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The random association of Epstein-Barr virus DNA with host cell metaphase chromosomes of all sizes in
Burkitt's lymphoma-derived cell lines was demonstrated by two substantially different techniques, namely
fluorescence-activated chromosome sorting and in situ hybridization. The nature and potential importance of
this association are discussed.

It is still not clear whether integration of Epstein-Barr
virus (EBV) into the host cell genome is an important
primary event during the genesis of Burkitt's lymphoma
(BL). Each individual BL-derived cell line carries a charac-
teristic number of copies of the EBV genome that remains
constant from one cell generation to the next but may vary
widely among different cell lines; the majority, if not all, of
these copies are episomal in nature (2). Attempts to study
integration are hindered by the fact that when chromosomal
DNA is isolated from BL-derived cell lines by a variety of
methods it is contaminated with EBV DNA; this has gener-
ally been assumed to be due to the fact that most methods of
isolating cellular DNA yield shear-produced fragments that
are about the same size as linearized EBV DNA (172
kilobase pairs; reference 7) and may copurify with the latter.
However, the possibility that one or a few copies of the
genome may be integrated cannot be ruled out.

Indirect evidence in favor of EBV integration exists (3,
12). Further, direct evidence has been obtained, at least in
the case of Namalwa (16, 19) and Raji (4, 25) isolates; these
data, however, suffer from the disadvantage that both cell
lines show gross chromosomal rearrangements (16; A. Har-
ris, data not shown). The latter is a common feature of most
of the long-established BL-derived cell lines, some of which
have been in culture for up to 20 years (17, 29; A. Harris et
al., unpublished observations). In the presence of such
chromosomal instability it is therefore possible that any
detected site of EBV integration might not be of primary
importance in the genesis of the tumor.
The purpose of the present study was to determine

whether any EBV DNA is genuinely covalently linked to
(that is, integrated into) the cellular DNA in newly estab-
lished BL lines. We analyzed three recently isolated and
characterized BL-derived cell lines (8, 9, 14) that show few,
if any, chromosomal abnormalities other than the t2;8, t8;14,
and t8;22 reciprocal translocations that are characteristically
associated with Burkitt's lymphoma. The major problem in
such an analysis is the presence of many episomal copies of
the virus in these, as in most, BL lines. Two methods, aimed
at separating extrachromosomal EBV and chromosomal
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DNAs, are described here, namely, fluorescence-activated
chromosome sorting and in situ hybridization under a variety
of denaturing conditions. The basis of the former method is
that after staining with ethidium bromide the relative fluo-
rescence value of each chromosome correlates quite closely
with its DNA contents. Hence, a flow karyotype can be
constructed in which discrete peaks of fluorescence intensity
correspond to individual or groups of chromosomes with
similar DNA contents. These can then be sorted separately
and purified (11, 20, 21, 28). Since the amount of DNA in
episomal forms of EBV is so much smaller than in the
smallest human chromosome, we anticipated that this tech-
nique might be capable of removing episomal EBV from host
cell chromosomal DNA.

Fluorescence-activated chromosome sorting was carried
out broadly as described by Young et al. (28). Cells were
blocked in metaphase by exposure to colchicine (Colcemid;
GIBCO Laboratories) at 0.05 mg/ml of culture medium for 16
h and then harvested by centrifugation at 900 x g for 15 min.
The cell pellet was washed once in phosphate-buffered
saline, suspended after centrifugation in 0.075 M KCl, then
spun at 600 x g for 8 min, and suspended in polyamine buffer
(15 mM Tris hydrochloride, 0.2 mM spermine, 0.5 mM
spermidine, 2 mM EDTA, 0.5 mM EGTA [ethylene glycol-
bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic acid], 80 mM
KCl, 20 mM NaCI, 14 mM ,-mercaptoethanol [pH 7.2]). The
suspension was spun at 900 x g for 12 min and then
suspended in 0.1% digitonin in polyamine buffer. Cells were
vortexed for 10 s to release metaphase chromosomes, which
were stained with ethidium bromide at 0.5 mg/ml Chromo-
somes were analyzed on a Becton Dickinson Fluorescence
Activated Cell Sorter II. A Spectra Physics 164-05 laser
producing 1.5 W of power output at 514.5 nm was used to
excite chromosomal fluorescence, and a Schott OG550 emis-
sion filter blocked scattered laser light. Dual parameter
analysis of scatter and fluorescence signals allowed discrim-
ination of chromosomes from certain background signals.
Flow karyotypes of the non-BL cell line Ball-i and the BL

