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Integration of hepadnavirus DNAs into host chromosomes can have oncogenic consequences. Analysis of
host-viral DNA junctions of DHBV identified the terminally duplicated r region of the viral genome as a
hotspot for integration. Since the r region is present on the 5* and 3* ends of double-stranded linear (DSL)
hepadnavirus DNAs, these molecules have been implicated as integration precursors. We have produced a
LMH chicken hepatoma cell line (LMH 66-1 DSL) which replicates exclusively DSL duck hepatitis B virus
(DHBV) DNA. To test whether linear DHBV DNAs integrate more frequently than the wild type open circular
DHBV DNAs, we have characterized the integration frequency in LMH 66-1 DSL cells by using a subcloning
approach. This approach revealed that 83% of the LMH 66-1 DSL subclones contained new integrations,
compared to only 16% of subclones from LMH-D2 cells replicating wild-type open circular DHBV DNA. Also,
a higher percentage of the LMH 66-1 DSL subclones contained two or more new integrations. Mathematical
analysis suggests that the DSL DHBV DNAs integrated stably once every three generations during subcloning
whereas wild-type DHBV integrated only once every four to five generations. Cloning and sequencing of new
integrations confirmed the r region as a preferred integration site for linear DHBV DNA molecules. One DHBV
integrant was associated with a small deletion of chromosomal DNA, and another DHBV integrant occurred
in a telomeric repeat sequence.

Hepadnaviruses infect the liver where they cause acute or
persistent infection of hepatocytes, depending on the nature of
the immune response mounted by the host (7). Infectious hep-
adnavirus virion particles contain open circular (OC) DNA
formed in the cytoplasm (30). These nucleocapsids contain
pregenomic RNA and the viral reverse transcriptase (P pro-
tein) plus additional chaperone molecules (14). The normal
replication mechanism involves reverse transcription of the
pregenomic RNA in nucleocapsids to form a full-length minus-
strand DNA which contains a direct duplication of a nine-base
sequence on its 59 and 39 ends. This sequence is called the
terminally redundant r sequence (24). In the majority of cases,
the viral DNA plus strand is initiated and synthesized from a
specific position at the 59 end of the minus strand (the DR2
site). This mechanism leads to the formation of OC viral DNA
molecules in infectious virions (7, 16, 32, 33).

However, in approximately 5% of nucleocapsids, plus-strand
synthesis is initiated from the 39 end of the minus strand and
this leads to the formation of a double-stranded linear (DSL)
viral DNA molecule (29). DSL DHBV DNA can be circular-
ized in hepatocytes which they infect and they replicate by a
mechanism called illegitimate replication (38). This term was
used for this type of replication because it leads to a very high
frequency of mutant virus production, which amplifies itself
through successive rounds of viral DNA replication (38).

The hepadnavirus replication mechanisms are unique for a
virus replicating via reverse transcription because DHBV pre-

genomic RNAs are formed from a nuclear CCC DHBV DNA
molecule and not an integrated provirus. Interestingly, one of
the most striking sequelae of persistent infection with the
mammalian hepadnaviruses is the occurrence of hepatocellu-
lar carcinoma (HCC) in the host liver (1, 22, 31). Molecular
analysis of genomic DNA from such HCCs generally reveals
the presence of clonally propagated viral DNA integrations
(20, 22, 37). Therefore, while integration and provirus forma-
tion are not required for replication, integration does occur in
host chromosomes during persistent infection (22, 37). Inter-
estingly, molecular analysis of the integrations has shown that
virtually all of them contain viral genomes with deletions and
rearrangements. Thus, the integration process has been viewed
as a pathway in which viral DNA normally destined for CCC
DNA formation is diverted into nonfunctional integrations (8,
9, 20, 23). The presence of these integrations can have onco-
genic consequences for the host since the integrations contain
enhancers which can activate cellular promoter which are nor-
mally silent (5–7).

In the case of HCCs arising in woodchucks with persistent
woodchuck hepatitis virus (WHV) infection, molecular analy-
sis of cloned WHV DNA integrations has revealed a dramatic
example of common activation of myc family proto-oncogenes
(5–7, 11, 19). Specifically, when WHV DNA integrates near
N-myc2, it generally activates the expression of a normally
silent N-myc2 retroposon via an enhancer insertion mechanism
(36). A second common integration site (the WIN locus) is
located approximately 250 kb upstream from the N-myc2 gene
(6). The mechanism by which integration at this site leads to
activation of the N-myc proto-oncogene has yet to be de-
scribed. In many other cases, integrations of hepatitis B virus
(HBV) are implicated in cancer by their presence in or near
growth regulatory genes. Altered expression of a number of
genes by HBV DNA integrations have been reported, such as
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cyclin A (35), retinoic acid receptor (4), hst-1 oncogene (12),
and mevalonate kinase (10). In the case of HBV, a commonly
activated protooncogene has not yet been identified in human
HCCs. However, the presence of many HBV DNA integra-
tions at sites of chromosomal DNA deletions (23) and trans-
locations (13) have implicated them as general mutagenic
agents (8, 22).

