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Hepatitis B virus (HBV) sequences integrated in the PLC/PRF/5 cell line (Alexander cells), which was derived
from a human primary liver carcinoma, were prevlously extensively studied. Here we describe the analysis of
the unoccupied sites of two linearly integrated forms of HBV DNA, AL-14 and AL-26, that were characterized
previously. No major cellular DNA rearrangements were seen at the integration sites except for small deletions
of host sequences: 2 kilobases of DNA in AL-14 and 17 base pairs (bp) in AL-26, The unoccupied site of AL-26
was found to be missing 182 bp, which previously mapped next to the right end of the integration sites of several
independent clones. These were believed to be of cellular origin, but we show here that these 182 bp are in fact
from unusual HBV sequences. Surprisingly, a region of this newly detected HBV DNA sequence is more
homologous to that of woodchuck HBV DNA. Our analysis shows that the normal cqunterparts of both AL-14
and AL-26 contain minisatellite-like repetitive sequences. Based on the data presented here and our previous
finding of HBV DNA integration at satellite sequences, we propose that genomlc simple repetitive sequences are

hot spots for HBV DNA integration.

Hepatitis B virus (HBV) is considered to be a major cause
of liver cancer (hepatocellular carcinoma; HCC), and inte-
grated forms of HBV DNA are frequently found in HCC
cells (for a review, see reference 24). The nature of the
integrated HBV DNA was intensively studied in the
PLC/PRF/S (Alexander) cell line, which was derived from
HCC tissue (10, 20). This cell line contains at least seven
integrated copies of HBV DNA, none of which are intact
(20). In most of these integrations, deletions, duplications,
and inversions of HBV DNA were observed; and only two
clones (AL-14 and AL-26) contained an uninterrupted linear
form of HBV sequences. AL-26 and clones A-10.7 and
A-10.5, which have been isolated by Koch et al. (9), were
found to be almost identical in their nonviral sequences at
the 3’ end of the integration site; and therefore, it was
postulated that these clones are derived from the amplifica-
tion of a primary integrated viral DNA with its immediate
host sequences (8). Here we report the isolation and char-
acterization of the unoccupied sites of AL-26 and AL-14.
These analyses allow us to show that sequences that were
previously believed to be of host origin are in fact those of
unusual viral sequences. We also found that in both cases
the viral DNA was integrated next to simple repetitive
sequences of cellular DNA, which are partially homologous
to the previouysly reported minisatellite sequences (7). We
propose here that simple cellular repetitive sequences are
hot spots for the integration of HBV DNA.

MATERIALS AND METHODS

Preparation of genomic DNA. DNA was prepared from
normal blood cells, hepatoma cell lines, and primary HCCs
as follows. Isolated nuclei or whole cells were suspended in
10 volumes of 0.1 M NaCl-40 mM Tris (pH 7.6)40 mM
EDTA. Then, 0.5% sodium dodecyl sulfate and 0.5 mg of
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proteinase K per ml were added, and the mixture was
incubated at 60°C for 1 h. The resultant lysate was extracted
with an equal volume of phenol-chloroform for 1 h and then
extracted several times with an equal volume of chloroform.
Nucleic acids in the aqueous phase were precipitated with 2
volumes of ethanol. DNA was dissolved in TE buffer (0.1
mM EDTA, 1 mM Tris [pH 8]) to a final congentration of 250
pg/ml. About 20 ug of DNA was used for each lane. *

Restriction mapping and Southern blotting. Restriction
enzyme digests of cloned DNA were electrophoresed op 1%
agarose gels, blotted onto nitrocellulose by the method
described by Southern (22), hybridized to probe DNA, and
labeled with 32P by nick translation (17, 25) or with the
riboprobe system (14). The hybridizations were for 16 h at
42°C in 50% formamide~10% dextran sulfate. The filters
were washed at 50°C in 0.1x SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate.

Restriction maps were determined by partial digestion or
by comparing blots from single and double enzyme diges-
tions. Detailed maps were prepared by analyzing fragments
of the \ clones after they were subcloned into the plasmid
vectors pBR322 or pSP6. Specific fragments of the DNA of
Alexander clones were prepared as hybridization probes by
digestion of cloned DNA with the appropriate enzymes and
isolation of the specific fragments from agarose gels before
labeling.

Construction of a genomic DNA library. Lymphocyte DNA
was digested completely with EcoRI enzyme. The region
around the 2.8-kilobase (kb) fragment was recovered from a
1% agarose gel, ligated to Agz11 arms, packaged in vitro, and
used to infect Escherichia coli Y1088 (23). Positive clones
were identified by 3?P labeling by previously published
methods (2, 11, 12).