cell lines LY47, LY91, and BL8 are shown in Fig. 1; novel
peaks due to the t8;22, t2;8, or t8;14 translocations in the BL
cell lines are indicated. Ball-1 has a normal diploid male
human karyotype, and the BL cell lines, except for the
translocations, show similar patterns. Sorting experiments
were only carried out when flow karyotypes were as clear as
those shown in Fig. 1, that is, with very low background
fluorescence levels and discrete peaks contributed by spe-
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is marked. Ball-i has a normal male human karyotype. Relative to this, the 22q-, 2q and 14q+ translocated chromosomes in LY47, LY91,
and BL8, respectively, were observed to produce novel peaks. The reciprocals of these translocations altered the area under other peaks
contributed by normal chromosomes. Size sorts of chromosomes 1 to 12 and 13 to 22 are shown in the LY91 panel.

cific chromosomes. Under conditions in which a cell line has
inconsistent chromosomal changes or there are many broken
chromosomes, such discrete flow karyotypes are not ob-
tained and sorting would not be carried out. Two sets of
experiments were carried out on sorted material. In the first,
total sorts were made; that is, pure chromosomal material
was isolated from the full human karyotype, collecting all
chromosomes from 1 to 22 into a single sample. In the
second set, material from LY91 was sorted into two sam-
ples, containing chromosomes 1 to 12 and 13 to 22, respec-

TABLE 1. Summary of chromosome sorting experiments
No. of Estimate of amt

Cell line chromosomes Em of amt
sorted (106) of DNA (ng)a

BL8 2.7 500
LY91 (all chromosomes) 2.6 490
LY47 2.4 450
LY91 (chromosomes 1-12) 2.4 600
LY91 (chromosomes 13-22) 1.8 200

a As estimated by Davies et al. (11) and Mendelsohn et al. (22), 2 x 106
copies of the X chromosome are approximately equal to 400 to 500 ng of
DNA. Mean DNA content of a human chromosome was estimated from the
average of all chromosomes. EBV copy numbers: LY47, 35; LY91, 120; BL8,
220 (14).

tively, as illustrated (Fig. 1). The number of chromosomes
sorted in each experiment and the amount of DNA isolated
are summarized in Table 1. In all cases, DNA was extracted
from sorted chromosomes cleaved with BamHI restriction
endonuclease, and digested material was loaded onto 0.66%
horizontal agarose gels. Fragments were separated by elec-
trophoresis in buffer containing 50 mM sodium acetate (pH
7), 1 mM EDTA, and 0.01% ethidium bromide. The DNA
was transferred to nitrocellulose (27), baked, and probed
with 32P-labeled (26) EBV DNA fragments. Blots were
washed in 2 liters of 0.3 x SSC (1 x SSC is 0.15 M NaCl plus
0.015 M sodium citrate) in 0.1% sodium dodecyl sulfate and
then in 2 liters of 0.1 x SSC in 0.1% sodium dodecyl sulfate.
When sorted material (Fig. 2a) was cleaved with BamHI