Since molecular evidence clearly implicates hepadnavirus
DNA integrations as potent carcinogenic agents, our aim has
been to understand the natural history of integrations and the
factors which either increase or decrease their frequency dur-
ing persistent infections (21). Such an understanding may allow
us to devise strategies to block or reduce their occurrence and
reduce the risk of hepatocarcinogenesis in individuals with
persistent infection. With this goal in mind, our laboratory has
developed a single-cell cloning approach to study the natural
history of integrations in growing cells. This approach detects
new hepadnavirus integrations which are stable during the
clonal growth of infected hepatoma cells (9).

Initially, we utilized the LMH-D2 cell line, which replicates
circular (wild-type [WT]) duck hepatitis B virus (DHBV) (2,
15). These studies demonstrated that new DHBV DNA inte-
grations could be detected in approximately 10 to 20% of the
DNAs from LMH-D2 subclones (8). Cloning and sequencing
of one of the DHBV DNA integrations (intb) revealed a struc-
ture strikingly similar to that of episomal DSL DHBV virion
DNAs (9). To investigate whether linear episomal DHBV mol-
ecules might be more efficient integration substrates than cir-
cular DHBV DNAs, we produced a cell line (LMH 66-1 DSL)
which produces only linear DHBV (17). We have investigated
the frequency and natural history of DHBV DNA integrations
in subclones of the above cell line and compared our data with
previously reported data for integration of WT circular DHBV
DNAs (8). Our calculations predict a frequency of one inte-
gration per three cell generations for linear DHBV versus one
integration per four to five generations for the circular DHBV.
Finally, cloning and sequencing of several new DHBV integra-
tions has revealed some common features among the integra-
tions and suggests mechanisms for DHBV DNA integration.

MATERIALS AND METHODS

Cell culture. The LMH chicken hepatoma cell line (2, 15) was a generous gift
from William Mason (Institute for Cancer Research, Philadelphia, Pa.). The
plasmid 66-1 (17), which contains a 1.53 DHBV genome with five nucleotide
mutations (29) in the 59 DR1, was obtained from Dan Loeb (Madison, Wis.). The
LMH cells were transfected with the plasmid 66-1 along with a selectable marker,
pSV2Neo. G418-resistant cell clones were expanded and maintained in Dulbec-
co’s minimal essential medium-F12 with 10% fetal bovine serum and 200 mg of
G418/ml. Single-cell subcloning of the LMH-DSL cell line was performed as
previously described (8). Briefly, dilutions containing 100 to 200 single cells of
the LMH-DSL cell line generated from the plasmid 66-1 were mixed with 1 3 105

G418-sensitive helper LMH cells and plated onto 100-mm dishes. The mixed
culture was grown in medium without G418 for 2 days, and G418 (200 mg/ml) was
then added to remove the helper cells. G418-resistant subclones were picked and
transferred to 12-well culture plates and then to 100-mm dishes where they grew

to 5 3 106 to 10 3 106 cells before being harvested for analysis. This represents
approximately 23 generations of cell growth.

Analysis of subclone DNA. Total nuclear DNA of the LMH 66-1 cell line and
its subclones was isolated as previously described (8). Briefly, the cells in culture
dishes were trypsinized and lysed in the buffer containing 50 mM Tris HCl (pH
7.5), 1 mM EDTA, 5 mM MgCl2, and 0.5% Nonidet P-40. The pelleted nuclei
were then lysed with 0.2% sodium dodecyl sulfate and treated with proteinase K
(200 mg/ml) overnight, and the nucleic acids were extracted once with phenol and
once with chloroform and were precipitated with enthanol. The cytoplasmic
fraction was processed to isolate viral core particle DNA. It was treated with
DNase I (100 mg/ml) for 1 h at 37°C. The reaction mixture was adjusted to
contain 100 mM NaCl, 10 mM EDTA, 0.2% sodium dodecyl sulfate and pro-
teinase K (200 mg/ml) and incubated overnight. The viral DNA was extracted as
described above with phenol-chloroform. To isolate DHBV DNAs from the
culture medium, DHBV virions secreted into the culture medium were concen-
trated with 15% polyethylene glycol and 1 M NaCl at 4°C. Virion DNA was
isolated as described above for the cytoplasmic core particle DNA. For Southern
blot analysis (27), nuclear or cytoplasmic DNA was digested with restriction
enzymes overnight, electrophoresed through a 1% agarose gel, transferred to a
Zetabind membrane, and hybridized with radiolabeled probes made by random
priming (9).

Cloning and analysis of DHBV integrations. To clone the DHBV integrations,
total nuclear DNA isolated from LMH-DSL P1(5)-4 subclone was digested with
SacI, ligated with lambda DASH II vector, and packaged with Gigapack extracts
(Stratagene, La Jolla, Calif.). The genomic library was then screened with ra-
diolabeled total DHBV DNA. The DHBV-positive phage clones were purified
by two more cycles of plating and screening. Purified phage clones DNAs were
digested with SacI to release the insert, and the DHBV DNA containing frag-
ments were subcloned in the pBluescript II plasmid.

