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Molecular Analysis of the t(2;14) Translocation of
Childhood Chronic Lymphocytic Leukemia

H. PErrY FELL, R. GRAHAM SMITH, PHILIP W. TUCKER

Two rare cases of chronic lymphocytic leukemia (CLL) in children have been studied;
both are associated with a previously undescribed chromosomal translocation
[t(2;14)(p13;q32)]. In one patient the translocation was reciprocal and the breakpoint
on chromosome 14 occurred just 5’ of the C,; region on the productive immunoglob-
ulin heavy-chain allele. The breakpoint on chromosome 2 does not involve the k locus
but lies within an uncharacterized region that coincides with the position of a
constitutive fragile site that occurs within normal lymphocytes. Data on the second
patient are consistent with these findings and suggest that these cases represent a rare
but distinct subgroup of CLL’s with a specific cytogenetic change.

ALIGNANCIES ARE OFTEN ASSO-
ciated with specific chromosomal
translocations which are now
thought to represent a discrete step in tumor
development (I). Chronic lymphocytic leu-
kemia (CLL) is the most prevalent form of
leukemia in Western countries, but cytoge-
netic a“yormalities associated with the dis-
case a1 vasiable (2). Approximately half of
all CL’s exhibit a normal karyotype. The
most frequent cytogenetic change observed
is trisomy 12. Translocations involving
14q32, which are common in Burkitt’s and
follicular lymphomas (3), are found in only
10 percent of CLL tumors.
CLL is found almost exclusively in the

Fig. 1. Tumor chromosomes 2, 2p—, 14q+, and
14. A diagramatic representation of the translo-
cated chromosomes is compared with that of the
normal alleles. The breakpoints for both patients
were found to be at 2pl3 and 14q32 (5). The p
and q denote the short and long arm, respectively,
for each chromosome. Chromosomal structure is
as presented in ISCN (10). The location of the
genes for POMC, NP (11), and the immunoglob-
ulin heavy- and light-chain gene segments are
shown (6). The added material on the 14q+ is
derived from the short arm of chromosome 2
(leaving a 2p—), but it could not be determined
by cytogenetic analysis whether or not the translo-
cation was reciprocal (that is, whether or not a
small portion of chromosome 14 resides on the
2p—). Fibroblasts from patient L.H. displayed a
normal karyotype and could not be induced to
express any constitutional fragile sites (12).
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middle-aged to elderly adult population ().
However, two children (L.H. and A.S.)
were recently diagnosed as having a B-cell
leukemia closely resembling CLL (5). The
tumor cells of both patients display a previ-
ously undescribed chromosomal transloca-
tion with breakpoints occurring in band 13
on the short arm of chromosome 2 and band
32 on the long arm of chromosome 14
[t(2;14)(p13;q32)] (Fig. 1).

The proximity of the t(2;14) breakpoints
to the mapped position of the immunoglob-
ulin heavy chain (IgH) and immunoglob-
ulin k chain (Igk) loci (6), and the involve-
ment of these genes in the translocations of
other B-cell malignancies, suggested that Ig
genes or their associated sequences may have
played a role in the generation of the t(2;14)
translocation.

2 2p~

The specific involvement of Ig sequences
was determined by isolating the tumor chro-
mosomes of interest from patient L.H.
within separate somatic cell hybrids. These
cell lines were then analyzed by several
methods for the presence of specific genes
(Fig. 1 and Table 1). Heterohybrid 4-D2
had the untranslocated tumor chromosome
14. It retains one of two tumor Ig joining
region (Jy) alleles (Fig. 2A), C,; and Cy,
(Fig. 2B), as well as the more centromeric
marker for chromosome 14, nucleoside
phosphorylase (NP), but lacks any of the
genes located on chromosome 2 (Table 1).
The hybrid 8-D5.IB5 has the other Jy allele,
as well as C,, (Fig. 2A), Cs (Table 1), and
Ca (Fig. 2B), but does not have the more
centromeric Cq, segment or the gene for NP
(Table 1). In addition, this hybrid bears one
of the tumor « alleles but lacks the POMC
gene (pro-opiomelanocortin) from the distal
end of the short arm of chromosome 2.
Therefore, 8-D5.IB5 has retained the tumor
2p— chromosome. The complementary set
of loci corresponding to the tumor 14q+
chromosome are found within the heterohy-
brid 12-B3 (Table 1). These results establish
that the breakpoint on chromosome 14 has
occurred between C,; and C,,. They also
show that the translocation was reciprocal,
since the more distal IgH genes of one allele
are located on the tumor 2p— chromosome.
The presence of a single rearranged C,, allele
in LH, and the absence of C,, and Cs in 4-
D2, reveals that the untranslocated tumor
chromosome 14 has undergone a recombi-
nation event within the IgH locus resulting
in the loss of these gene segments. The
tumor cells of patient A.S. also had a single
rearranged C,, gene segment (Fig. 2A), sug-
gesting that a similar event had occurred in
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these tumor cells as well. The size reductions
observed for the C,, bearing Hind III frag-
ment in both tumor cell populations proba-
bly result from deletions within the switch
region (S,,).

