive tumors in nude mice (11). However, core antigen
(14), the HBeAg (30), viral DNA polymerase, and free virus
(Dane particles) (12) are not detected. Genomic analysis
shows that Alexander cells contain at least six copies of full
or partial HBV genomes (7, 12, 20). We have isolated these
integrated HBV sequences by molecular cloning in bacteria
and determined their major structural features.

MATERIALS AND METHODS

Construction of the Alexander cell library. Alexander cell
DNA was prepared as described previously (12) and partially
digested with Sau3A. Fragments of 12 to 19 kilobases (kb)
were isolated on a sucrose gradient (10 to 40% sucrose in 0.6
M NaCl, 1 mM EDTA, 10 mM Tris-hydrochloride [pH 7.6]:
39,000 rpm; 17 h; 4°C; Beckman SW41 rotor) and cloned into
Charon 28 or 30 arms as described by Blattner et al. (2).
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Construction of phage probes HSM and HSD. Two probes
were constructed for use in heteroduplex mapping. The
constructions were designed to contain HBV sequences in
opposite orientations relative to the A\ phage arms so that at
least one of the probes would be able to hybridize to each of
the Alexander library clones. Simian virus 40 (SV40) frag-
ments were introduced between the HBV and phage arms to
provide a region of known length which would always be
single stranded in the heteroduplexes and therefore define
the exact portion of the HBV genome in the isolated clones.
One-half microgram of the EcoRlI insert of HBV DNA from
clone HBV3.2, 0.3 ug of SV40 digested with BamHI and
EcoRlI, and 1 pg of Charon 28 arms containing BamHI ends
were ligated and packaged in vitro and used to infect
DPS0SupF by the method of Blattner et al. (2). Plaques
containing HBV sequences were identified by hybridization.
HSM and HSD were identified from the restriction maps of
the hybridizing plaques.

Restriction mapping and genomic Southern blotting. Re-
striction enzyme digests of cloned DNA were electrophor-
esed on 1% agarose gels, blotted to nitrocellulose by the
method of Southern (28), and hybridized to cloned HBV3.2
DNA (31) labeled with 3P by nick translation (24). Restric-
tion maps were determined by partial digestion or by com-
paring blots from single and double enzyme digestions.
Detailed maps were prepared by analyzing fragments of the
\ clones after subcloning into the plasmid vector pBR322.
Specific fragments of HBV DNA were prepared as hybrid-
ization probes by digestion of cloned DNA with the appro-
priate enzymes and isolation of the specific fragments from
agarose gels before nick translation. For genomic Southern
blots, Alexander cell DNA was prepared, digested with
EcoRlI, electrophoresed, blotted, and hybridized as de-
scribed previously (12).

Heteroduplex analysis. Heteroduplexes were prepared and
mounted for electron microscopy by the formamide proce-
dure of Davis et al. (10). Samples were examined in a Philips
300 electron microscope. Single-stranded M13 DNA and the
length of the phage arms were used as single- and double-
stranded DNA size markers, respectively. The DNA sizes in
all of the figures derive from measurements of at least 10
different heteroduplexes. The standard errors ranged be-
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tween 5 and 10%. higher in general for single-stranded
regions. especially in clones 6. 10. and 27 in which a
complicated secondary structure is seen.

RESULTS

Molecular cloning of integrated HBV. Alexander cell DNA
was cloned as a partial Sau3A digest because previous
experiments had shown that limit digests with EcoRI.
BamHI. or Hindlll contained some fragments too large to
efficiently clone into A phage. By using a partial digest of a
frequent cutting restriction enzyme. we hoped to obtain the
full repertoire of integrated HBV sequences. Alexander cell
DNA was partially digested by Sau3A. and fragments of 12
to 19 kb were cloned into Charon 28 and 30 \ phage vectors.
Eleven distinct clones were identified from 10° phage by
hybridization with **P-labeled cloned HBV DNA. Restric-
tion mapping analysis of the cloned DNAs revealed that
clones 6. 10. and 14 as well as clones 5. 19. and 27 are
overlapping. Thus. only seven distinct clones were identified
from this Alexander cell genomic DNA library.