RESULTS

Establishment of a cell line that produces DSL DHBV DNA.
To investigate the frequency of integration of DSL DHBV
molecules, we constructed a LMH cell line by using a previ-
ously characterized mutant DHBV, designated 5/12 (29),
which was expected to produce DSL DHBV due to mutations
in one copy of the DR1 sequence (five base substitutions in the
12-bp DR1). These mutations only allow virus DNA to be
synthesized by the in situ priming mechanism (Fig. 1). The
plasmid 66-1, which contained a 1.53 genome construct of the
mutant 5/12 DHBV DNA was a gift from Dan Loeb. This
plasmid was transfected into the LMH cells along with a se-
lectable marker, PSV2neo (Fig. 1). A G418-resistant clone
which secreted DHBV into the culture medium was expanded
and was designated LMH 66-1 DSL.

DHBV DNAs in LMH 66-1 DSL cells and secreted virions.
Southern blot analysis of DHBV virion DNAs secreted from
LMH 66-1 DSL cells revealed two species of molecules. The
major species was DSL DHBV DNA, and a very minor species
migrated at the position of single-stranded (SS) DHBV DNA.
No OC DHBV DNA molecules were detectable in the se-
creted virus preparations. In contrast, wild-type DHBV virions
produced by LMH-D2 cells contained OC DHBV DNA mol-
ecules with a minor fraction of DSL molecules and little de-
tectable SS DHBV DNA (Fig. 2).

In concordance with this picture, the cytoplasm of LMH
66-1 DSL cells contained an overwhelming majority of DSL
and SS DHBV DNAs and replication intermediates (Fig. 2).

FIG. 1. Schematic diagram of the 66-1 plasmid. Plasmid 66-1 (17) was used for stable transfection of the LMH chicken hepatoma cells. It contains larger than
genome size (3-kbp EcoRI fragment) DHBV3 (28) DNA for supporting viral replication. The BamHI-EcoRI (nucleotides 1658 to 3021) fragment was joined to the
EcoRI monomer to create a “1 1/2mer” of DHBV DNA expression vector. The 59 (left) DR1 (boxed) sequence contains 5-nucleotide substitutions from the WT DR1
located in the 39 end (right). The pregenome RNA transcribed (arrow) from the vector will contain mutations in only the 59 redundancy.
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Only a very small component of DHBV molecules migrating in
the position of open circles was observed and these were ob-
served only when the blot was highly overexposed for the
cytoplasmic fraction, as shown in Fig. 2. Thus, the OC mole-
cules are an extremely small fraction of the DHBV DNA
molecules in the cytoplasm. This very small minority of OC
DNAs could be synthesized by translocation or mismatch
priming of the mutated plus-strand primer. Alternatively, these
molecules could have arisen by circularization of DSL DHBV
DNA molecules after their extraction. This could occur by end
melting and hybridization of homologous r sequences at their
ends. The specific structures of the very minor component of
OC molecules was not determined.

DNA extracted from the nuclei of LMH 66-1 DSL cells
contained DSL and SS DHBV DNAs. Interestingly, there was
no detectable CCC DHBV DNA in the nuclei of LMH 66-1
DSL cells. CCC DHBV DNAs are protein free and would
migrate just ahead of the 2.0-kb DNA marker (Fig. 2), and we
should have been able to detect as little as one CCC DHBV
DNA molecule per nucleus. It is not known whether the DSL
or SS DHBV DNAs in the nuclei of LMH 66-1 DSL cells are
protein free as are the CCC DNAs in the LMH-D2 cells. These
data demonstrate that DSL DHBV DNA molecules are not

circularized in the nucleus of LMH hepatoma cells. This is in
contrast to the circularization of DSL DHBV DNA, which
occurs in primary duck hepatocytes (38). This property of
LMH cells allowed us to carry out experiments without the
complication of OC DHBV molecules being present in the
nuclei of LMH 66-1 DSL cells. The pregenomic DHBV RNAs
in these cells were produced from the transfected transgene
DNA which was present in the cells. The transgene DNAs
which had integrated into the chromosome are designated Tr
and were detectable when the genomic DNA was digested with
PstI, (see Fig. 4).

Single-cell subcloning of the LMH 66-1 DSL cell line re-
vealed a high frequency of new DHBV integrations. In order to
estimate the frequency of stable DHBV integrations in the
LMH 66-1 DSL cell line, we produced single cell subclones
from the parental cells. A schematic of three cycles of subclon-
ing protocol, illustrating the number of subclones in each cycle
and the subclone numbers of lineages which were carried
through sequential subcloning protocols, is illustrated in Fig. 3.
All the nuclear DNAs were harvested from colonies which
were allowed to grow through 23 to 24 cell divisions to reach
approximately 4 3 106 to 8 3 106 cells. The genomic DNAs
were digested with restriction enzyme PstI, whose recognition
sequence is not present in the DHBV DNA of the mutant
DHBV used in our experiments (28, 29). Therefore, each new
band on a Southern blot, which was larger than DSL DHBV
DNA, should represent a DHBV DNA integration.