Immunoglobulin M (IgM) is expressed

on the surface of LH tumor cells, yet the
translocation has left the only C,, gene seg-
ment on the 2p— chromosome. Both . and
k chains were detected in culture superna-
tants of heterohybrid 8-D5 which has the
tumor 2 and 2p— chromosomes (Table 1

Table 1. Summary of data on LH tumor cells and heterohybrids. Peripheral blood mononuclear cells
from patient LH were fused with the mouse myeloma line SP 2/0 essentially as described by Fazekas et

al. (13). Resulting heterohybrids as well as the fusion parents were

by Southern blotting (14),

radioimmunoassay (RIA), and isoenzyme assay for nucleoside phosphorylasc (NP) (15). Presence or
absence of the human gene (or protein in the RIA) is denoted in the data by the symbol + or —

respectively; P denotes the productive allele; N denotes the nonproductive allele; ND, not determined.
The tumor chromosomes retained by individual heterohybrids are denoted in parcnthm
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Cells and Allcle zyme RIA
hybrids assay
Ju C G Cua Ca NP IgM x Jx G POMC
SP 2/0 - - - - - - - - - = -
LH P + + + + ND + o+ o+ o+ +
N - - + + + o+
4-D2 (14) N - - + + + - - - ND -
12-B3 (14q+) - - - - + + - - - ND +
8-D5.IB5 (2p—) P+ + + - - ND - + + -
8-D5 (2,2p—) P + ND ND ND - + + + + ND
+ 4+
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and Fig. 2C). Therefore, the translocation
has occurred on the productive heavy-chain
allele, resulting in . production from the
2p— chromosome.

The breakpoint within the IgH locus was
determined by means of the strategy shown-
in Fig. 3A. The 14q+ heterohybrid 12-B3
contains both the Hind III fragments down-
stream of the C,, switch region (S,2) (K and
L) (Fig. 3C). We have also detected C,, and
C,s within this heterohybrid, using a con-
stant region probe. The fragments 5’ to S,
(including H), as well as a 3.8-kilobase (kb)
rearranged fragment also present in tumor
DNA, were found in the 2p— heterohybrid
(8-D5.IB5). Therefore the breakpoint oc-
curred within the Hind III fragment, which
contains the S,, sequences (Fig. 3B, band
I). The nonproductive IgH allele in 4D-2
has the germline Hind III fragments 5’ of
C,2 and Cy4 (bands H, I, K, and L; Fig. 3C)
but has lost the germline C,; and C,; frag-
ments (bands B, E, and F). A longer expo-
sure (Fig. 3D) reveals that this untranslocat-
ed allele has a fainter rearranged fragment of
3.0 kb which is also present in tumor DNA.
Thus, the unexpressed IgH allele has under-
gone a switch recombination to C,;. A dia-
grammatic representation of both LH tumor
IgH alleles is shown in Fig. 4. The J,. and C,c
gene segments were not interrupted by the
t(2;14) in either tumor cell population (7),
and these sequences were located proximal to
the breakpoint on the 2p— chromosome iso-

