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ABSTRACT  The chromosomal translocations found in many
B-cell tumors result in the joining of a c-myc oncogene with an
immunoglobulin heavy chain switch region. This finding is striking
because the natural function of switch regions is to mediate DNA
rearrangements important to the maturation of immune re-
sponses. These normal switch rearrangements are probably me-
diated by specific enzymes. In this paper we report the isolation
of the two reciprocal products of a recombination between a c-
myc gene on murine chromosome 15 and an immunoglobulin switch
region (8,5, 2b) on chromosome 12. We have determined the se-
quences of these DNA molecules near the recombination sites and
show that the recombination is nearly perfectly reciprocal, with
a seven-nucleotide deletion. An examination of the sequences re-
ported in this paper, and of sequences published by other authors,
shows a correlation between the points of recombination for c-myc-
§ segment rearrangements and for normal heavy chain switches.
We suggest that this correlation implies a role for switch recom-
bination enzymes in creating substrates for the c-myc recombi-
nation. The c-myc gene also seems to share some limited homology
to sequences thought to be important in heavy chain switching.
Finally, we discuss a working model that accounts for some char-
acteristics of c-myc-S segment recombinations. The model also
suggests-a mechanism for increased transcriptional activity of the
rearranged c-myc oncogene in B-cell tumors.

A large portion of B-cell tumors (lymphomas and plasmacyto-
mas) have chromosomal translocations (1, 2). Several workers
have shown that these translocations in murine plasmacytomas
result in the joining of c-myc gene on chromosome 15 to im-
munoglobulin heavy chain (chromosome 12) or light chain
(chromosome 6) genes (3—8). Similar translocations are found in
human B-cell tumors involving c-myc on chromosome 8 and
immunoglobulin genes on chromosomes 14, 2, or 22 (4, 7, 9-
11). c-myc is a ubiquitous eukaryotic gene, homologous to a viral
gene (v-myc) in the avian retrovirus MC29 (12, 13). Because the
presence of v-myc in the virus is strictly correlated with the
ability of the virus to rapidly induce tumors in chickens, the
myc gene is termed an oncogene: In plasmacytoma DNA, the
recombination between ¢-myc and an immunoglobulin gene in-
volves loss of the 5’ end of c-myc from the new complex gene
and results in increased transcription of c-myc (7, 14, 15). The
translocated c-myc gene in B-cell tumor DNA is often joined to
sequences important in immunoglobulin heavy chain switch-
ing.

During the differentiation of B cells, a switch from IgM to
IgG or IgA synthesis takes place. This protein switch reflects
the shuffling of a heavy chain variable region (V) gene between
a u constant region (C) gene and a C,, or C,, gene (Fig. 1). (In
the mouse, there are four slightly different C, genes: y1, y2a,

¥2b, and y3.) This gene switch is a deletion event that uses
switch sequences that lie to the 5’ end of each heavy chain C
gene (16-19). Switch (S) sequences are known to consist of 50—
200 copies of short sequences repeated in tandem (20-24).
However, the exact signals used in the DNA deletion are just
beginning to be understood (22, 25). The c-myc translocation
nearly always recombines with S, or S,. Adams, Cory, and their
colleagues (7, 26) have shown, by identification and cloning of
restriction fragments containing both the 5' end of the c-myc
gene and the 5’ end of switch sequences, that the c-myc-S seg-
ment recombination is a reciprocal event. Beyond this, the
mechanism of the recombination and its relationship to normal
heavy chain switching is unknown.

We have molecularly cloned both products of a c-myc-S seg-
ment reciprocal recombination from the plasmacytoma P3. We
report DNA sequences around the c-myc-S segment recom-
bination sites and show that the recombination is essentially
reciprocal at the nucleotide level. Our interpretation of these
sequences favors the use of immunoglobulin switch enzymes in
c-myc rearrangements. Finally, we suggest a mechanism that
accounts for the increased transcription of rearranged c-myc
genes. This mechanism relates to the possible oncogenic role
of c-myc.