Southern blot analysis of genomic DNAs from the parental
clone and all 13 first-generation subclones are shown in Fig. 4.
The two bands in the Southern blot marked Tr were from the
transfected DNA used to generate the cell line, and these were
present in all the subclones. Another DHBV DNA band of
approximately 7 kb was present in the parental DNA and also
in 9 of 13 of the first-cycle subclones. Therefore, this integra-
tion occurred early in the selection of the LMH 66-1 DSL cell
line and is present in most but not all of the cells. Alternatively,
it could have been present in the initial cell used to generate
the cell line and was subsequently lost from some cells. In

FIG. 2. Analysis of DHBV DNAs expressed from the LMH 66-1 DSL cell
line. wt, WT DHBV produced by LMH-D2 cells; 66-1, virus present in LMH 66-1
DSL cells. Lanes: virion, viral DNA isolated from secreted virons; cyto, cyto-
plasmic DHBV DNAs; nul, nuclear DHBV DNAs; M, HindIII lambda phage
marker fragments. The positions for open circular (OC), double-stranded linear
(DSL), and single-stranded (SS) DHBV DNAs are indicated. Viral DNAs pro-
duced from the LMH 66-1 DSL and LMH-D2 (WT DHBV) cell lines were
isolated and analyzed by Southern blotting as described in Materials and Meth-
ods. The cells were fractionated into nucleus (nul) and cytoplasm (cyto) fractions
from which DHBV DNAs were extracted. The probe used was a random primed
total DHBV DNA. Molecular weight standard (lane M) is a radiolabeled HindIII
digest of lambda phage DNA.

FIG. 3. Flow diagram of three cycles of single-cell subcloning of the LMH
66-1 DSL cell line. P, parental cell line used for initial subcloning. 1st, The first
cycle of subcloning included 13 subclones, and subclones 5 and 8 were selected
for a second round of subcloning; 2nd, six second-cycle subclones were derived
from colony 5, and 12 second-cycle subclones were derived from colony 8; 3rd,
third-cycle subclones were derived from second-cycle subclones P1(5)-5 and
P1(5)-6, for a total of six third-cycle subclones. Open circles indicate subclones
which were further subcloned, and solid circles denote subclones which were not
further subcloned.
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either case, since it was present in the original parental DNA
preparation and was common in the first cycle subclones, it was
not counted as a new integration in our experiments.

Careful analysis of the new integration bands (above the
DSL DHBV DNA band), revealed many bands with varied
intensities. Previous subcloning data has shown that the vari-
ation in intensity is most often caused by integrations not
present in all the cells in the colony (8, 9, 21). This means that
the integration occurred after the first cell division initiating
the colony. The total number of new integrations was 20, and
at least one new integration was present in all of the subclones
(Fig. 4). Eight subclones contained a single candidate new
integration while four subclones contained two, and one sub-
clone (no. 2) contained four candidate new integrations. The
integrated transgene bands were present in the parental line
and were stable throughout our experiments.

The LMH 66-1 DSL subcloning data were in sharp contrast
to the data we had previously obtained for LMH-D2 cells
which replicate WT DHBV. First-generation subcloning of
that cell line revealed only two candidate new integrations in
12 subclones (8). Therefore, the new data strongly suggested
that the integration frequency in our new LMH 66-1 DSL cell
line was much higher than that of LMH-D2 cells.

To obtain a more accurate estimate of the integration fre-
quency in LMH 66-1 DSL cells, it was necessary to carry out
subsequent generations of subcloning, in which we grew the
cells at the same rate for a known number of cell generations.
We chose first-generation subclones 8, which contained one
new integration band at approximately 23 kb (Fig. 3, and Fig.

4, lane 8), and subclone 5, which contained two new integra-
tions at approximately 5 and 7 kb (Fig. 3, and Fig. 4, lane 5) for
further lineage analysis.

Second-generation subcloning of LMH 66-1 DSL cells. The
second-generation subclones were grown for 23 to 24 cell di-
visions (4 3 106 to 8 3 106 cells) before DNA was prepared
from each subcloned cell population for Southern blot analysis.
New integrations which would be detected by this analysis
would have occurred during the growth of the first-cycle sub-
clone or during the first few cell divisions of the second-cycle
subclone (as illustrated in Fig. 3). The results of the Southern
blot analysis of second-cycle single-cell subclones are shown in
Fig. 5 and 6.

First-generation subclone P1(8) had contained one new in-
tegration identified as a PstI fragment of about 23 kb. This
integration was present in 100% of the second-generation sub-
clones, which showed that it was present in the initial cell that
produced the first-generation clone 8 (Fig. 5). Therefore, the
23-kb band was not included in the calculations which deter-
mined the number of integrations for this second-generation
lineage. Southern blot analysis of the lineage 8 subclones re-
vealed new integrations in 8 of 12 subclones (Fig. 5). Of the
subclones with new integrations, one had two new integrations
and remarkably, three had three new integrations. The total
number of new integrations was 15 for 12 subclones (Table 1).

The first-generation P1(5) subclone contained two new
DHBV integrations (Fig. 4, lane 5; Fig. 6). One of the second-
generation subclones [P1(5)-3 (Fig. 6, lane 3)] contained the
larger integration. This integration had been a “weak” integra-

FIG. 4. Southern blot analysis of DHBV DNA integrations in the first-generation subclones of the LMH 66-1 DSL cell line. Lanes: P, parental DNA; 1 to 13, DNAs
from 13 first-cycle subclones. Tr, transgene bands. OC, DSL, and M are as defined in the legend for Fig. 2. Arrowheads indicate new DHBV DNA integrations in the
subclones. The genomic DNAs were digested with PstI, a DHBV3 noncutter, and analyzed by Southern blotting with a total DHBV DNA probe. The LMH 66-1 DSL
cell line contained two high-molecular-weight DNA bands (Tr) derived from integration of the plasmid 66-1 during stable transfection that are retained in all the
subclones.
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tion in the first cycle and accordingly, the second-cycle sub-
cloning revealed it was present in only one of six of the sub-
clones. The other integration was present in the other five
second-cycle subclones. This segregation illustrated that those
integrations occurred in different progeny cells during the early
clonal growth of the first-generation P1(5) population.

