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ABSTRACT We have produced cell hybrids between mouse
myeloma cells, which do not produce immunoglobulin chains, and
Burkitt lymphoma cells (Daudi), which express surface IgM.
Daudi cells carry a reciprocal chromosome translocation between
chromosomes 8 and 14, described as t(8;14)(q24;q32). The hybrids
were studied for the expression of human immunoglobulin chains
and human isozyme markers, for the presence of human chro-
mosomes, and for the presence ofthe human genes for heavy chain
variable regions (VH) and it and ychain constant (C) regions. The
results indicate that the expressed ,i chain gene is on normal chro-
mosome 14 in Daudi cells. We have also determined that the chro-
mosome 14 involved in the translocation (14q+) carries the gene
for C. and C,1.4 and probably several genes for the variable re-
gion (V). Certain hybrids had lost both the chromosomes 14 but
had retained the abnormal chromosome 8 (8q-) that carries the
terminal end of the long arm of chromosome 14. These hybrids
were studied for the presence of human VH, CA, and Cy DNA
sequences, and the results indicated that the hybrid cells with the
8q- chromosome contained VH genes but not C genes. Therefore,
we conclude that, in the Daudi Burkitt lymphoma, the break in
chromosome 14 occurred within the chromosome segment con-
taining V region genes. As a result of the translocation some of
these VH genes became associated with chromosome 8. It is pos-
sible that the expression of malignancy in Burkitt lymphoma is
caused by immunoglobulin V region gene translocation resulting
in activation of a gene on the long arm of human chromosome 8.

Manolov and Manolova have shown that Burkitt lymphoma cells
carry a specific chromosome rearrangement, a reciprocal trans-
location between chromosome 8 and chromosome 14 (1). The
breakpoint on chromosome 8 is in band q24 and the breakpoint
on chromosome 14 is near the terminal end of the long arm
(band q32) (1, 2). As a result of the translocation two rearranged
chromosomes are formed: a 14q+ chromosome that carries the
region q24-qter ofchromosome 8, and an 8q- chromosome that
carries the terminal end of the long arm ofhuman chromosome
14 (1, 2). Very recently, two variant translocations have been
described in both African and non-African cases of Burkitt lym-
phoma involving chromosome 8 and either chromosome 2 or
chromosome 22, the breakpoint on chromosome 8 also being
in band q24 (3-5). By studying somatic cell hybrids between
mouse myeloma cells and different human B cells for the
expression ofhuman heavy chains we have determined that the
human heavy chain gene cluster is located on human chromo-
some 14 (6, 7). These results were confirmed in different lab-
oratories (8, 9). More recently, the heavy chain gene cluster has
been localized to band 14q32 (10). By using somatic cell hy-
bridization procedures, we and others have also been able to
map the genes for human A and K light chains to human chro-
mosomes 22 (11, 12) and 2 (12, 13), respectively. Thus one of

the two chromosomes involved in the specific reciprocal chro-
mosome translocations observed in Burkitt lymphoma is always
one of the chromosomes carrying immunoglobulin genes. In
view of these observations, we and others speculated that there
might be a relationship between chromosome translocations,
human immunoglobulin genes, and the expression of lym-
phoma (11, 14, 15). Therefore, we have produced somatic cell
hybrids between mouse myeloma cells, which do not produce
immunoglobulins, and Daudi Burkitt lymphoma cells, which
express surface IgM, in order to obtain clones in which the hu-
man chromosomes involved in the (8;14) translocation in Burkitt
lymphoma segregate (16). These segregants have been studied
for the expression ofhuman immunoglobulin chains and for the
presence of human immunoglobulin gene sequences in an effort
to establish whether the chromosome rearrangements observed
in Burkitt lymphoma involve chromosomal regions carrying im-
munoglobulin gene sequences.