and probed with the large repetitive sequence encompassed
by B95-8 (23) BamHI fragment W (Fig. 2d), the pattern of
restriction fragments hybridizing to the probe in each case
was qualitatively identical to that seen in BamHI-cleaved
total cellular DNA from the same cell line (Fig. 2b). Further,
allowing for differences in specific activity of probes used in
Fig. 2a and b, there was no substantial reduction in the
amount of EBV associated with 500 ng of sorted chromo-
somes, compared with that found in an equivalent amount of
total cellular DNA from the same cell line. It is clear from
these results that, contrary to expectation, the technique of
fluorescence-activated cell sorting did not separate episomal
EBV from human chromosomes; there appeared to be a
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FIG. 2. Hybridizations of sorted chromosomal material (a and c) from cell lines LY47, LY91, and BL8 as marked (amounts ofDNA shown
in Table 1), and 500 ng of total cellular DNA (b) from the same cell lines. Data obtained by hybridization with the cloned BamHI W restriction
fragment of B95-8 EBV DNA are shown. This probe also hybridizes to the BamHl C and Y restriction fragments of EBV DNA (18). Novel
restriction fragments hybridizing to BamHI-W in the LY91 cell line (migrating between BamHI fragments C and W) may be accounted for

by a major defective species within this cell line (14). High background hybridization levels are due to the long exposure times required to

detect specific hybridization signals in small amounts of sorted material. Weak hybridization at the position of BamHI fragment C in lane
marked 1-12 shown in panel c is due to a technical problem and does not reflect a genuine difference between the two lanes. Panel d shows
EcoRI and BamHI restriction maps of B95-8 EBV DNA (5). Probes used in Southern hybridizations and in situ hybridization (see the text)
are marked.

close association of EBV episomes with host cell metaphase
chromosomes. Moreover, a restriction enzyme analysis of
viral DNA associated with host chromosomes of different
sizes (Fig. 2c), that is, chromosomes 1 to 12 or 13 to 22,
suggested that this was not confined to a limited number of
sites on specific chromosomes. Rather, episomal EBV ap-

peared to be anchored to host cell metaphase chromosomes
of all sizes, equally distributed between large (1 to 12) and
small (13 to 22) chromosomes, as is shown in Fig. 2c, bearing
in mind the amount of sorted chromosomal DNA in each
lane (Table 1).

This result was confirmed by direct analysis of the local-
ization of EBV in one of the BL cell lines, BL8, by in situ
hybridization. In all in situ hybridization experiments, a

probe for human satellite III DNA, located in the
centromeric region of chromosome 1, was used as a positive
control (10). In situ hybridization was carried out as follows.
Metaphase chromosomes were prepared by standard proce-

dures and spread on glass slides. They were then dehydrated
through an ethanol series, twice in 70 and once in 90%

ethanol, air dried, and RNase treated for 1 h at 20°C (RNase
type IIIA at 100 ,u/ml; Sigma Chemical Co.) in 2x SSC, pH
7. After being washed twice in 2x SSC, slides were acetyl-
ated by addition of acetic anhydride (5 ml/liter in 0.1 M
triethanolamine) and, after 5 to 10 min, again dehydrated.
Chromosomes were denatured by immersion in 60% form-
amide-0.2 M EDTA at 50 or 55°C for 4 min, and denaturation
was quenched by immersion in 70% ethanol, followed by
dehydration through the ethanol series as before. Hybridiza-
tion probes were labled with 1251 (26) to specific activities of
5 x 107 to 1 x 108 cpm/,ug of DNA.

Denatured, radioactively labeled probe solution (40 ,ul) at
100 ng/ml (in 50% formamide, 2x SSC [pH 7 to 7.5], 5 mM
NaH2PO4, 1 x Denhardt solution, 50 ,ug of denatured salmon
sperm DNA per ml, 0.1 mM KI, and 10% dextran sulfate)
was placed on each slide, and the solution was overlaid with
a cover slip. The slides were placed in an environment
saturated with hybridization buffer at 42°C for 15 h, then
submerged in 2 x SSC to remove the cover slips, and washed
four times in 2x SSC at 25°C, twice in 2x SSC at 65 to 68°C
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FIG. 3. In situ hybridization on metaphase chromosomes from

the BL8 cell line, with 1251-labeled B95-8 EcoRI combined fragments

C, E, and H as a probe. Chromosomes were banded with Wright

stain. (a) Chromosome denaturation was carried out at 50'C, and

strong hybridization signals were seen on nearly all metaphase

chromosomes, while the background levels of nonspecific hybrid-

ization were low. (b) Chromosome denaturation was carried out at

about 550C, and only a few hybridization signals were seen over

metaphase chromosomes, while background levels of nonspecific

hybridization were similar to those in panel a.