Fig. 2. Southern blot analysis of tumor and
heterohybrid DNA’s. LHSF and ASSF denote
cultured skin fibroblast DNA from cither patient.
LH and AS designate DNA from peripheral
blood mononuclear cells obtained from either
patient during a leukemic phase of the disease.
(A) All DNA’s were digested with the restriction
endonuclease Hind III. The Jy (a) and C (b)
probes utilized are designated by hatched
beneath the map (I6). In both tumor DNA’s
normal cells contaminating the PBL (peripheral
blood lymphocytes) fraction contribute a weaker
hybridizing e signal in both Jy and C
blots. (B) DNA’s were digested and probed wi
a plasmid that contains the constant and switch
region sequences of the human germline a, gene
(17). This probe cross-hybridizes with the human
a; locus as well. Both C,,; and C,, germline maps
are derived from Hisajima ez 4l. (18). Filters in
both panels were washed at 65°C, 0.1 standard
saline citrate (SSC) for 2 hours. (C) The results of
mununoprecipitation and sodium dodecyl sul-
;rolyacrylamndc gel electrophoresis analysis
ture supernatants from metabolically labeled
ccl.ls (19). The antiserum used was an affinity-
purified polyspec1ﬁc rabbit antiserum specific for
human Ig (Cappel). RPMI 8392 is a human B
lymphoblastonf cell line which secretes both p
and \ chains. SP 2/0 was the cell line used as the
fusion parent; 0-1-A3, 8-D5, and 9-C5 are indi-
vidual heterohybrids. The parental line 8-D5 was
used because it produces  (from chromosome 2)
which stabilizes the expression of .. The positions
of the molecular weights for the reduced side of
the gel are shown.
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lated from patient L.H. (Table 1). Therefore,
the translocation has occurred some distance
telomeric to the k locus.

The AS tumor cells also have two S,
rearranged bands: one hybridizes strongly
(3.5 kb), and the other weakly (7.5 kb) (Fig.
3, C and D). As in LH tumor DNA, the
weakly hybridizing fragment probably re-
sults from an isotype recombination. Such
an event was predicted by the loss of C,
from the unexpressed IgH allele (Fig. 2A).
In addition, the S,3- and S.;-containing
fragments (Fig. 3C, bands B and I) are
reduced in intensity, which suggests that the
AS rearrangements have occurred within
these regions. The presence of both the
fragments 5’ of C,; in full germline comple-
ment (Fig. 4C, bands E and F) indicates that
the switch recombination in AS tumor cells
has occurred within the S,3 region. It thus
seems that the stronger hybridizing rear-
ranged fragment of 3.5 kb is due to the
translocation and, further, that the break-
point has occurred within the same S.,-
bearing Hind III fragment as observed in
the LH translocation.

We suggest that these cases represent a
rarely occurring but distinct subgroup of
CLL’s with a specific cytogenetic change
that may be characteristic of an unusual
pathway to the development of this particu-
lar malignancy. This translocation may pro-
vide a growth advantage for B cells specifi-
cally during the pubertal developmental pe-
riod. The finding that the translocation in
LH tumor cells has taken place on the
productively rearranged allele was unexpect-
ed. Other translocations involving IgH
genes studied previously have occurred on
the nonproductive allele. This may reflect an
alternative mechanism of translocation, or it
may signal a selective growth advantage
conferred by the involvement of the ex-
pressed allele.

Involvement of S, sequences in both tu-
mor translocations suggests that the recom-
binases that normally effect isotype switch-
ing were responsible for generating the
t(2;14). The occurrence of such recombina-
tions on the nonproductive allele in both
tumors indicates that the tumor progenitor
cells were at a similar stage of differentiation,
perhaps attempting an isotype switch on the
expressed allele at the time that a clonal
population was established. Deletions with-
in S, in both tumors suggest the possibility
that IgH genes on the expressed allele were
in a recombinationally active state within the
tumor progenitor B cell.

The translocation brings a region of chro-
mosome 2 into the position on chromosome
14 normally occupied by a Vy region (vari-
able region of the heavy-chain gene) after an
isotype switch recombination (Fig. 4). Re-
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arranged Vy regions can undergo extensive
somatic mutations in y-producing B cells;
thus the t(2;14) may have resulted in the
somatic mutation of an as yet undiscovered
gene on chromosome 2. The only analogous
situation reported is that of the Raji Bur-
kitt’s lymphoma cell line, which has a trans-
located c-myc gene 5’ of y1 (8). In contrast
to the myc translocations occurring near Jy

o Ve 9y

and C,, the myc gene in this instance was
littered with mutations. Alternatively, since
C,2 is the most 5’ member of the second Cyg
duplication unit and has not yet been linked
to the upstream cluster (6), sequences that
are disrupted by the translocation and that
contribute to tumor development may exist
upstream of C,,.