DNA sequencing and computer analysis. DNA sequencing
of the M13 subcloned fragments was carried out by the
dideoxy method (18).

Computer analysis of the DNA was performed on a
computer (XT; International Business Machines) with the
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FIG. 1. Southern blot analysis of AL-14 unoccupied sites in
normal and hepatoma cells. DNA samples (20 pg) were prepared
from hepatoma cell lines Hep3B (lane 1), SK-Hepl (lane 2), HepG2
(lane 3), Mahlavu (lane 4), and Alexander (lane 11); primary
hepatocarcinomas (lanes 12 to 16); normal human blood cels (lanes
S and 6); a mouse cell line (lane 10); and a monkey cell line (lane 7);
lanes 8 and 9 contained the same DNA sample as lane 7 but with 1
and 0.2 equivalent copies, respectively, of EcoRI-digested AL-26.
These DNA samples were digested with EcoRI electrophoresed in
an agarose gel, Southern blotted, and hybridized to the probe shown
in Fig. 2. The bands seen when HBV DNA was used as a probe are
marked by dots; the arrowheads show the AL-26-related monkey
sequences.

Micro-Genie program and on a personal computer (Interna-
tional Business Machines) with the Pustell program.

RESULTS

Analysis of the unoccupied site of AL-14 in normal and
hepatoma DNA samples. Clone AL-14 contains linear inte-
grated forms of HBV DNA, with the viral core and S genes
and host flanking sequences occurring at both ends (20). A
2.6-kb EcoRI fragment, which contains about 1.4 kb of HBV
DNA sequences and 1.2 kb of cellular DNA sequences
corresponding to the left end of the virus-host junction, was
shown not to contain repetitive DNA elements (data not
shown) and, therefore, was used as a probe for analysis of
genomic DNA from normal and several hepatoma cells (Fig.
1). A positive EcoRI band of 2.8 kb was seen in all the human
DNA samples, and in addition, extra bands in some of the
hepatoma samples were visible. By using more specific
probes, we found that these extra bands are positive only to
the HBV sequence and not to the host sequence in the AL-14
probe that was used (data not shown). This implies that no
major DNA rearrangement occurred at this locus in the
tested hepatoma cells. Monkey DNA contained a 24-kb
EcoRlI-positive band, while mouse DNA did not contain any
homologous sequences. Thus, the cellular sequence is not
evolutionarily conserved.

Determination of the sequence of the AL-14 unoccupied site.
To analyze further the cellular counterpart of clone AL-14,
we isolated the unoccupied site (normal allele) from a
genomic library, which was prepared from normal cells,
using the AL-14 probe. About 10° bacteriophages were
screened, and 11 positive clones were isolated and analyzed.
Detailed restriction map analysis of one of the clones,
NHAL14, revealed that it contains host sequences corre-
sponding to both ends of the integration site on a single
2.7-kb Smal fragment (Fig. 2). In AL-14, which was isolated
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from Alexander cells, the size of the homologous Smal
fragment was only 2.4 kb. This 2.4-kb fragment was com-
posed of 1.7 kb of HBV DNA and only 0.7 kb of host
sequences. Thus, about 2 kb (2.7 to 0.7 kb) of cellular DNA
was deleted as a consequence of the integration.

To determine the sequence of the unoccupied site, two
restriction DNA fragments, the 0.7-kb EcoRI-BamHI frag-
ment and the 0.5-kb EcoRI-Smal fragment, which contain
the cellular sequences corresponding to the left and right
ends of the integration site, respectively (Fig. 2), were
isolated, cloned in the M13 vector, and sequenced. The
sequences of HBV DNA and the left and the right ends of the
virus-host junctions and the corresponding unoccupied site
in NHAL14 are compared in Fig. 2. This comparison maps
the left-end virus-host junction at nucleotides 2036 and 2037
and the right-end junction at nucleotides 489 to 491 on the
HBYV genome. The homology of the sequences of integrated
and prototype HBV used by us was relatively poor at the 5’
end of the integration site. This was due, perhaps, to the
sequence differences that are commonly observed among
HBYV subtypes. These mismatches among viral sequences at
this region led to misinterpretation of the integration site,
which was previously placed at nucleotide 2051 (E.
Winocour, T. Chitlaru, K. Tsutsui, R. Ben-Levi, and Y.
Shaul, in Cancer Cells, in press). There is 1 common base
between HBV DNA and cellular human DNA at the 5’ end
of the integration site, and there are 3 common bases at the
3’ end. Analysis of the unoccupied site of AL-26, as de-
scribed below, also shows that there are 3 common bases at
the integration site between the two DNAs (Fig. 3). This
phenomenon seems to be a characteristic feature of nonho-
mologous recombination in general, as was suggested previ-
ously by us and others (3, 13; Winocour et al., in press).