MATERIALS AND METHODS

Molecular Cloning. Clone yM27-3 was derived from P3.X27
DNA, a cell line subcloned from the P3 line. Clone yM52 was
derived from P3.26Bu4, a P3 line isolated by Margulies et al.
(27) and given to us by M. Scharff. In both cases, plasmacytoma

.DNA was partially digested with EcoRI and ligated to Charon

4a arms (28). Phage libraries of about 400,000 plaques were
screened (29, 30) with the 6.0-kilobase (kb) EcoRI fragment from
clone yM14 (21). Positive plaques were purified twice and grown
in bulk for detailed analysis. The 12-kb EcoRI insert of yM27-
3 was subcloned into the EcoRI site of pBR325 and designated
pX27-3.

Southern Hybridization Analysis. High molecular weight
DNA was prepared from cell lines and from BALB/cJ kidneys
and livers as described by Steffen and Weinberg (31). DNA

samples were cut with restriction endonucleases, fractionated

on 0.8% agarose gels, and blotted onto nitrocellulose paper (32).
The immobilized DNA was hybridized to nick-translated DNA
(33) in 6 standard saline citrate at 65°C as described (21). The
final wash was in'1X standard saline citrate/0.5% sodium do-
decyl sulfate at 65°C. Probes used included pyl/IF2.E.6.0, a
genomic clone in pBR325 that includes S,, S,1, and C,1 se-
quences and is the 6.0-kb EcoRI fragment from the clone yM14
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(21); pSy 2a-1, a S,2a probe (R. Lang and K. B. Marcu, per-
sonal communication); pjl4, a S,, probe (34); pa25BH3.4, a'probe
‘that includes most of the murine c-myc introns, exons, and 3'
flanking sequences (35); PX9-5, a probe for the 5’ exon of the
murine c-myc gene (14); and M13/73, a probe that includes S, 1
and C,1 sequences (21).
Restriction enzyme cleavage maps for EcoRI, BamHI, Xba
‘I, Kpn 1, and HindIII were constructed by single and double
digests and a best-fit analysis.
DNA Sequences. DNA sequences were obtained by the di-
deoxy method (36) in phages M13mp8 and M13mp9 (37).

RESULTS

Immunoglobulin gene expression is nearly always. associated
with DNA rearrangement. Using a probe that included w and
v1 switch sequences and yI constant region sequences, we de-
tected at least three rearranged EcoRI fragments in P3 plas-
macytoma DNA (Fig. 1, lane 3). One fragment (8.5 kb) is prob-
ably associated with the yI heavy chain gene expressed by P3
cells. We obtained molecular clones of two other fragments (12
and 14-kb). The EcoRlI insert of the plasmid clone pX27-3 co-
migrates with the upper band in the 12-kb EcoRI doublet from
"P3 DNA (lanes 1-3), and the EcoRI insert of the Charon 4a
clone yYM52 comigrates with the 14-kb EcoRI fragment from P3
DNA (lanes 3 and 4). Both the 8.5- and 14-kb EcoRI fragments
hybridized to a S,2a probe, as did S, 2b (6.6-kb) and S,2a (4.6-
kb) germ-line fragments (lanes 5 and 6).

To understand better the composition of the rearranged switch
segments, we analyzed the two clones containing the 12- and
14-kb EcoRI fragments by Southern hybridization using S,
S,1, and 5,24 probes. We also used probes for the murine
c-myc gene [non-immunoglobulin-associated rearranging DNA
(NIARD); ref. 35] and the 5’ exon of c-myc (14). These analyses
(Fig. 2) showed that the 14-kb EcoRI fragment (yM52) con-
tained a 5.6-kb BamHI fragment that included most of the c-
myc exons and introns and a 2.8-kb BamHI fragment that in-
cluded some of the 5' exon from the c-myc gene, S,2a or S,2b
sequences, and S, sequences. The 12-kb EcoRI fragment in-
cluded, in a 3.6-kb Xba I fragment, both S, sequences and c-
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. F16. 1. Identification of cloned DNA inserts from P3 plasmacy-
toma DNA. DNA samples were cut with EcoRI, fractionated on 0.8%
agarose gels, blotted onto nitrocellulose paper, and hybridized with nick-