In earlier studies. we had shown that the Alexander cell
line contains at least six distinct integrated copies of HBV
DNA (12). Figure 1A shows a genomic (Southern) blot of
Alexander cell DNA digested with EcoRI. We have com-
pared the bands which hybridize to the HBV probe with
hybridizing EcoRI fragments from the A clones of our library
(Fig. 1B) and can account for most of the Alexander cell
EcoRI fragments. Four bands (A to D) apparently do not
have counterparts in our set of clones. However. there are
four clones. 8. 13.15. and 27. in which one of the EcoRl sites
bordering HBV sequences was not mapped due to interrup-
tion by the phage arms: clones 13 and 27 contain all of the
HBYV sequence which is present at these integration sites
because cellular sequences flank each end of the HBV DNA
(see below). In the two remaining clones. the HBV sequence
is ligated directly to A DNA so that part of the HBV
sequence at these integration sites is not represented in our
library. Therefore, we believe that we have accounted for all
of the EcoRI fragments in the Southern blot and are lacking
only one end of two integrated HBV fragments. The remain-
ing five integration sites are fully represented. Cloning
artifacts are unlikely since the EcoRI fragments of the
genomic blot match the EcoRI fragments of the cloned
DNA:s.

Structural analysis of the clones. To identify specific HBV
sequences in the clones. each cloned DNA was EcoRI-
digested. and the fragments were resolved by electrophore-
sis on an agarose gel. blotted to nitrocellulose paper. and
hybridized to **P-labeled cloned HBV genomic or subgeno-
mic fragments (Fig. 1B). All of the clones contain at least one
EcoRI site within the HBV sequence. and all hybridized to
HBsAg and pre-HBsAg-specific probes (probes a and d).
Only clones 13 and 14 and the related clones. 5, 19. and 27.
hybridized to the core gene-specific probe (probe c).

These clones were further analyzed by electron microsco-
py of heteroduplexes and by mapping with restriction endo-
nucleases. For heteroduplex analysis. we constructed Char-
on 28 phage probes which contain the entire HBV genome
(HBV3.2: 31) flanked by SV40 fragments of unequal length
(Fig. 2). The SV40 DNA is always single stranded in the
heteroduplex and thus marks the ends of the phage arms.
Since the integrated HBV might be positioned in two possi-
ble orientations. two different probes containing the HBV
sequence in opposite orientation relative to the phage arms
were employed. One of the constructions, named HSD.
contained two tandem HBV sequences. so that integrated
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FIG. 1. (A) Assignment of the virus sequences in the Alexander
genome to isolated clones. Alexander genomic DNA was digested
by EcoRI enzyme. electrophoresed on a 19 agarose gel. blotted to
nitrocellulose paper. and hybridized with **P-HBV3.2 DNA. Num-
bers at the right indicate the clones which contain corresponding
EcoRl fragments. See text for details. Numbers to the left indicate
the size in kilobases of standard DNAs. (B) EcoRI digestion pattern
of the HBV sequence of the 11 genomic clones isolated from the
Alexander cell library. Phage DNAs were cleaved by EcoRI en-
zyme. electrophoresed in a 1% agarose gel. blotted onto nitrocellu-
lose paper. and hybridized with **P-labeled HBV3.2 DNA (28). In
parallel. four similar blots were prepared. and each was hybridized
with various probes. These probes are designated by the letters a. b.
¢. and d and were prepared by EcoRl (R). BamHI (B). and Bglll
(Bg) digestion of HBV3.2 DNA. followed by gel purification of
fragments and nick translation with **P. The restriction sites which
define each probe and the HBV gene it represents (S. HBsAg: C.
core) are shown at the bottom of the figure. The bands that
hybridized to each probe and were detected after overnight expo-
sure are indicated by the corresponding letter (a to d). The clone
number is indicated above each lane. The bands of the clones 27 and
23 are very faint in this specific autoradiogram and are marked by
arrows. Positions and sizes of Hindlll-digested A DNA and Hacelll-
digested &X DNA used as size markers are indicated. The band in
the last lane (clone 26) represents two comigrating DNA fragments.

full-length and tandem repeated HBV sequences could be
analyzed. With these probes it was possible to measure both
the lengths and the approximate endpoints of the integrated
viral sequences relative to the HBV transcription map.
Standard errors were between 5 and 10%.

In some cases. the full HBV sequence could not be
mapped by heteroduplex analysis with HSM because the
hybrid regions could not extend beyond the EcoRI site of the
HBV DNA (see Fig. 2B). These regions were mapped by
restriction enzyme analysis. A composite restriction map for
the HBV sequences in the Alexander cell was constructed
by comparing the maps of the seven clones (Fig. 2A). This
map most closely resembles that of HBV subtype ayw (13).
Of 18 restriction sites monitored. 9 are present in both maps
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FIG. 2. Restriction maps of the heteroduplex probes. HSD (A)
and HSM (B). HBV3.2 DNA is shown by thick lines. SV40 DNA is
shown by thin lines. and A DNA is shown by dashed lines. Numbers
indicate the size in kilobases of SV40 DNA. The locations and
direction of transcription of HBV genes. HBsAg (S) and core (C).
are indicated by arrows. Note that these genes are in opposite
orientation relative to the A arms in HSM and HSD. A restriction
map of our prototype obtained by comparing all of the HBV
restriction sites in the Alexander cell clones is shown on the HSD
construction. A restriction map of the HBV genome sequenced by
Galibert et al. (13) is shown on the HSM construction. Restriction
enzyme symbols are as follows: B. BumHI: R, EcoRl: Bg. Bglll: A,
Accl: S, Sphl: X. Xbal: H, Hindlll: and N. Ncol. \; and Aq indicate
the phage long and short arms. respectively. The scale above part A
marks the HBV sequence in kilobases.