Analysis of the unoccupied site of AL-26 in normal and
hepatoma DNA samples. Similar to AL-14, clone AL-26
contains the linear form of integrated HBV DNA, with the
viral S gene, a portion of the X gene, and cellular host
sequences occurring at both ends (20). To analyze host
flanking sequences corresponding to both ends of the inte-
grated HBV DNA in normal and hepatoma cells, the AL-26
3.8-kb PstI fragment was used as a probe. This fragment
contains 0.7 kb of host sequences from the S’ end of the
integration site, 2.4 kb of integrated HBV DNA, and 0.7 kb
of host sequences at the 3’ end (Fig. 3). This probe hybrid-
ized to a 2.8-kb EcoRI fragment in normal cells and in all the
HCC samples that were tested (Fig. 4); again, the extra
bands observed in some of the HCC DNA samples were due
to the presence of the HBV sequences in the probe and in the
tumor DNA samples (data not shown). Only monkey DNA,
but not Drosophila DNA, hybridized with this probe, imply-
ing that these sequences are not evolutionarily conserved.

The AL-26 probe that we used contains a low number of
repetitive sequences, as was seen by smears of hybridization
background over the various lanes (Fig. 4). For the isolation
of the unoccupied site of the DNA by this probe, we decided
to prepare a partial genomic library that was enriched for the
positive 2.8-kb EcoRI fragment. To do so we cloned gel-
purified genomic EcoRI fragments of normal cellular DNA
ranging from 2.6 to 3.0 kb in the Agr11 vector. Two positive
clones were isolated, and their restriction maps were deter-
mined and were found to be identical; thus, we used only one
clone, NHAL26, for further analysis (Fig. 3).

The enzymes Smal, Pstl, and Xbal cut NHAL26 at the
equivalent position as that of the host flanking sequences of
AL-26 (Fig. 3), except that the 0.4-kb Smal fragment of
NHAL26 was about 3.2 kb in AL-26. This difference is
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FIG. 2. Restriction maps and partial sequences of AL-14 and NHAL14. The combined restriction map of AL-14 and its homologous clone
AL-6 are taken from a previous report (20); wavy lines show the \ arms (S, short; L, long), and solid lines designate the integrated HBV
sequences. The DNA probe that was used to isolate the unoccupied site NHAL14 is shown. At the bottom of the figure the sequences of HBV
(27) and AL-14L (left host-virus junction), AL-14R (right host-virus junction), and the related sequences in NHAL14 are compared. The
sequences at the left- (L;) and right (R;)-end junctions are boxed. The following restriction enzymes were used: EcoRI (R), Smal (S), HindII1

(H), BamHI (B), and Sall (Sal).

explained by the integration of 2.8 kb of HBV sequences in
AL-26 inside the 0.4-kb Smal fragment. This close similarity
between the restriction map of the two DN As indicates that
no major deletion or other cellular DNA rearrangements
occurred at the integration site.

To determine the sequence of the virus-host junctions, the
appropriate DNA fragments of AL-26 and NHAL26 were
sequenced and compared with prototype HBV DNA (Fig.
3). This comparison mapped the left end of the virus-host
junction at nucleotide 2536 on the HBV genome because
downstream from this nucleotide the sequence of AL-26
matched that of the HBV DNA, while the sequence up-
stream from this point was not homologous to that of HBV

but rather to that of the unoccupied DNA (NHAL26). This
left-end junction site was about 3 bases away from the one
reported previously (Winocour et al., in press). Significantly,
the right-end junction (Fig. 5) mapped at nucleotide 1797 of
the HBV genome, about 182 base pairs (bp) away from
nucleotide 1615, which was reported previously to be the
integration site (8, 26, 27). It is also evident that in contrast
to AL-14, here only a small DNA fragment of 17 bp was
deleted at the integration site. Interestingly, inspection of the
adjacent host sequences revealed a stretch of 12 bases that
was homologous to HBV DNA (positions 1891 to 1902). This
dodecanucleotide sequence was positioned 100 bases down-
stream from the right end of the integration site, which is
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FIG. 3. Restriction maps and partial sequences of AL-26 and NHAL26. The restriction map of AL-26 is taken from a previous report (20).
The DNA probe that was used for isolation of NHAL26 is shown. At the bottom of the figure the sequences of HBV DNA, AL-26, and
NHAL26 are compared. Homologous bases are marked by dots. The black box on the restriction map of AL-26 is the integrated HBV DNA;
the white box is the newly detected HBV DNA, which is positioned between the previously mapped right-end junction (R;*) on our new map
(R)); the dotted boxes indicate the presence of Alu family repeats. The enzymes and the symbols used here are described in the legend to Fig.
1, except that here we also used the enzymes Xbal (X), PstI (P), and Pvull (Pv).
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FIG. 4. Southern blot analysis of AL-26 unoccupied sites in
normal and hepatoma cells. DNA samples (20 pg) were prepared
from hepatoma cell lines Hep3B (lane 1), SK-Hepl1 (lane 2), HepG2
(lane 3), Mahlavu (lane 4), and Alexander (lane 6); primary hepa-
toma cells (lanes 7 to 10); nonhepatoma human tumor cell lines
GM3299 (lane 11), HeLa (lane 12), and HL60 (lane 13); normal
human cells (lane 5); Drosophila (lane 14) and monkey cells (lane
15); and monkey cells containing AL-26 DNA (lane 16). These
samples were digested with EcoRI, electrophoresed in agarose gel,
Southern blotted, and hybridized to the AL-26 probe shown in Fig.
3. The HBV-positive bands are marked by dots.