MATERIALS AND METHODS
Cells. Daudi Burkitt lymphoma cells were hybridized with

NP3 nonproducer mouse myeloma cells in the presence ofpoly-
ethylene glycol 1000 according to established procedures (16,
17). The hybrids were selected in the presence of hypoxan-
thine/aminopterin/thymidine medium (18) containing 10 ,uM
ouabain (19). Each of the hybrid clones described in Table 1
derived from an independent fusion event, with the exception
of 3E5 Cl 1 and 3E5 Cl 3, which are two subelones of an ad-
ditional clone (3E5).
Chromosome Analysis. Air-dried chromosome preparations

were trypsin-Giemsa banded by standard methods (20). At least
25 metaphases were examined from each hybrid, and they were
scored only when there was adequate banding of human chro-
mosomes. Selected metaphases were destained and restained
by the G-li technique (21), as modified by H. Morse (personal
communication), to confirm the human origin of relevant
chromosomes.

Isozyme Analysis. Hybrid and parental cells were studied for
the expression ofhuman glutathione reductase, which is coded
for by a gene that is located on the short arm of chromosome
8, and ofnucleoside phosphorylase, which is coded for by a gene
located on the proximal half of the long arm of human chro-
mosome 14 (22). We have also studied the hybrids for the
expression of esterase D and mannosephosphate isomerase,
which are markers for human chromosomes 13 and 15, respec-
tively (22).

Expression of Immunoglobulin Chains. Parent and hybrid
cells were grown for 5-8 hr in leucine-deficient medium or
methionine-deficient media containing 5% dialyzed fetal calf
serum and [3H]leucine (70 Ci/mmol) at 100 ,uCi/ml or

Abbreviations: kb, kilobase(s); VH, heavy chain variable region; J, join-
ing region; C, constant region; SV40, simian virus 40.
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[3S]methionine (400 Ci/mmol) at 100 ,uCi/ml (1 Ci = 3.7 X
1010 becquerels). The expression ofhuman 1L chain was deter-
mined by immunoprecipitation of culture fluids or of cytoplas-
mic extracts of the hybrid and parental cells by using rabbit
antibodies specific for human A, y, and a chains, followed by
the addition of 50 ,u of a 10% suspension of fixed Staphylo-
coccus aureus as described (6, 7, 16). Labeled immunoglobulin
chains were then separated by NaDodSO4/polyacrylamide gel
electrophoresis (23).
DNA Gel Electrophoresis and Southern Transfer. Agarose

gel (0.7% or 1%) electrophoresis was carried out in 40 mm
Tris HCI/5 mM NaOAc/2.0 mM EDTA, pH 8.0. HindIII-di-
gested A phage DNA molecular weight markers (0.75 ,ug per
lane) (Bethesda Research Laboratories) were included on every
gel. Cellular DNA samples were digested with BamHI, EcoRI,
HindIII, or Xba I and then subjected to electrophoresis in a
horizontal agarose (Sigma) slab gel (10 ,ug of DNA per lane).
Gels were stained for 10 min with ethidium bromide (1 ,g/
ml) and photographed under UV light. Transfer of DNA from
gel to nitrocellulose sheet (Millipore) was performed essentially
as described by Southern (24, 25).

Preparation of Labeled Probe DNAs. The VHIII probe
(M1326-8) for the heavy chain variable region is a 1.9-kilobase
(kb) EcoRI fragment of a VHIII gene that has been cloned in the
M13 phage vector (8, 26). This probe was a generous gift of
Terry Rabbitts (Medical Research Council Laboratory of Mo-
lecular Biology, Cambridge, England). Rabbitts and his co-
workers have used this probe to demonstrate the synteny of the
VH genes and the genes for heavy chains (8). The probe specific
for the constant region of human 1 chain is a 655-base pair ,u
cDNA that contains enough, sequences to code for amino acids
glycine (residue 421) through the terminal tyrosine (residue 576)
of the human ,u chain as well as the entire 3' noncoding se-
quence (27). The human y-specific probe was a kind gift ofJoel
Bauxbaum (New York University). This probe is a 1.0-kb frag-
ment that was inserted at the Pst I site of the plasmid pBR322
(POMM-B). It cross-hybridizes with all four ychain genes (28).
We have obtained the human J region by subcloning a 3.3-kb.
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fragment ofthe human genomic Ai DNA clone (Hi8 Cl 10). This
fragment contains 2.2 kb of the human joining (J) region DNA
(29) and 1.1 kb of flanking sequences at the 3' end. The ychain,
,a chain, and J chain-specific inserts were isolated from the
pBR322 vectors and labeled by the nick-translation procedure
(30). The VHIII probe was nick-translated in its M13 phage vec-
tor isolated in its replicative form. DNA polymerase I was pur-
chased from Boehringer Mannheim and [a-32P]NTPs were from
Amersham. VH, A, 'y, andJ region probes labeled with 32P and
with specific activities of 0.5-5 x 108 cpm/Ag of DNA were
used in the experiments described in this paper.