and 9 are present in only one or the other. The restriction
sites of the composite map are indicated relative to the HBV
transcription map in Fig. 2A. The map of the sequenced
HBV genome (13) is presented in Fig. 2B for comparison.
Interestingly. some of the restriction sites in the composite
Alexander cell map are absent from certain clones due to
sequence heterogeneity (see below).

The application of these methods revealed that the HBV
genome is present in three patterns in the Alexander cell
line. These include linear sequences, HBV fragments con-
taining long inverted duplications. and fragments with inter-
nal deletions. A schematic representation of the HBV se-
quences present in each clone is aligned with a dimer of the
HBYV transcription map in Fig. 3. Data for this figure were
derived from the detailed analysis of each clone presented in
Fig. 4 to 11 and discussed below.

Linear integration of the HBV genome. In two clones. 14
and 26, most of the HBV genome is integrated as a linear
fragment without any rearrangement detectable by either
electron microscopic analysis or restriction mapping. Re-
striction maps of the related clones 6. 10. and 14 are shown
in Fig. 4. In clones 6 and 10. the short arms of the A phages
are ligated directly to HBV sequences so that only a portion
of the integrated HBV is present in these clones. Clone 10
was used for analysis by electron microscopy because clone
14 contains more highly reiterated cellular DNA sequences.
which interfere with the heteroduplex analysis. Electron
micrographs of heteroduplexes with clone 14 showed many
small hairpin structures in the DNA flanking the HBV hybrid
region (data not shown). Further analysis revealed that this
clone contains at least seven repeats from the Alu family (see
discussion below). Figure 5A shows a typical electron micro-
graph of the heteroduplex between HSD (lower line in the
schematic of Fig. SA) and clone 10 (upper line). A 1.5-kb
hybrid of HBV DNA is bordered on the left by a 3.3-kb,
single-stranded loop-out structure and the phage short arm
and on the right by open loops of 8.2 and 7.1 kb and the
phage long arm. The 3.3-kb loop-out structure is due to HSD
DNA comprised of 0.75-kb SV40 sequence and 2.55-kb HBV
DNA. Thus, clone 14 consists of the phage short arm, which
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is directly ligated to 1.5-kb linear HBV sequence, followed
by 8.2-kb human genomic DNA and the phage long arm. The
HBYV portion starts ca. 2.55 kb from the EcoRI site in the
probe, that is, at the 3’ end of the core gene, and extends 1.5
kb to the 3’ portion of the HBsAg gene (Fig. 5B).

The region of clone 14 which corresponds to sequences to
the left of this region determined by electron microscopy
was mapped by restriction analysis. The Bg/lI site at the 3’
end of the core gene is present in the appropriate position in
clone 14 (Fig. SB). However, this clone does not hybridize to
the pre-core-gene-specific probe (probe b in Fig. 1B). We
conclude that the HBV sequence terminates in the core
gene. Therefore, this clone contains 1.5-kb linear HBV DNA
which begins within the core gene (excluding the putative
promoter region: 23). continues through the 5’ portion of the
HBsAg gene and promoter (6. 23; D. N. Standring, W. J.
Rutter, H. E. Varmus, and D. Ganem, submitted for publi-
cation), and ends within the 3’ sequence of the HBsAg gene.
Thus, neither the HBsAg nor core genes are complete in
clone 14.