. translated pyl/IF2.E.6.0 (lanes 1-4) or pSy2a-1 (lanes 5 and 6). DNA

samples were pX27-3 (lanes 1 and 2), P3 (lanes'3 and 5), yM52 (lane 4),

and BALB/cJ kidney and liver (lane 6). Because the probes used in-

cluded radiolabeled plasmid DNA, plasmid vector hybridization at about

5 kb can be seen in lanes 1 and 2. Lanes 1-4 and 5 and 6 are from dif-

ferent experiments and thus have slightly different electrophoretic mi-

gation distances. The 14- and 8.5-kb fragments in lane 5 are shown by

ts.
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FiG. 2. (a) Southern hybridization analysis of c-myc and switch re-
gion content of recombinant DNA clones. Probes were M13/73 for S, 1
(lanes 1-3), pSy2a-1for S,2a (lanes 4-6), pa25BH3.4 for NIARD (lanes
7-9), pj14 for S, (lanes 10-12), and PX9- 5 for the 5’ exon of c-myc (lanes
13-15). DNA samples were HindIII-digested yM14 (lanes 3, 6, 9, 12,
and 13), Xba I-digested pX27-3 (lanes 2, 5, 8, 11, and 15), and BamHI-
digested yYM52 DNA (lanes 1,4, 7, 10, and 14). pBR325 vector DNA from
the clone pX27-3 hybridizes to radiolabeled vector sequences in several
of the lanes. (b) Restriction enzyme cleavage sites and hybridizing frag-
ments (noted by thin lines) for yM14 (Upper), pX27-3 (Middle), and yM52
(Lower). H, HindIll; X, Xba I; B, BamHI.

myc 5' exon sequences. However, it lacked the bulk of the c-
myc gene. As a control for these hybridization analyses we used
a Charon 4a clone called yM14 (21). This fragment hybridizes
to the S,I probe but not to the S,2a probe. Furthermore, se-
quell:ces in YM52 hybridize to the S,2a probe but not to the S, 1
probe.

We constructed enzyme cleavage maps for both the 14-kb
and the 12-kb EcoRI fragments (Fig. 3). These maps, along with
the hybridization experiments presented in Fig. 2 and the re-
striction maps published by others (6, 7, 26,35, 38, 39), suggest
the following composition for these two rearranged fragments.
The 14-kb EcoRI fragment includes most of the murine c-myc
gene and 3' flanking sequences. It includes the recombination,
probably within the 5’ exon of c-myc, to S, and S,2b se-
quences. The clone ends with the EcoRI site between S,2b and
C,2b. The c-myc and switch sequences are transcriptionally in
the opposite sense, in a head-to-head fashion. These results with
P3 DNA segments confirm those of other workers studying
similar segments derived from other plasmacytomas (4, 7, 14,
26, 35, 38, 39).

The 12-kb fragment seems to include DNA reciprocal to that
in the 14-kb fragment. It includes some of the c-myc 5' exon
and all of the 5' flanking sequences to the EcoRI site. These
5’ c-myc sequences-are joined to S, sequences. Again, the DNA
segments are transcriptionally in the opposite sense, being joined
tail-to-tail.

These results were also confirmed by direct sequence anal-
ysis. Most of these sequences, which are in 9% agreement with
published sequences (14, 20, 23, 34), are not presented, but the
areas analyzed are shown in Fig. 3. Some sequences near re-
combination sites are presented in Fig. 4. These sequences
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FIG. 3. Restriction enzyme cleavage maps for recombinant DNA
clones and corresponding germ-line DNA. (a) Murine germ-line y2b
gene (23). (b) YM52 EcoRI insert (this paper). DNA sequence strategy
for Sau3A fragments in phage M13 is shown by arrows in the expanded
region. The letters “b” and “d” represent portions of sequence shown in
Fig. 4. (c) Murine germ-line c-myc gene (6, 7, 26, 35, 38, 39). (d) YM27-
3 EcoRI insert (this paper). This clone contains at least nine HindIIl
fragments that were not ordered. Sequence strategy of Seau3A frag-
ments and HindIII fragments in phage M13 is shown by arrows in the
expanded region. The letter “a” represents the portion of the sequence
shown in Fig. 4. (e) Murine germ-line u gene (20). Restriction enzyme
cleavage sites: H, HindIII; X, Xba I; E, EcoRI; B, BamHI; S, Sau3A; K,
Kpn 1.