almost similar in length to the size of the displaced HBV
DNA, measured from the integration site (1797) to these 12
bases (1891) (see Fig. 7).

Detection of an unusual HBV sequence in AL-26. Because
the 182 bp at the 5’ end of the integration site in AL-26,

HBV 1465 CTCGGGGCC GTTTGGGGCT CTACCGTCCC CTTCTTCTTC TGCCGTTCCG GCCGACCACG
* kkkkkkk ok hkdkh Ak kkk b *k sk

AL26 1 CCCGGGGCC GCTTGGGACT CTATCGTCCC CTTCTTCGTC TGCCGTACCG TCCGACCACG
Fekdk dkkk *k * dk kk  kk ok dkkkk ok ok ok ok kk ok kkk

WHV 1555 CCCGAGGCC TTCTGCCGGT TCTGCGGCCT CTCCCGCGTC TTCGCTTTCG GCCTCCGACG

HBV 1524 GGGCGCACCT CTCTTTACGC GGTCTCCCCG TCTGTGCCTT CTCATCTGCC GGACCGTGTG
Fhkk RhAkk AR RRARRRR kkk Rhhdk kR kR kkkbkobbhk kk dekkkkk

AL26 60 GGGCCCACCT CTCTTTACGC GGTTTCCCCG TCTGTTCCTG CTCATCTGCC GGTCCGTGTA
ko ok okk ok kkkk ARk kkkdkk bR ok kkk ok ok bbbkkddd

. WHV 1614 AGTCGGATCT CCCTTTGGGC CGCCTCCCCG CCTGTTTCGC CTCGGCGTCC GGTCCGTGTT

HBV 1584 CACTTCG CT TCACCTCTGC ACGTCGCATG GAGACCACCG TGAACGCCCA CCA AATAT
Fhkkk ok kk KkkRRRAARR hhk AkAAAR kk *k kk ok kkk kkk kk &

AL26 120 CACTTTG CT TCACCTCTGC ACGACGCATG GA AC  TGG CACCCG CCATGAACA
dhk ok ok Rhkkkk kkk ok kk Rk K *k dkk kk ok dkkkk

WHV 1674 G CTTGGTCG TCACCTGTGC A GA  ATT GCGA ACCA TGGATTCCAC CG TGAACTT

HBV 1641 TGCCCAAGGT CTTACATAAG AGGACTCTTG GACTCTCAGC AATGT CAA CGA CCGAC
B T L LA L *hk
CTTACATAAG TGGACTCTTG AACTGT ATT AATGTAGCAA TAATTATGAC
* ok kk kk & Tkkk * *k ok kKK Kk

WHV 1726 TGTCTCCTGG CATGCA AAT CGTCAACTTG GCATG C C AA G CAA GGA CCTT

AL26 172

HBV 1697 CTTGAGGCAT ACTT CAA AGACTG TTTGTTTAAA GACTGGGAGG AGTTGGGGGA
*hk Kk Kk * kk ok ok ko kk ok Kk k ARk AN K *
AL26 221 ATTGTGTAAT GTCGGTTATG TAACA ATCA ATAATTAATG GTTTAGGAAC AGATTAATGT
* kX K *hk kAR K hkk hk hkAAR * okkk Kk ok Kk

WHV 1775  TGGACTCCT TATA TAAGAGATCA ATTATTAACT AAATGGGAGG AGGGCAGCAT

HBV 1750 GGA GA TTA GGTTAAAGGT CTT TGTACT AGGAGGCTGT AGGCATAAA TTGGTCTGCG
* * * oAkkRkk kK *odkk kkdbkkkkdk  dkkkkokk *