The heteroduplex formed between clone 26 and HSM
shows a linear hybrid region of 1.7-kb HBV DNA (Fig. 6A).
An open loop structure comprised of two single-stranded
DNAs of 3.3 and 4.2 kb is seen between the phage long arm
and the 1.7-kb hybrid region. The 4.2-kb DNA should
contain mostly or entirely the HSM SV40 sequence: there-
fore, the left end of the hybrid maps to the SV40-HBV
junction in HSM, and the right end extends 1.7 kb further to
very near the 5’ end of the core gene (Fig. 6B). The HBV
sequence beyond the left end of this hybrid is not mapped by
electron microscopic analysis. However, when the sequence
in clone 26 to the left of the region mapped by the electron
microscopic analysis is compared with the composite map
(Fig. 2A), the sequence of restriction sites EcoRI, BamHI,
Hindlll, and Xbal. which extend from the HBsAg gene
toward the 3’ end of the core gene, can be identified. We
conclude that in clone 26, the HBV sequence at the left end
extends at least to the Xbal site located between the 3’ end
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FIG. 3. Schematic representation of the HBV sequences present
in all of the Alexander cell clones. The HBV sequence present in
each clone is aligned with the HBV transcription map (top line)
indicating the coding sequences for the mature HBsAg (S). core (C).
and DNA polymerase (pol) genes (open boxes) and the precursor
coding regions for HBsAg and core genes (stippled boxes). The
promoter sites determined in vitro (solid triangles) and in vivo (open
triangles) are indicated for the HBsAg and core genes. Dashed lines
indicate positions in which nonconsecutive sequences of HBV DNA
are joined in the Alexander cell. \ indicates positions at which the
HBYV sequence is ligated directly to phage DNA in the X clones.
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FIG. 4. Restriction endonuclease sites and location of HBV sequences in the overlapping clones 10. 6. and 14. A restriction map of the two
EcoRI fragments containing the HBV sequence is shown. The region that hybridized to **P-HBV3.2 DNA probe is shown by the line
designated HBV. Note that the phage short arm is ligated directly to HBV DNA in clones 6 and 10. Enzyme symbols are as in the legend to

Fig. 2. with the addition of Sm for Smal.

of the core gene and the 5" end of the HBsAg gene. The HBV
sequences continue through the HBsAg gene and extend on
the right up to the 5" end of the core gene. Thus. this HBV
fragment consists of the viral genome minus the core gene.

Some integrated HBV sequences contain internal deletions.
Three clones, 8. 23, and 13. contain HBV sequences with
internal deletions (Fig. 7 t0 9). A typical electron micrograph
of the heteroduplex formed between HSD and clone 8 shows
a hybrid of 1.4 kb next to a loop-out structure of 6.5 kb
adjoining the phage long arm (Fig. 7A). This loop-out
structure allows us to map the 1.4-kb hybrid from the 3’ end
of the HBsAg gene to the middle of the core gene (Fig. 7C);
this map is consistent with the fact that this clone hybridizes
to HBsAg and pre-HBsAg-specific probes (probes a and d.
Fig. 1B). The 6.5-kb loop-out structure also indicates that
the phage long arm DNA is directly ligated to the integrated
HBYV sequences: therefore, we do not know the full dimen-
sions of the integrated virus. The 1.4-kb hybrid region is
interrupted by an “‘eye’’-shaped loop structure of ca. 200
base pairs (bp) (Fig. 7A). This loop maps to the 5’ end of the
HBsAg gene. In most of the observed heteroduplexes. this
small loop hybridized to a portion of HBV sequence in HSD
(Fig. 7B). indicating that the loop contains HBV sequence.
Thus. clone 8 contains 14.7-kb human genomic DNA and
1.4-kb HBV sequence, which extends from the middle of the
core gene to the 3" end of the HBsAg gene. and is interrupted
in the pre-HBsAg region by 200 bp of HBV DNA which is
not colinear with the surrounding sequences (Fig. 7C).

The integrated HBV sequence in clone 23 was mapped
with HSM as a heteroduplex probe. A hybrid region of 2.2-
kb HBV DNA is interrupted by an internal loop-out struc-
ture of 1.1 kb (Fig. 8A). The measurements of the single-
stranded DNAs flanking this hybrid allow us to map the
integrated HBV sequence as shown in Fig. 8B: we conclude
that the 1.1-kb loop-out structure is due to a deletion in the
integrated virus. This deletion removes the entire core gene:
this is consistent with the absence of hybridization to core-
specific probe (probe ¢, Fig. 1B). In all of the electron
micrographs examined. an additional small loop-out struc-
ture of ca. 100 bp is seen ca. 200 bp downstream of the big
deletion (Fig. 8A). Sequence analysis has shown that this
loop is due to a deletion in clone 23 (P. D. Garcia. Y. Shaul.,
and W. J. Rutter, manuscript in preparation). The right end
of the integrated virus maps to the pre-HBsAg gene. The left
end is not mapped by the HSM probe due to the limitation of
the monomeric HBV DNA. However, restriction mapping
analysis shows that the BglIl site located 800 bp upstream
from the unique EcoRlI site in the Alexander cell HBV DNA