Hybridization. DNA on nitrocellulose sheets was hybridized
to 32P-labeled probe DNA (VHIII, JH region, Au cDNA, ycDNA)
in a hybridization solution containing 50% (vol/vol) formamide
(25). After hybridization, the filters were washed, air dried, and
exposed to Kodak XRP-5 film for various periods. Prior to re-
hybridization, filters were washed two times at 650C with H20
for 15 min (31).

RESULTS
Chromosome and Isozyme Analysis of Hybrid Clones. The

karyotype of Daudi parental cells is shown in Fig. la, demon-
strating the reciprocal translocation between chromosomes 8
and 14, (q24,q32), that is observed in most cases ofAfrican Burk-
itt lymphoma (1, 2). The only other consistent abnormalities in
the Daudi karyotype were a small interstitial deletion in the
proximal portion of the long arm of one chromosome 15 and
trisomy for chromosome 7 in a minority of the cells, both pre-
viously described (32).

Six hybrid clones were included in this study, four ofwhich
were independent. The other two (3E5 Cl 1and 3E5 Cl 3) were
subclones of an additional independent clone (3E5). These hy-
brids were studied for the presence of human chromosomes by
trypsin-Giemsa and Gll banding and for the expression of hu-
man isozyme markers. The cells of the different hybrid clones
contained 70-100 chromosomes, with 10-20 of human origin.
Table 1 summarizes the results concerning human chromo-
somes 8 and 14, demonstrating a consistent correlation between
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FIG. 1. (a) Karyotype of parental Daudi cell

line with t8;14 (q24;q32). (arrows) and small in-
terstitial deletion in 15q. Trisomy 7 was present
in a minority of the cells. (b) Trypsin-Giemsa
banded metaphase from hybrid 3E5 Cl 3 contain-

w;^r~i.% ing normal 14 (arrow) and no 14q+. (c) Trypsin-
Giemsa banded metaphase from hybrid 3F2 with
14q+ (arrow) and no normal 14. G-11 staining of

the same metaphase (Inset) indicates the human
origin of 14q+. (d) Trypsin-Giemsa'banded meta-
phase from hybrid 1E8 Cl 2 containing human
8q- (arrow) and no 14 or 14q+;
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Table 1. Human immunoglobulin genes in NP3-Daudi cell hybrids
Human isozymest Expression Human immuno-

Human chromosomes* Glutathione Nucleoside of human ja
globulin genes

Cell line 8 8q- 14 14q+ reductase phosphorylase chains VH CA CY
Daudi ++ ++ ++ ++ + + + + + +
NP3 - - - - - - - - - -

3E5 C11 + - + + + + + + + +
3E5 C1 3 + + + + - + + + + + +
3F2 ++ ++ - + + + - + + +
1D8 ++ + +- + + +
1E8C12 ++ + - - + - - + - -
2B8C122 ++ + - - + - - + - -
* Frequency of metaphases with relevant chromosome: - = none; + = <10%; + = 10-30%; and ++ = >30%.
t Glutathione reductase is a marker for human chromosome 8; nucleoside phosphorylase is a marker for human chromosome 14.