AL26 280 TTATGTCCAA GGTTAATGAT AAACTATACA TGGAGGCTGT TAGGCATAGG GATACACCGG

kok kkk ok ok kkk kk Xk kk L *k Kk
WHV 1828 TGA TCCTA GATTATCAAT ATT TGTATT AGGAGGCTGT AGGCATAAA TG CATGCG
KkdhAAhAE
GATACACCGG

FIG. 5. Comparison of the sequences of the novel HBV DNA in
AL-26 with prototype HBV and WHV DNAs. The sequence of a
portion of AL-26 is compared with those of the prototype HBV (25)
and WHYV (5) DNAs, in a manner that displays maximal homology.
The homologous bases are marked by asterisks.

NHAL26 305
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1 AGCGGGCAGT GCAGCTGCTT GGACAGCAGG GGTGTTTCTT CAACCCAGGC TGCCCTCCTIT

Lj
61 CTCCTGTCAC AACAGGCCCA TTCAATTCTG AACCTGCAAG CCAACTCCAA TCCAACCCAG

121 ATCCTCAACA ATGTGCCAGA CGCCAGGTCC AGAAGCACGC ACCTACCATG GGGGCCTCTT

181 CCTCCTTTCT GGACGGGGTT CCGCTTTGGC CCCTGATGCT AACCTCGCCC CGTGTGCCGT

241 GCAGCTGGAG TCAAACGGAG GCAGAGACGC CATGAGGTGA CAAGCCACAC AGCAGGGTTC
933-¢c

847-ccacac ccctgteccee

301 AGGGCAGCCA CTCCCCACTC CCCACTCCCC ACTCCCGCGG CATCTGTGCC CC ACCCGGGT
cgggacccct gtccccacac ccctgtecce acacce-897 (73%)
904-cca cacccctgtc cccacaccce tgtccccaga cccctgtccc caggaccectgt
aggacc cct gtccccacac ccctgtccce acaccc-797 (69%)
804-cca cacccctgtc cccacaccce tgtccccaggacccctgtece cac acccctgt
747-cca cacccctgtc cccacaccce tgtccccaca cccctgtcec cag acceetgt
634-cca tgte tgt cccectgtecee cac acccetgt
564-cca cacccctgtc cccacaccce tgtccccaca cccctgtecee cgggaccectgt

361 GCCAAG CCAC TGTGCCATGC ATCCCCCCAC CCCCAACCTG CTGCAGGTGT GTGGCCTTTG
ccccacaccee tgtccccagg acccctgtec ccacacce-811 (65%)

ccccacaccce tgteee-733 (71%)

ccccacaccee tgtcceccggg acccctgtee ccacaccc-655 (65%)
ccccagaccee tgtece-564 (72%)

ccccacaccce tgtccceggg acccc-484 (65%)

421 CCTCTTTTCC CAGGGGGAAC CAAAAACCCT ............ 1800 bp ...........

2251 TTATTTATTA CATACATTCA CACAGAAACA CATATACAGA TATTACAATC CTCTGGCCTA

2311 CTTCACCCAC TACTAGTACT CCTCTCAAGC CTGATGGTCC ACATTGCAAC ACTGACAGCT

2371 GTAGCAGACA GCCTGGCAGC TCAGCAGCAC AGGGACCTGC CATGCCTTGG GGAGTACCAC

2431 AGCGCCAAGA GTCTGCATAA ACAAGGTCAC CTTGTCGCGC CACGCCAGGC CACCTCTCCT

2491 CTGCTCCAAA GGCCAGCAGC GGGGCCTGAA GATCTGGGTT TCCTGCTGCC CTGCCTCACC

2541 AGGCTGAGTG ATGGGTGCAG GACTGCCCAG AGCCCTGGAG CATGCAATGT CCAGTACCCT
RJ
2601 CCCCTCTTGT GCATCTGCCA GTGGGGGCTC CAGGCTCCAT GTGCCAGTGA GGTGGGGAAG

2661 GCCAGCTGGA CATAGCAGGC CCGGAGTGTC CCCCTGTGAG GGACCGTGGG AACCAGATCA
2721 CGTGGGCCTC CCTCCCCCTG TACCCCATTG CTCTCCTGTT GTCACACTCA GTCCCACAAA

2781 GGCAGCCCC

FIG. 6. Homology of the sequence of NHALI14 to the human
insulin gene polymorphic region. The sequences of the unoccupied
site of AL-14 (NHAL14) corresponding to the left (L;) and right (R;)
virus-host junctions are compared with the repetitive DNA se-
quences found previously at the polymorphic region of the insulin
gene (1) (lowercase letters). The position of the insulin gene se-
quences and the presence of homology of these sequences to
NHAL14 are indicated. The deleted DNA sequence in AL-14 is
marked by lines.