The specific involvement of the IgH locus
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in the t(2;14) provides a means for studying
a previously uncharacterized region of chro-
mosome 2. Although band 2pl3 has not
been implicated in other translocations, nor
is it a constitutional (inherited) fragile site,
Yunis and Soreng report that this area is a
constitutive fragile site in normal human
lymphoid cells (9). They found that the
position of other such sites correlates with
the cytogenetic location of proto-oncogenes
and chromosomal breakpoints associated
with human malignancies. These sites may
represent single-stranded breaks which pro-
vide free ends suitable for interchromosomal
ligation by an enzyme involved in switch
recombination. Therefore, the information
derived from further studies of this translo-
cation could provide valuable insights into
the interrelations of somatic recombination,
chromosomal translocation, and the unusual
development of CLL in children.

REFERENCES AND NOTES

1. P. C. Nowell, Science 194, 23 (1976); G. M. Lenoir,
J. L. Preudhomme, A, Bernheim, R. Berger, Nature
(London) 298, 474 (1982); R. Dalla-Favera et al.,

Proc. Natl. Acad. Sci. US.A. 79,7824 (1982); A. ar-
Rushdi et al., Science 222, 390 (1983); J. J. Yunis,
ibid. 221, 227 (1983); J. D. Rowley, Cancer Res.
44, 3159 (1984).

. T. Han et al., J. Clin. Oncol. 2, 1121 (1984); G

Iuhusson et ul Blood 65, 134 (1985) P. Nowell ez
, thid. 57, 444 (1981)

3. R‘ Dalla-Favera, S. Martinotti, R. C. Gallo, J.
Erikson, C. M., Croce, Science 219, 963 (1983); Y.
Tsujimoto, J. Cossman, E. Jaffe, C. M. Croce, i&id.
228,51440 (1985); A. Bakhshi ez al., Cell 41, 899
(1985)

4. R. W. Rundles, in Hematolggy, W. J. Williams, E.
Beutler, A. J. Erslev, M. A. Lichtman, Eds.
(McGraw-Hill, New York ed. 3, 1983), pp. 981-
998.

5. ]. A. Sonnier et al., New Engl. J. Med. 309,
390 (1983); G. R. Buchanan, unpublished
ata.

6. The immunoglobulin (Ig) heavy-chain (H) variable
(V), joining (J), and constant (C) region gene
segments have been located telomeric to centromer-
ic, respectively, at 14932, and the various constant
regions (i, 8, v, and so forth) have been mapped
and ordered [] V. Ravetch, V. Siebenlist, 8. Kors-
meyer, T. Waldman, P. Lcder Cell 27,583 (1981);
M.B. Whitc, A. L. Shen, C. ]4 Word, P.W. Tucker,
E. R. Blattner, Science 228, 733 (1985); J. G.
Flanagan and T. H. Rabbitts, Nature (London) 300,
709 (1982); N. Migone etul Proc. Natl. Acad. Sci.
US.A. 81, 5811 (1984))]. Variable region gene
segments of the kappa light chain (V,) have been
located at 2pl1 by B. S. Emmanuel e¢ al. [Proc. Natl.
Acad. Sci. US.A, 81, 2444 (1984)], whereas the
position of the joinm%} (J«) and constant region (C,)

ents is inferred by the data of R. Taub er al.
[Cell 37, 511 (1984)] and L Miyoshi, S. Hiraki, 1.

n

Kimura, K. Miyamoto, and J. Sato [J. Expericiivia
35, 742 (1979)].

7. P. Fcll unpublished data.

8. T. H. Rabbitts, P. H. Hamlyn, R. Baer, Nurure
(London) 306, 760 (1983).

9. J. J. Yunis and A. L. Soreng, Science 226, 1199
(1984).

10. International System for Human Cytogencrics No
menclature, Birth Defects: Originad Article Serivs 1392
tional Foundanon New York 1978), vol. 14, nr ?

11. V. A, McKusick, Cytogmet. Cell Genet. 37, 1 ('L\‘)R»a";.

12. N. Caricnter, unpublished data.

13. S. Fazekas ez al., J. Immunol. Methods 35,1 (1980

14. E. M. Southern, J. Mol. Biol. 98, 503 (1975:.

15. H. Harris and D. A. Hopkinson, Eds. Handhook of
Engyme Electrophoresis in Human Genetivs (Arnerican
Elsevier, New York, 1978).