the cytogenetic and the isozyme data. Because clone 3E5 Cl 3
contained the normal chromosome 14 but not the 14q+, and
clones 3F2 and 1D8 were the reverse (Fig. 1 b and c), it was
felt that analysis of these clones for the expression of ,u chains
should indicate whether they were the product of the normal
chromosome 14 or, alternatively, of the 14q+ chromosome. In
addition, because two hybrid clones (1E8 Cl 2-and 2B8 Cl 22)
had lost both the normal and the translocated chromosome 14
but had retained the 8q- chromosome (Fig. ld) that carries a
terminal segment of the long arm ofchromosome 14 (q32-)qter),
these clones were examined to determine whether the small
segment of chromosome 14 translocated to chromosome 8 car-
ried human immunoglobulin heavy chain DNA sequences.

Expression of ,u Chains. Human Daudi cells express surface
IgM (33, 34) but do not secrete immunoglobulins (16). We pre-
viously showed that hybrids between Daudi cells and mouse
myeloma cells secrete human IgM when the chromosomes car-
rying the active genes for light and heavy chains are present in
the hybrids (16). We screened the hybrids described in Table
1 for the expression of secreted and cytoplasmic ,u chains and
found that hybrids 3E5 Cl 1 and 3E5 Cl 3 had human cyto-
plasmic ,u chains (Fig. 2). They did not secrete IgM because
they did not produce light chains. Hybrid 3E5 Cl 3 produced
,u chains and did not have the 14q+ chromosome, whereas hy-
brid clones 3F2 and 1D8 did not express human ,u chains and
had lost the normal chromosome 14 but retained the 14q+ chro-
mosome. This strongly suggests that the normal human chro-
mosome 14 in these hybrids carries the expressed u chain gene

1 2 3

and that the 14q+ chromosome carries the unexpressed ,u
allele.

Southern Transfer Analysis of Hybrid Cell DNA. We ana-
lyzed the DNA derived from the parental Daudi and NP3 cells
and from the hybrid cells for the presence of the genes for the
variable region (VHIII) ofhuman heavy chains and for the ,u and
,y constant (C) regions by Southern blotting procedures (24). As
shown in Table 1, we detected the human / and y constant
region genes in all hybrids containing either the normal chro-
mosome 14 or the 14q+ (Fig. 3 Lower and Table 1). Hybrids
that did not contain either chromosome 14 but retained the 8q-
chromosome had lost the genes for the ,u and y constant regions
(Fig. 3 Lower and Table 1).
We rehybridized the filters that were hybridized with the

constant region probes (,u and y) with a probe specific for a
human variable region gene, VHIII. This human chromosome
14-specific probe has been used to demonstrate the synteny of
the VH and CH genes in man by Rabbitts and his associates (8,
26). As shown in Fig. 3 Upperand Table 1, the two hybrids (1E8
Cl 2 and 2B8 Cl 22) that contained human chromosome 8q-
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FIG. 2. NaDodSO4/polyacrylamide gel electrophoresis of human
immunoglobulins immunoprecipitated from cytoplasmic extracts pre-
pared from a human lymphoblastoid line, GM607 (6) (lane 1), that se-

cretes K-containing IgM and two Daudi-NP3 cell hybrids, 3E5 Cl 1
(ane 2) and 3E5 Cl 3 (lane 3), that produce only ,u heavy chains. These
clones do not secrete immunoglobulin (data not shown).