which was previously believed to be of cellular origin, were
not present in the unoccupied site, we performed Southern
blot analysis of genomic DN As by using a specific probe for
these 182 bp, and we failed to detect hybridization (data not
shown). This supports the conclusion that, in contrast to
what was previously believed, these 182 bases are not of
cellular origin. We therefore performed a computer search to
test the possibility that these 182 bases might be of viral
origin. We found that these 182 bp are highly homologous to
sequences in HBV and woodchuck HBV (WHV) DNA (Fig.
5). Therefore, in AL-26 the integrated HBV sequences are
not terminated at position 1615 on the HBV genome, as was
proposed before, but there is significant homology between
HBYV DNA and AL-26 sequences up to position 1797 on the
HBYV genome, where the sequence is identical to that of the
unoccupied DNA (NHAL26) (Fig. 5). This novel HBV
sequence was only about 45% homologous to all the HBV
subtypes published so far. A portion of this sequence, from
base positions 237 to 290 on AL-26 DNA, was significantly
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more homologous to WHYV (32 of 53 bases; 60%) than to
HBYV (21 of 53 bases; 40%).

The unoccupied sites contain minisatellite-like sequences.
To understand the nature of the loci at which HBV DNAs
were integrated, we performed a computer search of the
cellular side of the junctions versus the gene data bank. In
NHAL14, the unoccupied site of AL-14, sequences about
240 bases downstream from the left-end integration site were
found to be highly homologous to the polymorphic region of
the human insulin gene (Fig. 6). This region contains se-
quences with short repeat units that are characteristic of
insulin minisatellite sequences (1). In AL-26 HBV was also
integrated at sequences with short repetitive units (Fig. 7)
that were highly homologous to those found previously in
the human {-globin gene (16).

DISCUSSION

Integration of HBV next to the cellular minisatellite-like
sequences. It has been reported previously (8, 20) that the
Alexander cell line contains at least seven integrated forms
of HBV DNA. The nature of the normal homologous cellular
alleles of the integration site has not yet been defined, except
for clone AL-23 (20), which has been characterized to be
made of satellite III sequences (19). Short repetitive ele-
ments, albeit of a different kind, were also found at the
unoccupied sites of the two additional clones, AL-14 and

1 CCCGGGGACG GCAGTGCTGC GGGAAGGCAC GCGAGGCCGG CCGGG G GTGG GGAGCGGCGG
2035-cgggcael BCBBLECBEE BCEBBECEEE BCBEBBLCEC BBEBA & BEEC BEBBCEBER
1987-cggegceg BBCBCBBLEC BBECBEBECBBLBCBERBCBBE BCBCE B tBCE BECBBEBCRE
1684-gagagggccg cagggcgcatas BCCBtEECEE

2112-ggpgcg BCCBBBBCCC BECBZBECBRE BCBBBECBEE BABGE & CLEE BCBEEBCEEE

61 GTCGGGGCGG GGCTGAACCT GGCTGGGCCG CCTTCCGCCA TGATCCCCGG CCTTCGGGGC
cgeggggcgs ggc-2105 (63%) ZETA
tgcgeggcgg ggc-2059 (69%) ZETA
gaggccgege tgetg-1730 (68%) ZETA
BCECBEEBCES BBCEBE CCE BBCCEBBgcg-2198 (66%) PSI-ZETA

121 CCCATCGAGC CACCTCTGTC CTCTCACCCA GTCCAGTCGA GTTGGCCTCC GAGATGCACT
181 GCGTTGTAGT CAGCTACGCC TCTGCGGCTC GCGCGCTCTA GGGCGGCTAA CGGCCCCAGT

Ly
241 CGGAGCGCCA AGTTCAGCTT CGCGCGCTCC CCTTAGTGTT TTTAACGTGT AGCCGGGCGT

P

301 CCATGATACA CCGGTGTAGT CCTGCCGCAA CCAACCGCTT TGTGGTGAGG CG GGGCG GGG
2130-cgegg BBCEEBECEE BBt CECE BEE

2112-cgcgg BBCBEBECEE BBL CBCE BEE

2081-gcgggrceg g8t CBCE BBE

2073-ggpeageee CERE BCE BBE

2040-ggggcggty CBEE B°B BEB

2013-cggteg cEEBECEBBE CBCE BLECBER

1993-ggggcgegs tECEBECE 88S

2088-ggegceess C8 BBECE BBE

361 CGGG GCTGAG GCCATTGCCA GCCCGGTAGC AGCAATCACG GATTTGGCTT TGGGGCCTCT
cggg geeegg getaggecee gece-2178 (65%) ZETA ok kkk ko
cggg gc-2142 (71%) ZETA HBV-1891-TGGCTT TGGGGC-1902
cggg gcgpgg-2110 (73%) ZETA
-2091 (84%) ZETA
cggg gc-2064 (84%) ZETA
cggg ge-2044 (72%) ZETA
cggt gc-2018 (77%) ZETA
CEBBCBBEBCE BCCRBBBCCC ggcgeg-2133 (72%) PSI-ZETA