(Fig. 2A) is present in clone 23 at the analogous position
(Fig. 8B). In addition, this region hybridized to the HBV
probe (Fig. 8B). Thus, clone 23 contains at least 800 bp of
HBYV sequence upstream from the HBsAg coding region
mapped by electron microscopy. This clone does not hybrid-
ize to a core-specific probe (probe c, Fig. 1B) and therefore
does not extend far beyond this Bglll site. The final map of
clone 23 reveals that the sequence upstream from the HBsAg
gene, containing the BglIl and Xbal sites, is directly repeat-
ed at the ends of the integrated HBV DNA. In summary,
clone 23 contains 1.1- and 12-kb human genomic DNA
separated by ca. 3-kb HBV sequence extending from the 3’
end of the core gene to the 5" end of the HBsAg gene. The
HBYV DNA contains a deletion of 1.1 kb from the core gene
and sequences 5’ to the core gene.

The HBV sequence in clone 13 was mapped by formation
of heteroduplexes with HSD. In the electron micrograph. a
hybrid region of 2.5 kb is flanked by open regions of 2.8 and
6.6 kb next to the phage long arm and 2.2 and 12.2 kb next to
the phage short arm (Fig. 9A). The 6.6- and 2.2-kb DNAs
contain the HSD sequence: therefore. both ends of the 2.5-
kb hybrid region map close to the 5’ end of the core gene
(Fig. 9B). The two 5’ ends of the core gene. however, are 3.2
kb apart in a dimer of prototype virus. whereas the length of
the hybrid region in clone 13 is only 2.5 kb. The 0.7-kb
difference and the presence of a loop-out structure of 0.65 kb
in the 2.5-kb hybrid region show that there is a deletion in the
HBYV sequence. This conclusion is confirmed by the restric-
tion enzyme cleavage patterns. The EcoRI-Bglll fragment is
250 bp in clone 13, whereas the analogous fragment in the
composite genome is 800 bp (compare Fig. 3A and 9B). This
suggests that a segment of ca. 550 to 650 bp. extending from
the 3’ end of the core gene to the 5" end of the HBsAg gene.
is deleted. Thus. the core and the surface genes may be
incomplete in this clone. In summary, clone 13 contains
12.2- and 2.8-kb human genomic DNA flanking a monomeric
HBYV fragment which starts in sequences upstream from the
core gene and ends virtually in the same position, but the
fragment lacks the noncoding region between the 3’ end of
the core gene and the 5’ end of the HBsAg gene.

Tandem integration of HBV sequences. The heteroduplex
formed between HSD and clone 27 reveals a hybrid of 650 bp
adjacent to a stem structure of 1.6 kb (Fig. 10A). A restric-
tion enzyme analysis of clone 27 shows that the long inverted
repeat which forms the stem in the electron microscopic
structure is comprised of sequences containing the restric-
tion sites characteristic of the HBsAg gene (compare Fig. 2B
and 10B). Most of the 4.5-kb HBV sequence detected by
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FIG. 5. Mapping of the HBV sequence in the overlapping clones 10 and 14. (A) Electron micrograph of a heteroduplex between clone 10
and the HSD probe. Insert is the interpretive drawing of the electron micrograph. Thin and thick lines represent single-stranded and double-
stranded DNA. respectively. The schematic heteroduplex structure is shown below the electron micrograph. The HSD probe is drawn with
dotted and thick lines representing the estimated location of the SV40 and HBV sequences. respectively. Numbers indicate the average sizes
in kilobases of 15 different measurements. L and S indicate the phage long and short arms. respectively. (B) The restriction map of the Smual
DNA fragment from Fig. 4 (line 3. this figure) is aligned with the transcription map of HBV (line 2) and a schematic representation of the het-
eroduplex (line 1). Line 1. Open bars represent double-stranded regions of the heteroduplex. Thin lines signify single-stranded regions.
Lengths of these regions are given in kilobases. Line 2. Sequences coding for the structural genes tor HBsAg (S) and core (C) and the direction
of transcription are indicated by thick arrows. Line 3. HBV DNA is represented by the thick line: host DNA is represented by the thin lines.
Restriction enzyme symbols are as in the legends to Fig. 2 and 4. Vertical dashed lines indicate positions of alignment.