Three of the six P1(5) second-cycle subclones contained new
DHBV integrations (Fig. 6). One subclone [P1(5)-5 (Fig. 6,
lane 5)] contained one new integration and two subclones
contained three [P1(5)-2 and -4 (Fig. 6, lanes 2 and 4)]. Thus,
50% of the second-generation subclones contained a new in-
tegration, yet the total number of new integrations was greater
than the number of subclones (7 per 6 subclones) (Table 1).
Summarizing the data for the clone 8 and 5 second-cycle lin-
eages, 39% of the subclones did not contain a new integration.
However, 21 new integrations were detected among the 18
second-generation subclones for an average of 1.2 new inte-
grations per subclone (Table 1).

Third-generation subcloning of LMH 66-1 DSL cells. To test
whether our second-cycle integration data represented a true
steady-state picture of the stable integration frequency in
LMH 66-1 DSL cells, we conducted a third-cycle subcloning
experiment. To do this, we used single cell subcloning of the
second-cycle clone populations P1(5)-5 and P1(5)-6 (Fig. 6,
lanes 5 and 6, respectively). As shown in Fig. 7, five of six

third-cycle subclones contained new DHBV integrations that
were not detected in the parental populations (Fig. 7). Three
subclones contained one new integration, one subclone con-
tained two new integrations, and one subclone contained three
new integrations. A total of eight new integrations were de-
tected in six subclones for an average of 1.3 integrations per
subclone (Table 1).

Combining the integration frequencies for the second- and
third-generation subclones, we observed that 33% (8/24) of the
subclones did not contain a new integration. However, the
total number of new integrations, (30 per 24 subclones) aver-
aged 1.25 integrations per subclone (Table 1). This was due to
the presence of greater than one new integration in 33% (8/24)
of the subclones. This was a dramatic increase over the previ-
ously observed integration of LMH-D2 subclones, in which an
average of 84% (49/59) of the second- and third-generation
subclones did not contain a new integration, and in which there
were only 0.18 new integrations observed per subclone (Table
1).

The structures of the DHBV DNA integrations in LMH 66-1
cells resemble linear DHBV DNA molecules but often with a
few nucleotides deleted from either terminus. Having estab-
lished a cell line that integrated DHBV DNA at a high fre-
quency, we wanted to study the integration mechanism by
comparing the structure of the newly integrated DHBV DNA

FIG. 5. Southern blot analysis of the DHBV DNA integrations in the P1(8) lineage second-cycle subclones. Lanes: P, parental DNA; P1(8), nuclear DNA from
first-cycle subclone P1(8); 1 to 12, nuclear DNAs from 12 second-cycle subclones derived from P1(8), digested with PstI, and analyzed by Southern blotting. Arrowheads
indicate new DHBV DNA integrations detected in the second-cycle subclones. P1(8) had contained one new DHBV DNA integration at about 23 kb which was present
in all the second-cycle subclones.
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with that of episomal DSL DHBV molecules. To do this, we
cloned three new integrations from subclone P1(5)-4 (Fig. 6,
lane 4). We generated a SacI genomic library in Lambda phage
DASH II vector from genomic DNA of subclone P1(5)-4.
Once the clones were plaque purified, DNA was prepared, and

the complete integrated DHBV DNA molecule in each inte-
gration was sequenced along with immediate flanking cellular
DNA. Analyses of the three viral DNA integrations in the
LMH P1(5)-4 clone are shown in Fig. 8 in comparison to the
structure of DSL DHBV produced by LMH 66-1 cells.

Each of the DHBV DNA integrations contained one copy of

FIG. 6. Southern blot analysis of the DHBV DNA integrations in the P1(5)
lineage second-cycle subclones. Lanes: P1(5), nuclear DNA from first-cycle sub-
clone P1(5); 1 to 6, nuclear DNAs from six second-cycle subclones derived from
P1(5). Long arrows at left point to new integrations in first-cycle subclone P1(5)
which segregate among second-cycle subclones. Smaller arrows within the blot
point to new integrations in the second-cycle subclones. Abbreviations are as
defined in the legend for Fig. 2.

TABLE 1. Frequencies of new stable DHBV DNA integrations in subclones replicating DSL versus WT OC DHBV DNAs

Cell line Specific lineage

No. of new DHBV
integrations in
subclone no.:

Ratio of clones with
new integration to

total clones

Ratio of clones without
new integration to total

clones

Ratio of new
integrations to

total clones
0 1 2 3

LMH 66-1 DSL Second generation
P1(8) 4 4 1 3 8/12 4/12 15/12
P1(5) 3 1 0 2 3/6 3/6 7/6

Third generation
P1(5)-5 1 1 1 2/3 1/3 3/3
P1(5)-6 2 1 3/3 0/3 5/3

Combined second and third generations 8 8 2 6 16/24 (66%) 8/24 (33%) 30/24 (125%)
LMH-D2 (WT) Combined second and third generationsa 49 9 1 0 10/59 (16%) 49/59 (84%) 11/59 (18%)

a Data obtained from Gong et al. (8).