demonstrate that the c-myc-S, recombination is nearly per-
fectly reciprocal. The recombination in the 5’ c-myc exon re-
sults in a deletion of only seven base pairs of c-myc coding se-
quence; the rest of the gene in either the 12- or 14-kb EcoRI
fragment is retained. Because of the tandemly repeated nature
of the S, region, it is impractical to determine whether the S,
recombination is truly reciprocal. However, the position at which
the recombination leaves S, in the 12-kb fragment and enters
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S, in the 14-kb fragment seems to be at the same position within
the repeat unit. Both recombinations seem to occur after the
G-G-G-G-T subunit of the S, repeat (Fig. 5a). Because of one-
or two-base-pair homologies between c-myc and S, at the re-
combination sites, it is possible that the two recombinations took
place a few nucleotides apart. The S,~S,2b recombination also
seems to have taken place at a homologous site within the S,

repeat unit.

DISCUSSION

The chromosomal translocations associated with many B-cell
tumors result in the physical joining of a c-myc oncogene with
an immunoglobulin gene. The c-myc gene is joined to the switch
region of an immunoglobulin gene in a head-to-head fashion (3-
7, 26). Thus, the 5’ exons and flanking sequences of both genes
are absent from this new complex gene. Cory et al. (26) have
shown that the 5’ part of the c-myc gene, absent from the bulk
of the rearranged c-myc gene, is not lost from the genome. Part
of the 5' exon of the c-myc gene and the c-myc 5’ flanking se-
quences are found as a rearranged fragment associated with im-
munoglobulin switch sequences, which suggests that the c-myc—
S region recombination is a reciprocal event. At the nucleotide
level, we have shown that the recombination in P3 DNA be-
tween c-myc and S, sequences is reciprocal (with a seven-nu-
cleotide deletion). L. Stanton, J.-Q. Yang, L. Harris, L. Eck-
hardt, B. Burstein, and K. Marcu (personal communication)
have also identified and cloned the two reciprocal products of
the c-myc-S,2a recombination in the MPC-11 plasmacytoma.
It also appears to be reciprocal at the nucleotide level with a
similar small deletion in the c-myc gene.

One can hypothesize that c-myc rearrangements are either
random DNA rearrangements or are facilitated by switch re-
combination enzymes. In P3 plasmacytoma DNA, the produc-
tive S, to S,1 rearrangement, the S, to c-myc rearrangement,
and the S, to S,2b rearrangement use a homologous position
in the S, repeat unit (Fig. 5a). Analysis of other published se-
quence data reveals a similar correlation between normal switches
and c-myc rearrangements. The recombination sites in S, seg-
ments for both productive S,-S, rearrangements and c-myc-S,
rearrangements in tumors that produce a heavy chains are shown
(Fig. 5b). The relative position of recombination for these two
rearrangements is usually within a few nucleotides. In the tu-
mor in which the ¢-myc and heavy chain switch recombination
sites are the most widely separated (J558), both sites fall in the

<Su +c-myec 57>

a. GAGCTGAGCTGAGCTGGGGTGAGCTGAGCTGGGGTGCAGGGTTGGGGAGAGTGGGCGGC 380
/ : c-myc 57
GTCAGTC
c. 37 c-myc C
b. GCGGCGAGGGTTGCGGCCGTGATG TTGGAGAGCTGAGGTGAGCTGAGCTGGGGTGAGGT