restriction mapping is contained in this stem structure. Both
of the repeats comprising the stem structure extend from the
3" end of the HBsAg gene through this gene to the Xbal site
located just 5’ of the HBsAg gene. The repeat at the left of
Fig. 10 extends through the intergenic region to the BglII site
at the 3’ end of the core gene. This is the region detected as
the 0.65-kb hybrid in the electron micrograph (Fig. 10A): it

maps from 0.7 to 1.35 on the HBV map in HSD (Fig. 2A).
i.e.. at the 3’ portion of the core gene (Fig. 10B). This is
consistent with the observation that the large EcoRI frag-
ment present in clone 27 (Fig. 10B) hybridizes to core-
specific probe (probe c. Fig. 1B). The right repeat does not
appear to extend far beyond the Xbal site: this defines the
end of the duplication and the beginning of the stem struc-
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FIG. 6. Mapping of the HBV sequence in clone 26. (A) Electron micrograph of a representative heteroduplex between clone 26 and HSM
and its interpretive drawing. See the legend to Fig. 5A for details. (B) The restriction map of the X clone (line 4) is aligned with the map of two
tandem Smal fragments containing the HBV sequence (line 3). the transcription map of HBV (line 2). and a schematic representation of the
heteroduplex (line 1). Line 4: thin lines. Alexander cell DNA: dashed lines. phage DNA. A\, and \q indicate the phage long and short arms. re-
spectively. Restriction enzyme symbols are as in the legends to Fig. 2 and 4. See the legend to Fig. 5B for an explanation of the symbols used

in lines 1 to 3.

ture. The right repeat extends from the 3’ end of this site in
the region between the core and HBsAg genes toward the
Ncol and BamHI sites near the 5’ end of the core gene. The
left repeat contains only the sites up to the Accl site at the 3’

end of the HBsAg gene. Therefore. the junction between the
left and right repeats is in the BamHI-Accl fragment next to
the Ncol site. and the loop structure seen in the electron
micrograph is formed by the region between the Accl sites at
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FIG. 7. Mapping of the HBV.sequence in clone 8. (A and B) Electron micrograph of the two types of heteroduplexes observed between
clone 8 and HSD. See the legend to Fig. SA for details. (C) The restriction map of the X clone (line 4) is aligned with the HindllI-EcoRI frag-
ment containing the HBV sequence (lirie 3), the transcription map of HBV (line 2). and a schematic representation of the heteroduplex shown
in A (line 1). See the legends to Fig. SB and 6B for an explanation of symbols.

the ends of the two HBsAg genes. Thus. in clone 27 the
entire HBsAg gene is represented twice as an inverted
repeat, one copy containing additional sequences 5’ of the
gene and the other extending past the 3’ end of the gene.
Clone 15 does not hybridize with the HBV region of the
heteroduplex probes in either orientation. Thus, the HBV
sequences in this clone are located in the stem loop structure
(Fig. 11). The two external EcoRI fragments hybridize to a
HBsAg-specific probe (probe a. Fig. 1B). and the central
fragment hybridizes to a pre-HBsAg-specific probe (probe d.
Fig. 1B; Fig. 11B). A characteristic pattern of EcoRI, Xbal,
and Accl restriction sites covering the HBsAg gene in the
composite HBV is presented twice in inverted fashion in the
fragments which hybridize to HBsAg gene-specific probe.
Therefore, we conclude that the stem structure seen in the

electron micrograph is due to an inverted repeat composed
of two HBsAg gene fragments (Fig. 11B). The 850-bp EcoRI
fragment which hybridizes to the pre-HBsAg-specific probe
is ca. 300 bp larger than the loop structure seen in electron
micrographs (550 bp); this implies that the inverted region
extends at least 150 bp beyond the EcoRl site in the HBsAg
gene. This EcoRI fragment contains the restriction sites
characteristic of the pre-HBsAg gene region (EcoRI,
BamH]I, HindIll, and Xbal: Fig. 2A). Thus, the left repeat
extends to the Xbal site, whereas the right repeat terminates
ca. 150 bp past the EcoRlI site.

Host flanking sequences. During the electron microscopic
analysis of the isolated clones, we found that the host
flanking sequences of most of the clones display a complicat-
ed secondary structure. This can easily be seen as hairpin
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FIG. 8. Mapping of the HBV sequence in clone 23. (A) Electron micrograph of a heteroduplex between clone 23 and HSM and its
interpretive drawing. See the legend to Fig. SA for details. The small deletion of ca. 100 bp is located ca. 200 bp to the right of the big deletion.
(B) The restriction map of the A clone (line 4) is aligned with the two tandem EcoRI fragments which contain the HBV sequence (line 3). the
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EcoRI fragments and the probes to which they hybridized in Fig. 2.
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See the legends to Fig. SB and 6B for an explanation of the symbols.