FIG. 7. Southern blot analysis of DHBV DNA integrations in the third-cycle
subclones of the P1(5) lineage. Lanes: P1(5)-5 and P1(5)-6, DNAs from second-
cycle subclones used to derive third-cycle subclones; 1 to 3, three third-cycle
subclones each derived from the respective second-cycles subclones. Abbrevia-
tions are as defined in the legend for Fig. 2.
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the DHBV genome that was generally colinear with a DSL
DHBV DNA. However, the viral DNA sequences at the junc-
tions with cellular DNA differed in each clone, yet at the same
time, they were all closely clustered within 30 nucleotides of
either terminus of the minus strand. The viral junctions at the
39 terminus were all localized in the end 18-nucleotide region
that would contain an RNA primer following synthesis of the
DSL DNA by the so-called in situ priming mechanism (Fig.

8A). The three DHBV DNA integrations isolated from the
LMH 66-1 subclones contained all or part of the DR1 se-
quence and each had retained the mutations constructed in the
DHBV expression plasmid.

Integration at DHBV int3 resulted in a small deletion of
chromosomal DNA. We next isolated the unintegrated locus of
chromosomal DNA corresponding to the chromosomal inte-
gration site for int3 (Fig. 8A). This was done by PCR using

FIG. 8. Structure of three DHBV DNA integrations from the LMH 66-1 DSL cell line. (A) Top section labeled DSL is a schematic map of a DSL DHBV virion
DNA produced from LMH 66-1 DSL cell line and the specific minus-strand DNA sequences present at each end of the DSL molecule. Curvy line shows the 59 end
of the plus strand (1) of DSL DHBV DNA, which contains an 18-nucleotide RNA primer including the r-terminal redundancy region. Nucleotides in bold in DR1
indicate the mutated nucleotide changes to produce DSL DNAs. Section labeled LMH-DSL (int1, int2, and int3) is a map of three new integrations cloned from
LMH-DSL subclone P1(5)-4 (integration bands seen in Fig. 6, lane 4). Vertical dashed lines denote left and right viral junctions with cellular DNA. LMH-D2 intb is
a previously reported WT DHBV integration (9) with a structure similar to that of DSL DNA. Complete DHBV integrations and their immediate cellular flanking DNA
were sequenced manually or by an automatic sequencer using oligonucleotides derived from the DHBV genome and cellular DNA. Slashes (//) in the diagram represent
the uninterrupted DHBV genome. (B) The unintegrated cellular locus for LMH 66-1 DSL int3 was isolated by PCR from the untransfected LMH cell line using
oligonucleotides derived each from the left and right flanking cellular DNA of int3. One specific fragment was amplified by PCR from the LMH cell line from the
oligonucleotide primers (underlined) and was sequenced. The shaded sequence represents region of the unintegrated locus DNA that was not present in the int3
flanking cellular DNA. The two arrows indicate possible sites of deletion of cellular DNA during int3 integration. (C) DHBV DNA at the junction site of int3
(upper-case letters) and cellular genomic DNA sequences across the left and right junctions of int3 (lower-case letters) were aligned for comparison. Vertical lines
denote the homology between the viral and cellular DNA sequences at the junctions. The shaded sequences are int3 junctional sequences.
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oligonucleotide primers derived from the left and right flank-
ing cellular DNA. The complete sequence of the normal cel-
lular integration site is shown in Fig. 8B. Sequence analysis of
the intact site versus the left and right junction sequences of
int3 revealed that a deletion of 22 bp of the chromosomal DNA
occurred at the DHBV integration locus (Fig. 8B). Alignment
of the unintegrated locus and DHBV sequences across the
junctions of int3 further revealed a 2- to 4-bp homology at each
of the viral-cellular DNA junctions (Fig. 8C). This short junc-
tional homology between the hepadnaviral and cellular DNAs
has previously been observed and most likely has a role in the
integration mechanism.

DHBV integration int1 is associated with telomere repeat
sequences. Sequence analysis of the right-hand flanking cellu-
lar DNA for the DHBV int1 revealed 17 copies of the se-
quence aaccct, which is a telomere-associated repeat sequence
conserved in vertebrates (Fig. 9A) (18). While hepadnaviral

DNA integrations have previously been found to be associated
with the cellular repetitive DNA (25), no report has shown
them to be directly linked to telomere repeat sequences.