FIG. 3. Hybridization of HindI-digested cellular DNA with the
VHIII probe (Upper) and the same filter rehybridized with the y cDNA
probe (Lower). In lane 1 is DNA from the mouse myeloma parent NP3,
which shows no hybridization to either probe. Lane 2 is Daudi DNA,
which hybridizes to both probes, as doesDNA from 6M54VA, a simian
virus 40 (SV40)-transformed human cell line, in lane 3. In lane 4 is the
hybrid clone 3E5, which produces human ,u chain. Lanes 5 and 6 are
DNAs from two clones that are nucleoside phosphorylase positive.
Lane 7 is DNA from the 1E8 Cl 2 clone, which is nucleoside phos-
phorylase negative and has the 8q- chromosome. This DNA hybrid-
izes to the variable region probe (Upper) but not the (y) bonstant region
probe. In lane 8 is DNA from the 1D8 clone, which has the 14q+ chro-
mosome but not the 8q- chromosome. DNA from this clone hybridizes
to both probes. Here and in later figures the lengths of the fragments
are indicated in kb.
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FIG. 4. Hybridization of Xba I-digested cellular DNA with the Ai
cDNA probe, demonstrating the presence or absence of A gene se-
quences in Daudi hybrids. Lanes 1 and 2 (clones 3E5 and 3A9) are
DNAs from hybrid clones that produce ,u chain. In lane 3 is DNA from
clone 3F2, which is nucleoside phosphorylase positive. In lanes 4 and
5 are DNAs from two nucleoside phosphorylase-negative clones. In
lanes 6-10 are human DNAs: lane 6 is Daudi; lane 7 is an IgA-ex-
pressing lymphoblastoid line; lane 8 is an IgM-expressing lymphoblas-
toid line; and lanes 9 and 10 are two SV4O-transformed human cell
lines (19) (GM54VA and GM637). In lane 11 is DNA from NP3 and in
lane 12 is DNA from a SV40-transformed mouse cell line, neither of
which hybridizes to the human ,u cDNA probe.

and had lost both the normal chromosome 14 and the 14q+
chromosome contained human VHIII gene sequences. This re-
sult indicates that in the Daudi cells some ofthe variable region
genes are translocated to chromosome 8. Because the 14q+
chromosome in clone 1D8, which is lacking the 8q- and the
normal 14, seems to have retained VHIII gene sequences (Fig.
3, Table 1), we can further conclude that the breakpoint in
Daudi cells occurs in a region ofchromosome 14 containing VH
genes.

8q

14

14 14q+
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FIG. 6. Hybridization of BamHI-digested cellular DNA with the
/kspecific cDNA probe. In lane 1 is Daudi DNAwith two bands. In lane
2 is DNA from an adenovirus-transforned human cell line (F6 Cl 3),
and in lane 3 is GM54VA, a SV40-transformed fibroblastic human cell
line (18); both show a single band that does not comigrate with either
of the Daudi bands.

Because the genes for the 1L and y constant regions were all
present in the hybrids 1D8 and 3F2, which contained the 14q+,
and were not present in the hybrids containing only the 8q-
(1E8 Cl 2 and 2B 8 Cl 22) (Figs. 3 and 4 and Table 1), we also
conclude that these heavy chain genes are proximal to the
breakpoint observed in Daudi cells, and that the variable region
genes are distal to the constant region genes on human chro-
mosome 14 (Fig. 5).
We also cleaved the cellular DNA with BamHI and, after

agarose gel electrophoresis and Southern transfer, we hybrid-
ized the nitrocellulose filters with the A-specific cDNA. As
shown in Fig. 6, Daudi cells appear to have the A genes on both
no. 14 chromosomes rearranged. The results from the hybrids,
in conjunction with the data in Table 1, indicate that the 14q+
chromosome in these cells contains the larger BamHI A chain-
specific fragment (18.0 kb), whereas the normal chromosome
14 carries the smaller fragment (12.5 kb). Germ-line DNA gives
a single band at 16.0 kb. Thus, it appears that in Daudi cells
both A chain genes have undergone rearrangement, but that
only the rearranged gene on the normal chromosome 14 is
expressed.
We also cleaved the DNA derived from parental Daudi cells

and from hybrids containing either the normal chromosome 14
or the 14q+ chromosome with EcoRI, and, after agarose gel
electrophoresis and Southern transfer, we hybridized the filter
with a JH-specific probe. This JH region probe hybridizes to a
single 13.8-kb DNA fragment from germ-line cellular DNA.
With parental Daudi DNA, it hybridized to a 12.2-kb and an
8.9-kb fragment (Fig. 7). DNA from a hybrid clone that ex-
pressed A chains had both bands, whereas DNA from hybrid
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FIG. 5. Diagram of the (8;14) chromosome translocation in Daudi

cells. (Upper) The breakpoint on chromosome 8 and 14; (Lower) the
t(8;14) reciprocal translocation. The figure also shows the postulated
position of the genes for variable regions (VI-WV) and constant re-
gions of immunoglobulin heavy chains on the involved chromosomes
as indicated by our data.