16. ]J. V. Ravetch, U. Siebenlist, S. J. Korsmeyer, T. A
Waldmann, P. Leder, Cell 27, 583 (1981)

17. J. V. Ravetch, 1. R. Kirsch, P. Leder, Pror. Natl
Acad. Sci. US.A. 77, 6734 (1980).

18. H. Hisajima ez al., ibid. 80, 2995 (1983).

19. E.J. Siden, D. Baltimore, D. Clark, N. E. Kasen
berg, Cell 16, 389 (1979); V. K. Laemmli, Nasuve
(London) 227, 650 (1970).

20. N. Takahashi ez al., Cell 29, 671 (1982).

21. We thank P. Howard-Peebles, V. G. Dev, 1
Carpenter for cytogenetic analvses N. (,arpu
the fragile-site analysis of LH ﬁbroblasts b
I Kirsh, A. Shen, and §. Numa for probes (

C. Glover-Hum hrlcs B. Baumgarten, and I>. Fien-
ry for tcchmcaf assistance; and M. Gardner for
preparing the manuscript. Supported by NII5 grant
Al 18016, and a Robert A. Welch tuunda
predoctoral fellowship to H.P.F.

27 September 1985; accepted 23 Deccinber 1985

Interspecific Genetic Control of Courtship Song
Production and Reception in Drosophila

C. P. Kyriacou* AND JEFFREY C. HALL

The genetic control of courtship song differences between Drosophila melanggaster and
Drosophila simulans males was investigated by producing hybrids from reciprocal
crosses. The song rhythm difference between the parental species appears to be due to
sex-linked genes, whereas the basic interpulse-interval difference is autosomally
inherited. Hybrid females show selective preferences for artificially generated songs
carrying intermediate “hybrid” characteristics.

HE STUDY OF ACOUSTIC COMMUNI-

cation in hybrids has provided in-

sight into the genetic mechanisms
controlling this social interaction. In crick-
ets, certain features of the male’s calling song
are autosomally inherited, whereas others
are sex-linked (1). In both tree frogs and
crickets, hybrid females respond more favor-
ably to the songs of hybrid males than to the
parentals (2). The possibility that the same
set of genes influences both the male trans-
mission and the female reception of song has
long been discussed (3).

We have genetically analyzed the male
lovesong in hybrids between the sibling
species Drosophila melanggaster and Drosophi-
la simulans. The song, which is produced by
the male’s wing vibration, stimulates the
female to mate. A major component of this
signal is a series of pulses with interpulse
intervals (IPT’s) that are typically 30 to 40
msec in D. melanogaster and 45 to 55 msec
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in D, simulans (4). The IPDs fluctuate rhyth-
mically as the male sings, with the former
species having an IPI cycle of approximately
50 to 60 seconds and the latter a 30- to 40-
second cycle (5). We have produced two
types of hybrid males between these two
species, both of which have an autosome
from each parent, but whose X chromosome
is derived solely from one or other parental
species. The well-known unisexuality of
progeny produced by reciprocal crosses be-
tween the two species (6) usually makes it
impossible to produce male hybrids with D.
melanggaster X chromosomes. We overcame
this difficulty by using a mutation in D.
simulans which gives viable male hybrids
carrying the D. melanggaster X chromosome.
To produce a hybrid male with a D. simulans
X chromosome, we crossed D. melanggaster
females carrying attached-X chromosomes
to males from our D. simulans strain. The
reciprocal male carrying the D. melanogaster

X chromosome was generated by crossing
melanggaster females homozygous tor the
yellow body color mutation, to D. simuias:
males carrying the autosomal L7 mucation.
which rescues the otherwise lethal maie gz
notype from such a melanogaster/simitinin:
pairing (7). Males from the D. simulans 1hv
stock were also mated to D. melanggacter
females homozygous for the per mutarions,
per’, per', and per® which, respeciively,
shorten, lengthen, and obliterate both cirea:
dian and song cycles (5, 8).

Figure 1 illustrates some of the song
profiles produced by parental and hybnd
males and Table 1 summarizes the daca
Males from the yellow D. melanggaster sivain
show the typical D. melanggaster song pat-
tern with an IPI value of 34 msec and a song
oscillation period of 58 seconds. Our DJ.
simulans males sang with characteristically
higher IPD’s of 49 msec and the shorter song
cycle of 33 seconds. Compared with this L3
simulans line, the D. simulans Ly males gave
a much higher IPI of 79 msec (P < 0.01)
and a slightly longer song cycle of 39 sec-
onds (P < 0.05). The large variation in the
IPI among D. simulans strains has been
documented (9). The male hybrid carrviag
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