structures in the host flanking sequences of clones 10 and 27
(Fig. 5 and 10, respectively). It appears that the HBV DNA
is usually integrated into the host genome at regions that
contain highly repeated sequences. To confirm this, we have
tested the host flanking sequences for the presence of

interspersed repeated sequences of the Alu family. Genomic
clones were digested with Alul, electrophoresed on an
acrylamide gel, blotted to nitrocellulose paper, and hybrid-
ized to *?P-labeled cloned DNA from the Alul repeat family
(Blur 8; 15) (data not shown). We found that several clones
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ISOLATION AND ANALYSIS OF HBV DNA 785

>

TPV AR e R R LT

R e ARG - Y

R
3'1'

S,
Fa %
. 5

1.4

AL 11 06 13 54
—f—{ 53— ——

| | | |
i | | |
| | | |
i | | |
—  ens : 500 Kb
I —
S =S i
: |
| I

I
|
|
I - {

R BA B X R BHXR XB AASN X 50

\ 7
\ 7
\ i
\\ ///
\
3 o
\ /s
\ 7
\R RHR 4 R
Ny e i
L L— a —kd»l a ! 8
—
1Kb

FIG. 11. Mapping of the HBV sequence in clone 15. (A) Electron
micrograph of a heteroduplex between HSD and clone 15 and its
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restriction map of the \ clone (line 4) is aligned with the EcoRI-
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the heteroduplex (line 1). See the legends to Fig. 5B and 6B for an
explanation of the symbols. The bars and letters under line 4
indicate the EcoRI fragments and the probes to which they hybrid-
ized in Fig. 2.
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contain a relatively large number of Alu repeats: clone 14
contains at least seven repeats, clones 26 and 27 contain four
repeats each, clones 13, 15, and 23 contain two repeats each,
and clone 8 contains at least one Alu repeat. These values
are most probably an underestimation of the real numbers. A
detailed restriction map of the entire clone would be needed
to determine the exact number of Alu repeats.

DISCUSSION

We report here the isolation and analysis of seven distinct
clones containing HBV sequences integrated into genomic
DNA of the PLC/PRF/S (Alexander) cell. While this manu-
script was being written, two other laboratories reported the
isolation of similar clones from Alexander cell DNA contain-
ing HBV sequences. Dejean et al. (10a) have reported the
analysis of a clone containing an inverted repeat of the
HBsAg gene region. A comparison of the HBV structure and
restriction maps indicates that this clone is the same as our
clone 27. Koshy et al. (16a) have identified three clones
containing HBV DNA from a Hindlll digest of Alexander
cell DNA. One of these clones, containing a 6.0-kb HindlIl
fragment which hybridizes to HBV DNA, is like our clone
13. The restriction maps indicate that a second clone,
containing a 10.7-kb HindIll fragment. is represented by the
right half of our clone 26 (extending rightward from the
Hindlll site near the 5’ end of the HBV sequences; Fig. 6).
The third clone, containing a 10.5-kb HindIII fragment, may
be the same as the left half of our clone 15 which does not
contain all of the HBV sequence at this integration site.
Comparison of restriction maps indicates that none of our
clones is the same as this clone.

In some viruses, e.g., SV40 and adenovirus (9, 25),
multiple viral sequences may result by amplification of a
single integrated virus and the surrounding host sequences.
It is unlikely that all of the integrated HBV sequences in the
Alexander cell are generated by amplification for the follow-
ing reasons. First, the integrated HBV DNA is very stable.
Ten independent subclones of this cell line exhibit identical
HBYV integration patterns (12). Furthermore, this pattern of
integration has remained constant in DNA prepared over a 2-
year period. Second, unlike the amplified SV40 and adenovi-
rus sequences, no similarity is observed between the restric-
tion maps of the host flanking sequences in the various
clones. If amplification does occur, it must involve only
short host sequences not detected by restriction mapping.
Third, the integrated HBV sequences show different pat-
terns of organization. Finally. there is sequence heterogene-
ity in the integrated HBV sequences as reflected by changes
in restriction enzyme sites. For example, Hindlll cleaves
clones 14, 15, and 26 between the EcoRI and the Xbal sites,
whereas the corresponding regions in clones 23 and 27 are
not cleaved. This sequence heterogeneity has been con-
firmed by recent DNA sequence data which revealed differ-
ences between the clones in some regions of the HBV
sequence (Garcia et al., in preparation). It is not known
whether the changes are due to infection by multiple viruses
or caused by mutagenesis subsequent to infection.