« 37 c-myc + Sy~

< Syt Sy2b >
d. GAGCTGAGCTGGGGTGAGCTGAGCTGGGGTGGGGCAGGTGGGAGTGTGAGGGACCAGAC

e. SY2b

228

GGGACCAGTCTCAGCAGCTAGGAGGGAGCT

FiG. 4. Sequences near c-myc and switch segment recombination sites. (a) Sequence of the S,-5’ c-myc recombination site in pX27-3. This se-
quence is a portion of that derived from the M13 clone designated by an arrow and the letter “a” in Fig. 3d. The numbering of the c-myc part of
this sequence corresponds to the system used by Stanton et al. (14). (b) The sequence of the 3’ c-myc-S, recombination site in yM52. This sequence
is a portion of that derived from the M13 clone designated by an arrow and the letter “b” in Fig. 3b. (c) The published sequence (anti-sense strand)
of murine c-myc (14) is shown as a dashed line when it agrees with our sequence. The seven-nucleotide deletion in c-myc is noted. (d) The sequence
of the S,-S,2b recombination in yM52. This sequence is a portion of that derived from the M13 clone designated by an arrow and the letter “d” in
Fig. 3b. (e) Identity of the sequence of the germ-line S,2b segment (23, 34) to our sequence is indicated by a dashed line. The numbering is that

of Kataoka et al. (23).
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FiG. 5. Correlation between c-myc recombinations and normal heavy
chain switch recombinations. Arrows note recombination sites. Mul-
tiple arrows indicate homology between the S segment and c-myc gene,
resulting in uncertainty in the exact recombination site. Homology to
the sequence at the top of each section is noted by dashes. (a) S, re-
combination sites in plasmacytoma P3 DNA. To emphasize their ho-
mology to the repeat element, three of these continuous S, sequences
are presented on two lines. (b) S, recombination sites in a heavy chain
producing plasmacytomas. (c) Homology near recombination sites in
the c-myc gene. These c-myc sequences, as determined by Stanton et al.
(14) with a few corrections (personal communication), are shown for the
anti-sense DNA strand. Numbering in the c-myc gene is according to
Stanton et al. (14). Recombination sites for the 3' end of the c-myc gene
(in the transcriptional sense) are shown as downward pointing arrows;
for the 5’ end of the c-myc gene, they are shown as upward pointing
arrows. In the consensus sequence we have determined, residues hav-
ing less striking homology are shown as lowercase letters in both the
consensus and in the individual sequences. The sequences have been
aligned with small deletions (nucleotides above the line) and insertions
(blank spaces) to maximize homology. The sequence C-A-G-G-T-T-G in
the c-myc consensus is noted by overlining. References for sequences
are as follows. *Ref. 40. This paper, Fig. 4a. °This paper, Fig. 4b. “This
paper, Flg 4d. °Ref. 21. fRef 22. ‘Ref 38. PRef. 41. 'Ref. 25. Refs. 14
and 39. *This paper, Fig. 4c. L. Stanton, J.-Q. Yang, L. Harris, L. Eck-
hardt, B. Burstein, and K. B. Marcu, personal communication.

same repeat element (of the 20 or more available). Although
these limited data can be interpreted in several ways, we sug-
gest that, as part of the switch recombination event, recom-
binases create nicks in switch region sequences. Either because
of recombinase specificity or because access to the substrate is
limited (by repeating chromatin structure?), these nicks are at
homologous sites in the switch region tandemly repeated ele-
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ments. Ligation of these nicked DNA strands to similarly nicked
strands in other immunoglobulin switch regions results in nor-
mal productive or nonproductive heavy chain switches. Rarely,
the nicked strands may be joined to nicks in the c-myc gene on
chromosome 15.

No correlation among recombination sites exists when dif-
ferent tumors are compared to one another (Fig. 5b). If the
above interpretation is correct, different cells must have either
switch recombinases of different specificity (even though they
may ultimately express the same heavy chain) or different sub-
strate accessibility patterns. On the other hand, our suggestion
that switch enzymes create multiple nicks in the switch regions
of both homologous chromosomes may be incorrect. In this case,
the lack of correlation among tumors suggests that within a tu-
mor some regulatory mechanism directs the rearranging c-myc
gene to sites homologous to the recombination site of the pre-
viously switched expressed heavy chain gene.