Since telomeres are often at the end of chromosomes, this
raised the possibility that the integration had linked the end of
one chromosome with another chromosome fragment in a
translocation mechanism. To investigate this, we mapped the
DHBV integration site using flanking sequence probes from
each side of DHBV int1. One problem we had was that both
probes hybridized to repetitive DNA elements in the chicken
genome (LMH cells are chicken hepatoma cells). As shown in
Fig. 9B, we detected numerous distinct bands with both probes
in the untransfected LMH cell line (Fig. 9B, lane 1) and also in
the LMH 66-1 parental populations (Fig. 9B, lane 2), and the
subclone P1(5)-4 that contained int1 (Fig. 9B, lane 3). The
results indicated that both sides of the flanking cellular DNA
of the integration int1 contained moderately repetitive se-

FIG. 9. Integration of int1 in the telomere repeat sequence and repetitive DNA. (A) Schematic diagram of the genomic SacI fragment containing DHBV DNA
integration int1 isolated from subclone P1(5)-4. Filled rectangle indicates the DHBV DNA in the integration (junctions shown in Fig. 8). aaccct indicates the 17 copies
of the telomere repeat sequence located at the right junction of the integration. Open rectangle represents flanking cellular DNA. Left and right denote the size and
location of the flanking probes used in the Southern blot in panel B. (B) Analysis of the integration site of int1. Left and right junction probes: Southern blots of subclone
DNAs digested with either SacI or PstI and hybridized with either the left or right junction probes as denoted. Lanes: 1, untransfected LMH cells; 2, Parental LMH
66-1 DSL DNA; 3, P1(5)-4 subclone DNA. The probes were made from left or right flanking cellular DNA of int3 regions indicated in panel A. The probe regions were
amplified by PCR from the cloned genomic SacI fragment, subcloned into plasmid vectors, and isolated for use. For appropriate analysis of the banding patterns, refer
to the text. M, marker DNA.
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quences. Due to the presence of the repeated sequences in
each flanking probe, we could not determine conclusively
whether a chromosome rearrangement had occurred at the
integration site. However, the right cellular flanking DNA de-
tected stronger hybridizing bands than the left flanking DNA.

DISCUSSION

Previous work had suggested that DSL molecules of DHBV
might serve as precursors of new DHBV integrations which
occur in LMH cells (9, 29). We reasoned that a cell line which
produced DSL molecules might exhibit a higher frequency of
DHBV DNA integration than a cell line which produced WT
OC DHBV DNA. To test this hypothesis, we generated an
LMH cell line which produced exclusively DHBV virions con-
taining DSL DHBV DNA molecules (17). Interestingly, the
successful establishment of the LMH 66-1 DSL cell line dem-
onstrated that LMH chicken hepatoma cells lack a mechanism
for efficient circularization of DSL molecules. In contrast, pri-
mary duck hepatocytes circularize DSL DHBV DNAs very
efficiently (38). Such circularization would be expected to re-
duce the pool of linear DHBV DNA integration precursors.
This in turn could explain why integration is a rare event in
duck liver and why congenitally infected ducks generally do not
develop liver cancer.

We used a previously established single-cell subcloning ap-
proach to measure the frequency of stable new DHBV DNA
integrations which occurred in the cells. In our Southern blot
assay, integrations which occurred after the third cell division
of colony growth would be undetectable since they would be
present in the subclone in less than one of eight of the cells in
the final colony. In order to be able to normalize our data
between subclones, we grew each subclone to approximately
8 3 106 cells or 24 cell generations.

Subcloning of the parental cell population revealed a 100%
frequency of new integrations in the first-cycle subclones. To
normalize our data to a defined number of cell generations (8,
9), second- and third-cycle subclones were grown for approx-
imately 24 cell divisions (8 3 106 cells) before harvesting and
preparation of genomic DNAs for Southern blot analysis.
These procedures matched those carried out earlier for WT
DHBV subcloning and allowed direct comparison with our
previously published data.

The combined second- and third-generation integration data
revealed that 66% of the LMH 66-1 DSL subclones contained
new integrations compared to only 16% of comparable
LMH-D2 (WT) subclones. This difference was significant at
the P 5 0.0001 level using a chi-square test. In addition, 33%
of the LMH 66-1 DSL subclones contained more than one new
integration compared to only 1 to 2% of the LMH-D2 (WT)
subclones. As a consequence, the ratio of new integrations per
subclone for the LMH 66-1 DSL cell line was 1.25 and for
LMH-D2 cells it was only 0.18.

The Southern blot approach we used can detect only the
subset of DHBV integrations which are stable in host chromo-
somes. Although we have observed the loss of specific integra-
tions in LMH lineages, such losses (of previously stable inte-
grations) are rare. Therefore, in our experiments, when we
followed cell lineages through three subcloning cycles, we ob-
served a continuous accumulation of stable new integrations.
These data suggest that the presence of one integration does
not block the acquisition of additional new integrations in the
same cell. Furthermore, the percentage of cells which do not
contain an integration should decrease with every integration
cycle.

Therefore, the percentage of subclones which do not contain

a new integration should steadily decrease as a colony goes
through successive cell generations. For example, if after three
generations (23 cells) one of eight cells in the colony would
acquire an integration, that would leave seven-eighths of the
cells without a new integration. After three more generations,
seven-eighths 3 seven-eighths (or 7/82), would not have an
integration. A mathematical formula to describe the steady
decrease in the percentage of cells without an integration is
X 5 (1 2 1/2k)t where X 5 the percentage of subclones which
do not contain a new integration (from Table 1), t 5 the
number of integration cycles needed to arrive at the percent-
age of clones which do not contain an integration, and k 5 the
number of generations per integration cycle.