for 15 min each, once in 0.1x SSC at 500C for 15 min, and

then five times in 0.1 x SSC at 250C. Finally, the slides were

dehydrated through an ethanol series (as above), air dried,

and dipped in a 1:1 (wt/vol) dilution of Kodak NTB-2

autoradiographic emulsion in water. After 3 days to 1 month,
slides were developed in Kodak D19 developer and Kodafix.
Under the conditions of low background labeling (Fig. 3a),

strong hybridization signals were seen along most metaphase
chromosomes when they were probed with a mixture of
"'I5-labeled B95-8 EcoRI fragments C, E, and H (Fig. 2d).
Although in the particular metaphase spread shown in Fig.
3a not all chromosomes have autoradiographic grains, anal-
ysis of many metaphase spreads showed on the average
equal levels of hybridization on all chromosomes. Since
EcoRI fragments C, E, and H have not been observed to
hybridize nonspecifically to host chromosomal DNA (6, 24),
the data (Fig. 3a) reveal the presence of episomal EBV
attached to metaphase chromosomes. In similar studies, the
BamHl K restriction fragment of EBV DNA has been shown
to hybridize to at least one region of every human chromo-
some except the Y chromosome (15); however, BamHI-K
has been shown to have substantial homology to cellular
DNA (6, 15).
To search for specificity, the in situ hybridization protocol

used in Fig. 3a was modified such that the temperature of
chromosome denaturation was increased by about 50C.
Under these conditions, with the same mixed EcoRI frag-
ments C, E, and H probe, the vast majority of episomal EBV
molecules attached to metaphase chromosomes were found
to have been removed (Fig. 3b). No effect on the overall
chromosome architecture, as observed by Wright's banding,
was evident. This result suggests that, although most
episomal molecules of EBV become anchored to host cell
chromosomes at metaphase, this interaction does not in-
volve covalent linkage since it may be disrupted under
appropriate experimental conditions during in situ hybridiza-
tion.
We have thus demonstrated close association of episomal

EBV DNA with metaphase chromosomes of BL-derived cell
lines by two entirely different techniques. Moreover, there
was no obvious selectivity in this association; there may be
specific chromosomal sites for EBV DNA anchorage, but
the in situ hybridization data suggest that these occur at
random throughout the genome.
The nature of the linkage between EBV episomes and

metaphase chromosomes is unknown. However, since the
nonspecific RNase digestion step of the in situ hybridization
procedure did not destroy it, RNA probably does not form
an important part of the linkage. Therefore, we suggest that
some thermolabile DNA-protein or DNA-DNA interaction
may be involved. In this context, it is interesting to note that
the EBV nuclear antigen I encoded within the BamHI K
restriction fragment of the virus has been shown to be
invariably present on the chromosomes in metaphase prep-
arations of mouse LTK cells and Raji cells (13). The precise
function(s) ofEBV nuclear antigen I is still unclear, although
it may have some role in EBV replication (27a; J. Yates,
personal communication). It is possible that EBV nuclear
antigen I or other viral or cellular proteins are important in
this episome-to-chromosome interaction.

Finally, the possible role of anchorage of EBV episomes
on host cell chromosomes in the viral life cycle seems
worthy of comment. It is known that although the EBV
DNA copy number may vary widely from one BL-derived
cell line to another, within any specific line that number will
remain approximately constant from one cell generation to
the next (1). It is not clear how this numerical constancy is
achieved, but it seems a reasonable hypothesis that through
anchorage to host cell metaphase chromosomes, the virus
could ensure that approximately equal numbers of episomes
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become segregated on each side of the metaphase plate and
hence in each daughter cell.
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