421 GAGGACAAGT ACCCGGGG

FIG. 7. Homology of the sequence of the NHAL26 to human -
and Y-{-globin gene repetitive elements. The sequence of the unoc-
cupied site of AL-26 (NHAL26) corresponding to the left (L;) and
right (R;) ends of the integrated HBV DNA is compared with the
repetitive DNA sequence previously found in {-globin and -{-
globin genes (16) (lowercase letters). The position of the related
globin gene sequences and the presence of their homology to
NHALZ26 sequences are indicated. The asterisks show the homology
found between the HBV DNA and the host sequences. The deleted
DNA sequences in AL-26 are marked by lines.
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10.7 158 CACTTTG CT TCACCTCTGC ACGACGCATG GA AC  TGG CACCCG CCATGAACA

Fhdkk d kk dkbkkkdokkk dokk Rk Kk *h Ak ok kkk kkk kk K
HBV 1584 CACTTCG CT TCACCTCTGC ACGTCGCATG GAGACCACCG TGAACGCCCA CCA AATAT
Fhkkk k kk dokkkdobtkk kkk kokkokkk ok dk kk ko kkk Rk Ak %

AL26 120 CACTTTG CT TCACCTCTGC ACGACGCATG GA AC  TGG CACCCG CCATGAACA

10.7 209 CTTACATAAG TGAACCCTTG AACTGT ATT AATGTAGCAA TAATTATGAC
FhdkAAAARR ok kk kkkk  kkk ok ok kR Ak X *hk
HBV 1641 TGCCCAAGGT CTTACATAAG AGGACTCTTG GACTCTCAGC AATGT CAA CGA CCGAC

O L r L I L L T R *kk

AL26 172 CTTACATAAG TGGACTCTTG AACTGT ATT AATGTAGCAA TAATTATGAC
pAL1
]
26A AAC AGATTAATGT
* kk ok *
10.7 258 ATTGTGTAAT GTCGGTTATG TAACA ATCA ATAATTAATG GTTTAGGTAAC AGATTAATGT
ok Kk * Ak Kok * o kk ok ok k ok ok kk *
HBV 1697 CTTGAGGCAT ACTT CAA AGACTG TTTGTTTAAA GACTGGG AGG AGTTGGGGGA
A Kk * ek ok * oKk ok ok kR ok kh % *

AL26 221 ATTGTGTAAT GTCGGTTATG TAACA ATCA ATAATTAATG GTTTAGG AAC AGATTAATGT
PALA

'
26A TTATGTCC A GGTTAATGAT AAACCATACA TGGAGGCTGT TAGGCATAAA ATGGT GCG
* * * AkkAKh Kk K dkk  hokkdokk Rk RARAARARA  kkkk kR
10.7 317 TTATG CCAA GGTTAATGAT AAACTATACA TGGAGGCTGT T GGCATAAA TGGT GCG
* * *okAKAAK K Kk *okkk kkkkkkkkk kkkkkok kAR kA
HBV 1750 GGA GA TTA GGTTAAAGGT CTT TGTACT AGGAGGCTGT AGGCATAAA TTGGTCTGCG
* * * oAEAAKK K Kk K okkk RRAERARRA Rkkkkkok *
AL26 280 TTATGTCCAA GGTTAATGAT AAACTATACA TGGAGGCTGT TAGGCATAGG GATACACCGG

pAL2

26A ACCAACTTC
*hAK Ak

10.7 372  ACCAACTTC ATATTAGCAT ATTTTATTAT TGATTATTTA ATAAACACTT CAAAAGCCAA
*hkk Kk Kk Kk Kk *okk kk K kK *k kK *k *

HBV 1807 CACCAGCACC AT GCAACTTTTTCACCTCTGCCTAATCATCTCTTG TT CATGT CCTA
* *rk * * * * *

AL26 340 TGTAGTCCTG CCGCAACCAA CCGCTTTGTG GTGAGGCGGG GCGGGGCGGG GCTGAGGCTA

FIG. 8. Comparison of the sequences of the prototype HBV
DNA with that of the novel HBV DNA in AL-26, A-10.7, and 26A.
The sequences of A-10.7 (26) and 26A (15) were obtained from
previous reports. The asterisks indicate the homology found to HBV
DNA, and pAL1l, pAL4, and pAL2 indicate the 3’ ends of HBV
mRNAs found in Alexander cells (15).