The study of the seven clones allows us to define some
features of the integration of HBV. No intact full-length
HBYV copies are integrated into the Alexander cell genome:
rather, three different patterns of HBV organization are
observed in the clones; these include linear DNA, HBV
sequences containing deletions of 100 to 1,000 bp, and large
(1- to 1.6-kb) inverted repeats of HBV DNA (Fig. 3). We
have now sequenced across all junctions between HBV and
host DNA and across all deletions of HBV DNA. Our
analysis confirms the conclusions drawn from electron mi-
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croscopic and restriction mapping analysis and will be
published in detail in future communications (Garcia et al.,
in preparation; M. Ziemer, P. Garcia, Y. Shaul, and W. J.
Rutter, manuscript in preparation). All or most of the
HBsAg gene sequence is preferentially included in the
integrated HBV sequences of every clone. Only in clone 14
is the coding portion of the HBsAg gene disrupted by
integration (Fig. 3). All of the clones contain the 5’ portion of
the HBsAg gene. This observation is reflected in the restric-
tion maps of the clones; all but clone 8 display the 250-bp
EcoRI-Xbal fragment (Fig. 5 to 11) derived from the 5’ end
of the HBsAg gene. Interestingly, the equivalent region and
the B-gene region of the woodchuck hepatitis virus are the
only conserved sequences among two different woodchuck
hepatomas (21). In contrast, the core gene is excluded from
clones 26, 15, 23, and 8, and the 5’ end of this gene is lacking
in clones 14 and 27. Only clone 13 could contain the entire
core gene.

Two distinct sizes (2.3 and 3.0 kb) of cytoplasmic poly-
adenylated RNA have been detected by Northern blot
analysis in Alexander cells (7; unpublished data). Since these
cells produce HBsAg, it is likely that one or both of these
RNAs is translated to produce this protein. Using an in vitro
transcription assay primed with cloned HBV DNA of sub-
type adw2, Rall et al. (23) have recently mapped the promot-
er of the HBsAg gene to a site near a TATAA sequence ca.
440 bp upstream from the unique EcoRI site and ca. 600 bp
upstream from the initiating AUG codon of the mature
HBsAg (23). This pre-HBsAg promoter appears active when
the HBsAg gene sequences are incorporated in a modified
SV40 vector and introduced into monkey kidney cells (17).
Recently, a second internal promoter which initiates tran-
scription within the pre-HBsAg gene region ca. 25 bp
upstream of the EcoRI site has been described in a rat cell
line transfected with HBV DNA, in infected chimpanzee
liver (6), in murine cells transformed with recombinants of
the Rous sarcoma virus long terminal repeat and subgenomic
fragments of HBV DNA (Standring et al., submitted for
publication), and also in Alexander cells (J. Ou and W. J.
Rutter, unpublished data). The pre-HBsAg promoter is
present in all of our clones except possibly 13, whereas the
internal HBsAg promoter is in every clone. The length of the
transcripts, however, is unknown because termination may
occur in the host DNA. In fact. the in vivo studies have
indicated that HBsAg transcription terminates in the core
gene around nucleotides 1900 to 2000 (6, 22: Standring et al.,
submitted for publication). This region is absent from all of
the Alexander cell clones. Thus, only abnormal transcripts
of the HBsAg gene can be produced: transcription from
these HBsAg promoters would yield hybrid mRNAs con-
taining both HBV and human DNA sequences.

The active HBsAg mRNA(s) could be derived only from
clones having a promoter and 850-bp HBV DNA. These
candidate templates for HBV mRNA are clones 13, 23, 26,
27, and 15 (Fig. 3). The secondary structure in clones 27 and
15 is unlikely to be conducive to effective transcription. In
contrast, clones 13, 23, and 26 contain the full HBsAg gene
sequence in a simple intact linear structure. The pre-HBsAg
promoter with the TATAA sequence is only present in
clones 26, 27, 23, and 15. Of these, clone 23 contains a
deletion in the pre-HBsAg gene region; clones 15 and 27 are
subject to the effects of secondary structure mentioned
above. Thus, clone 26 is the most likely candidate for
HBsAg production from the promoter identified in vitro.

Core antigen coding sequences are absent from all clones
except clone 13, and even in this clone, 3' sequences of the
core gene may be absent. The promoter identified in vitro
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around nucleotide 1690 (23) is present. Thus. transcription
from clone 13 could produce either the full core-coding
sequence or a fusion product containing 3’ sequences from
the HBsAg gene region. Sequence analysis shows that the
core gene is not intact (Ziemer et al.. in preparation). Thus.
we predict that the Alexander cell cannot produce a normal
core antigen molecule.

Inspection of the HBV DNA in the seven clones reveals
that none of the clones contains sequences which code for
the complete presumptive DNA polymerase gene (Fig. 3).
This explains the absence of this activity from the Alexander
cell.

The further characterization of these HBV sequences and
their flanking host sequences may give insight into the
process of integration and its effects on the host cell.
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