FIG. 7. Hybridization of EcoRI-digested cellular DNA with J re-
gion probe. In lane 1 is Daudi DNA. In lane 2 is DNA from 3E5, which
expresses ,u chains. In lanes 3 and 4 are DNAs from two hybrid clones
that are nucleoside phosphorylase positive and do not express ,u chains.
DNA from a cell whose immunoglobulin genes are not rearranged
gives a 13.8-kb band (data not shown).
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clones with only the 14q+ chromosome had only the 8.9-kb
band. Thus, the results of this experiment provided additional
evidence for immunoglobulin gene rearrangements on both
number 14 chromosomes.

DISCUSSION
Somatic cell hybridization of mouse myeloma cells with Burkitt
lymphoma cells has yielded hybrids in which the chromosomes
involved in the 8;14 translocation have segregated and enabled
us to study the organization of the human immunoglobulin
genes in these chromosomes. Lenoir and his associates have
previously described a specific correlation between expression
of K or A light chains in Burkitt tumor lines and translocations
involving chromosome 8 and chromosome 2 (which carries the
K chain genes) or 22 (which carries the A chain genes) (15). Our
observation in hybrids from the Daudi line, that the expressed
,A chain was carried on the normal chromosome 14, indicates
that the expression of ,A chains in the Burkitt tumor is not nec-
essarily related to the chromosome translocation.
We have also demonstrated that the 14q+ chromosome in

the Daudi cell line carries the genes for ,u and y heavy chain
constant regions, indicating that these genes are proximal to the
breakpoint in chromosome 14 (q32). The analysis of the hybrids
containing the 8q- chromosome and no chromosome 14 or
14q+ confirms this finding, because no p.- and y-specific DNA
sequences were detectable in these hybrids. We did detect,
however, the presence of VHIIJ sequences in these clones, sug-
gesting that the small segment of chromosome 14 that is trans-
located to the 8q- carries VH genes. Because we also detected
the presence of VH sequences in a hybrid (1D8) that contained
the 14q+ and neither the 8q- nor the normal 14, it seems likely
that the break occurred within the chromosomal segment car-
rying VH region genes. It will be of interest to determine
whether a similar phenomenon occurs in other cases of Burkitt
lymphoma, including those with the rare (2;8) and (8;22)
translocations.
The fact that the small segment of chromosome 14 translo-

cated to the 8q- chromosome in the Daudi line appears to carry
VH genes raises the possibility that the expression ofmalignancy
in these cells results from activation of a gene located on the
long arm of chromosome 8, by recombination with either a VH
region or a VH promoter. We cannot exclude, however, an al-
ternative suggestion that a gene located on the translocated seg-
ment of chromosome 8 becomes activated by association with
a DNA sequence proximal to the breakpoint on chromosome
14 (14, 15).

If the hypothesis that malignancy in Burkitt lymphoma can
result from recombination of a VH gene or promoter with a se-
quence proximal to the breakpoint on chromosome 8 leading
to the formation of an active oncogene is correct, it seems likely
that similar immunoglobulin variable region gene translocations
will be demonstrable in other lymphomas and leukemias. The
availability of hybrids containing either the 8q- chromosome
or the 14q+ chromosome should also make it possible to clone
the DNA sequences immediately proximal and distal to the
breakpoint on chromosome 8. The availability of these cloned
DNA sequences will permit further exploration of specific mo-
lecular events involved in the relevant neoplasms.
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