We measured X 5 33% of the DSL subclones without a new
integration. If we hypothesize that k 5 3, solving for t we get
t 5 8.3. Therefore, our calculations predict that it should take
tk or 24.9 generations of cell growth to yield a population in
which 33% of the cells do not contain an integration. This
prediction fits closely with our data, since we grew our sub-
clones approximately 24 generations before harvest. Thus, the
data and mathematical model fit a frequency of one stable
integration per three generations for DSL DHBV DNAs in
LMH 66-1 DSL cells.

In contrast, for WT DHBV, we measured X 5 84% of the
subclones without a stable new integration. If we hypothesize
that k 5 5, solving for t we get t 5 5.5. Therefore, it should take
5.5 3 5, or 27.5 generations to reach the integration frequency
we observed in the LMH-D2 subclones. This is slightly greater
than the 24 generations we grew the LMH-D2 subclones.
Therefore, we estimate that the integration frequency for WT
DHBV in LMH-D2 cells is approximately one integration per
four to five generations.

Once we estimated the integration frequency (k 5 3 for DSL
and approximately 5 for WT), we wanted to predict the total
number of integrations which would occur in a colony after t
cycles of integration where one integration occurs every k
generations. We let St equal the total number of integrations at
the tth cycle, where one cycle is equivalent to k generations.
Also, we let Nt be the total number of cells at the tth cycle, (i.e.,
kt generations). Thus, St 5 t(2k)t21; t 5 1,2, . . . ; and Nt 5 2kt.
Thus, the ratio of number of integrations per cell at the tth
cycle can be derived as follows: St/Nt 5 t(2k)t21/2kt 5 t2kt2k/2kt

5 t/2k where k 5 1, 2, 3 and t 5 1, 2, 3.
According to the formula, for colonies grown 24 genera-

tions, the following ratios are predicted. When k 5 2, 3, 4, or
5, then St/Nt 5 3.0, 1.0, 0.375, or 0.15, respectively. The exper-
imentally determined ratio of new integrations per clone was
1.25 for LMH 66-1 DSL clones, fitting a k 5 3 frequency, and
the ratio for LMH D2 clones was 0.18, fitting a k 5 5 fre-
quency. Therefore, using two different mathematical ap-
proaches, i.e., the calculation of the percentage of subclones
without an integration and the calculation of the total number
of integrations per subclone, the data analysis suggest a fre-
quency of one integration per three generation for DSL
DHBV DNAs versus one integration per four to five genera-
tion frequency for WT DHBV DNAs.

DHBV integration mechanisms. The structures of the three
DHBV integrations isolated from the LMH 66-1 subclones
bear a striking resemblance to a complete DSL DHBV DNA
molecule and may be derived directly from the virion DSL
DNA. The structures of LMH 66-1 DSL cell line integrations
were also comparable to intb, that we previously cloned from
LMH-D2 cells (Fig. 8A). intb contains a complete DHBV
genome with only three nucleotides deleted from the 39 ter-
minus of the minus strand. The heterogeneity of the viral
junctions of DHBV integrations in LMH 66-1 DSL cells is very
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similar to integrations in LMH-D2 cells (9a). An overwhelming
majority of the viral junctions are localized in the 70-bp region
bracketed by the DR sequences. Similar preference of the viral
junction sites has been observed for hepadnaviral DNA inte-
grations isolated from tumors (3, 26, 34). One explanation for
the highly preferred DHBV DNA junctions in LMH cells is
that the majority of the DNA integrations are derived from
linearized DHBV DNAs or from the minority linear forms
present in the WT DHBV population.

The most frequent viral junctions of DHBV DNA integra-
tions in LMH cells map in the 18-nucleotide region at the 39
terminus of the minus strand that would contain an RNA:DNA
duplex in the DSL DNA (Fig. 8A). The viral junctions near the
59 terminus of the minus strand are located in the 70-bp co-
hesive overlap and are more scattered than at the 39 terminus
of the minus strand. This can be explained if the integration
substrate DSL DNAs had contained an incompletely elongated
DHBV plus strand and therefore had an SS region toward the
59 end of the minus strand. An SS region may be more sus-
ceptible than double-stranded DNA to nuclease digestions
prior to or during the integration which would lead to greater
heterogeneity at the 59 viral junction sites.

The significance of 17-copy of the aaccct telomere repeat
DNA directly linked to DHBV int1 is not known. Stretches of
the aaccct sequence repeat are found primarily in the telo-
meres of chromosomes (18). The opposite cellular flanking
DNA of int1 does not contain additional telomeric repeat
sequence. One possibility is that int1 was integrated near the
telomeric region of the chromosome at the borderline of telo-
mere repeat sequence and other repetitive DNA. Another
possibility is that int1 was integrated into other regions of the
chromosomes, e.g., centromeres, that also contain some telo-
meric repeat sequence. Still another possibility involves mod-
ification of the ends of the linear DHBV DNA or the broken
ends of chromosomes by the telomerase complex during inte-
gration. It is known that telomerase can also synthesize telo-
meres de novo onto nontelomeric DNA termini in addition to
elongating preexisting telomere tracts (18). Telomerase activ-
ity can be detected in transformed cell lines, including LMH
cells (34a).
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