In most B-cell tumors, c-myc is associated with the same S
segment as is found in the expressed heavy chain gene (4, 6, 7,
9, 10, 14, 15, 26, 35, 38, 39). However, a few tumors do not fit
this pattern: P3 expresses a y1 protein, but its c-myc gene is
associated with a 92b gene (see above). Other exceptions are
MPC-11 gene (L. Stanton, J.-Q. Yang, L. Harris, L. Eckhardt,
B. Burstein, and K. Marcu, personal communication) and sev-
eral plasmacytomas that express a y2a protein (18). We suggest
that these cells attempted to switch from the expressed heavy
chain genes to downstream genes, but this switch was aborted,
perhaps by c-myc insertion into the recipient sequences. There
is little experimental evidence to support the existence of such
switches.

Whether or not switch enzymes recognize the c-myc gene in
a specific fashion is a difficult question. The c-myc gene, and
in particular its 5' end, has no substantial homology to any heavy
chain switch region (14, 39). We examined sequences in the c-
myc gene (14) around the recombination sites in five tumors
(Fig. 5¢). We note some homology over a 32-base-pair se-
quence. The sequence C-A-G-G-T-T-G is part of the consensus
near c-myc recombinations. Y-A-G-G-T-T-G has been proposed
as a sequence important in normal heavy chain switching (25).
The probability that we would find this particular sequence as
part of our consensus by random chance is <0.001. Because c-
myc and switch segments recombine in a head-to-head fashion,
the C-A-G-G-T-T-G is in the same orientation relative to the
c-myc-S segment recombination as Y-A-G-G-T-T-G is to heavy
chain switch recombination sites. The distance from C-A-G-G-
T-T-G to the 5’ recombination site (8—15 base pairs) is the same
as the mean distance from Y-A-G-G-T-T-G sequences to nor-
mal switch recombination sites (25). It is not clear whether Y-
A-G-G-T-T-G is important to heavy chain switches; more data
are required to establish this proposal. Nevertheless, it is strik-
ing that analyses of normal heavy chain switches (25) and c-myc
rearrangements reveal the same sequence (Y-A-G-G-T-T-G) as
a consensus in the same relative position (Fig. 5¢). These re-
sults suggest that switch recombinases may recognize Y-A-G-G-
T-T-G, or related sequences, as part of some c-myc rearrange-
ments.

Our data and the extensive data of others show that the c-
myc gene is usually cut into two parts as a result of the c-myc—
S segment recombination (4, 7, 14, 26). Cory et al. (26) have
shown that the recombination sites lie in a restricted area; the
observed recombinations occur in a region encompassing most
of the first (5') exon and intron. We suggest the following work-
ing model (Fig. 6) that accounts for this restricted region of re-
combination and also the increased transcription of rearranged
c-myc genes. We assume that in normal tissue the myc protein
has regulatory functions that involve DNA binding (42). We fur-
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Fic. 6. Working model for c-myc gene regulation. We show the pro-
tein in the unfolded form to emphasize that it is encoded by the second
and third exons. We also show the folded form of the protein to em-
phasize its function.

ther assume that the myc protein also binds to the 5’ end of the
c-myc gene and inhibits its own transcription. The translocation
in B-cell tumors separates the myc protein coding segments (in
the second and third exons only; see ref. 14) from its operator
in or near the 5'-most exon (7, 14, 26). Thus, transcription of
the c-myc gene proceeds unregulated, albeit from an adven-
titious promoter that may or may not rely on proximity to im-
munoglobulin genes (7, 14). The excess of myc protein has two
consequences. First, it shuts off the unrearranged gene com-
pletely, a phenomenon already noted by Stanton et al. (14). Sec-
ond, it provides an overabundance of regulatory proteins that
may result in oncogenesis. Recombinations that take place 5'
of the first exon may not separate the operator from the bulk
of the c-myc gene; recombinations that take place 3' of the first
intron may remove transcription signals, translation signals, or
protein domains important in oncogenesis. Thus, ¢-myc recom-
binations that lead to tumors are restricted to a small region.
This model predicts the existence of operator constitutive mu-
tations (43) that do not bind the myc protein. This may be the
genotype of plasmacytomas with high levels of transcription
but no c-myc rearrangement (e.g., PC3741) (4, 35). myc protein
variants that do not bind operator are not likely to be detected
because they would probably have to be homozygous to be ef-
fective. In addition to autoregulation, c-myc expression may be
regulated by enhancing factors present only in B cells.
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