AL-26, analyzed here. AL-14 contains sequences that are
homologous to the repetitive elements found previously (1)
to account for the DNA polymorphism of the 5’-end region
of the insulin gene. It was recently proposed (7, 21) that a
human genome contains many dispersed tandem repetitive
elements, named minisatellite sequences, that share a 10- to
15-bp core sequence similar to the generalized recombina-
tion signal X (5'-GCTGGTGG-3') of E. coli. The minisatel-
lite sequences are highly polymorphic and exhibit a high rate
of unequal exchange, which suggests that they are hot spots
for meiotic recombination. These repetitive sequences dis-
play similarity to the tandem repeat of the insulin gene, and
indeed, evidence for increased recombination near the hu-
man insulin gene has been reported recently (4). Therefore,
it is tempting to speculate that the repetitive sequences
found next to the integration site of AL-14 are also hot spots
for recombination.

The unoccupied site of AL-26 also contains short repeti-
tive sequences that are highly rich in cytosines and guanines,
which is a characteristic feature of minisatellite sequences
(7). These repetitive sequences are homologous in part to
those found previously in the intron of the human {-globin
gene (16).

We have recently shown (19) that one of the integrated
HBV DNAs in Alexander cells is integrated at cellular
satellite sequences. Thus, in all cases tested so far, the
integration of HBV DNA in Alexander cells occurred at or
next to cellular short repetitive units that might serve as
recombination signals. The implication of these observations
is that the cellular integration sites are not random. On the
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basis of cellular-viral sequence homologies close to the
integration sites, it was previously proposed (9) that these
stretches of sequence homology may facilitate recombina-
tion. Indeed, we found that the unoccupied site of AL-26
contains a stretch of 12 bases which is fully homologous to
HBV DNA. Therefore, it seems that cellular DNA se-
quences, which display sequence homology to viral DNA, as
well as short cellular repetitive sequences, are preferred
target sites for HBV integration.

Detection of a novel HBV sequence in the Alexander cell
line. We have reported previously (20) the cloning and
sequence analysis of AL-26. The HBV sequence of AL-26 is
about 95 to 98% homologous to published prototypes of
HBYV DNA. A sharp transition from high to low homology is
observed at nucleotide 1615 on the HBV genome next to the
viral DR2 sequence; therefore, this position was considered
previously to be the virus-host junction (26, 27). We have
shown here, however, that the 182 bp immediately to the
right of the AL-26 3’ end, which were expected to belong to
the host sequence, are missing not only from the AL-26-
related, unoccupied site but also from the entire cellular
genome. Detailed analysis of these 182 bp revealed that they
are 40% homologous to those of HBV DNA at a region
corresponding to that of the viral sequence between DR2 and
DR1. We therefore propose that these 182 bp are viral
sequences. The possibility that this diverged HBV sequence
that was detected in AL-26 is the product of extensive
random mutations of HBV DNA subsequent to its insertion
in the host genome is very unlikely. This is mainly because
such random mutations cannot explain the high homology
observed between this sequence and WHV DNA at the
region where only poor homology to HBV DNA is found
(Fig. 5). We propose that AL-26 HBV DNA is a novel HBV
sequence. This idea is further supported by the fact that
several other integrated forms of HBV DNA in Alexander
cells also contain this novel HBV sequence, i.e., clones
A-10.7 and A-10.5, which have been isolated by Koch et al.
(9), and 26A, which was found by Ou and Rutter (15).
Furthermore, we compared the sequences of these clones
(except for A-10.5, for which the sequence is not yet
published) and AL-26 with that of prototype HBV DNA
(Fig. 8). The homology between HBV and 26A and A-10.7
sequences extends beyond nucleoide 1795, where the inte-
gration site of AL-26 was mapped (Fig. 3). This implies that
the integration sites of these clones are not identical, which
is in sharp contrast to the previous assumption that all these
clones are the product of amplification of a single integrated
HBV DNA (8). Our present results indicate that each of
these integrations is derived from an independent integration
of this novel HBV DNA. It is also demonstrated in Fig. 8
that the 3’ ends of HBV mRNAs produced by Alexander
cells, which were mapped previously by analysis of the
cDNA clones pAL1, pAL4, and pAL2 by Ou and Rutter
(15), are all located at this unusual HBV sequence and not at
the adjacent host sequences, as was suggested previously
(15). Therefore, the idea of synthesis of virus-host read-
through transcripts in Alexander cells should be reevaluated.
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