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The CT-element of the c-myc gene does not
predispose to chromosomal breakpoints in
Burkitt’s lymphoma
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Abstract. Background: Chromosomal translocations are causally related to the development of many tumors. In Burkitt’s lym-
phoma, abnormalities involving the c-myc gene are essential. The CT-element of the c-myc promoter adopts non-B-conformation
in vivo and in vitro, and therefore provides a potential fragile site. Methods: We have developed a LM-PCR-based approach to test
if chromosomal breakpoints indeed cluster in this region. Results: Amplifying both, wild-type as well as the translocated c-myc
gene by LM-PCR, it was shown that chromosomal breakpoints did not cluster within the CT-element. Conclusions: Therefore,
the CT-element is not especially susceptible to the formation of breakpoints leading to chromosomal translocations in Burkitt’s
lymphoma.
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1. Introduction

Chromosomal abnormalities, including reciprocal
chromosomal translocations, are the hallmark of many
hematological and solid cancers. These translocations
often yield chimeric gene products or disturb the gene
structure with subsequent activation of proto-oncogene
expression. In both scenarios, transcription factors are
frequently involved. Abnormal expression or function
of regulatory proteins disturbs the action of down-
stream targets, eventually resulting in uncontrolled cell
growth. Thus, the underlying translocations and ge-
netic damage are responsible for the pathogenesis of
cancer. In order to understand the molecular mecha-
nisms leading to the formation of chromosomal breaks
and/or the malfunction of the affected genes, it is of
interest and importance to determine the exact sites of
breakpoints.

Burkitt’s lymphoma is one of the most extensively
characterized malignancies caused by chromosomal
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translocations [2]. Although several forms of translo-
cations are observed in Burkitt’s lymphoma, they all
have in common the involvement of a region of chro-
mosome 8 harboring the c-myc gene. After chromoso-
mal translocation, the c-myc gene falls under the con-
trol of regulatory elements of one of the immunoglob-
ulin genes. Subsequently, the expression of c-myc is
dysregulated leading to the inappropriate activation or
repression of c-myc downstream target genes with con-
sequent oncogenic transformation.

Breakpoint cluster regions in the immediate flank-
ing sequences of c-myc have been mapped by South-
ern blotting [4]. It is also known that a segment of
the c-myc promoter close to the CT-element, a posi-
tive regulatory element 100–150 bp upstream of the c-
myc P1-promoter, forms non-B DNA structure in vitro,
and in vivo is reactive to single strand-specific chemi-
cals [1,7]. There is compelling evidence that the DNA
and chromatin structure is the primary determinant of
the distribution of DNA damage [6]. The CT-element,
therefore, could predispose to breakpoint formation,
because of its ability to form a single stranded region,
and, possibly, therefore, a fragile site. Testing of this
hypothesis would require mapping of breakpoint loca-
tions at the sequence level.
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A local topology of single-stranded DNA has re-
cently been shown to be responsible for breakpoint
formation in case of the t(14;18)-translocation, asso-
ciated with follicular lymphoma, involving the bcl-2
gene [11].

On the chromosomal level, translocations can be de-
tected and visualized by powerful cytogenetic meth-
ods. However, higher resolution mapping of break-
points is traditionally performed by Southern blot hy-
bridization. This approach has many limitations in-
cluding the high amount of DNA needed, slow process-
ing, and coarse resolution. Alternatively, fine mapping
can be performed using direct sequencing, but this re-
quires subcloning. PCR-based methods have been de-
veloped, but due to the diversity of the translocated
immunoglobulin genes, these approaches usually re-
quire a set of multiple PCR reactions with complex
combinations of c-myc- and immunoglobulin-specific
primers [9].

To overcome these limitations and to test our hy-
pothesis, we designed an alternative strategy, based on
the utilization of ligation-mediated PCR [8]. Using this
technique, the CT-element region was tested in order
to determine whether translocations occurred directly
in regions of non-B-DNA.

2. Materials and methods

2.1. Experimental design

The strategy used is outlined in Fig. 1. To exam-
ine the CT-element region of the c-myc gene, a set of
three gene specific primers was selected from the se-
quence of the wild-type gene, according to the com-
mon criteria for LM-PCR [8]. Next, a restriction site
upstream of the CT-element, i.e. the region of interest,
was selected; for LM-PCR, the restriction site should
generally not be too rare, and the distance from the
gene specific primer should not exceed 400–500 bp. In
this study, these criteria were fullfilled by a MwoI site.
11 kb of the c-myc locus around the CT-element con-
tain 57 MwoI sites, averaging about one restriction site
every 193 bases, with a custer of three sites between
nucleotides 190 and 250 upstream of the CT-element.
Restriction analysis of the IgH locus shows a similar
frequency of MwoI sites with one (statistic) cut every
218 bases.

Genomic DNA was digested with this restriction
enzyme, primer extension with the first gene specific
oligonucleotide was performed, and an adapter was

Fig. 1. Schematic outline of a LM-PCR based strategy for detec-
tion of chromosomal breakpoints. (A) Anatomy of the wild-type and
translocated alleles around the region of interest. In the wild-type al-
lele, a specific endonuclease restriction site is chosen within a de-
fined distance upstream of the region of interest. In case of a translo-
cated allele, this particular restriction site is lost, and a new specific
site is located randomly either up- or downstream of the site of the
wild-type gene. (B) After digestion with the corresponding restric-
tion enzyme, the first gene specific oligo is annealed and a primer ex-
tension performed. Then, an amplification adapter is ligated (solid).
(C) PCR amplification is performed with an adapter-specific primer
(ASP) and a second gene specific primer (GSP). In case of an under-
lying translocation, this results in amplification of the wild-type gene
and an additional PCR product of different size from the translocated
allele.

ligated to the newly formed blunt-end. PCR amplifica-
tion was performed using the adapter oligonucleotide
and a nested, second gene specific primer. Using this
approach a band diagnostic for the wild-type gene,
and a band of different size for the translocated allele
should be visualized.

We have applied this assay to a series of 9 Burkitt’s
lymphomas, previously shown by Southern blotting
to harbor translocations in the vicinity of the region
of interest. DNA isolated from primary Burkitt’s lym-
phomas (available from previous studies with IRB ap-
proval) [4], or Burkitt’s lymphoma cell lines by stan-
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dard procedures. 4 µg of DNA were then digested with
MwoI, followed by phenol/chloroform purification.

2.2. Ligation-mediated PCR (LM-PCR)

A first gene specific primer composed of bot-
tom strand sequence, 103 bp downstream of the CT-
element, near the P1 start site, was annealed to dena-
tured DNA, and a single extension reaction with Vent
polymerase (New England Biolabs, Beverly, MA) was
performed. The standard amplification adapter [8] was
ligated overnight at room temperature. After additional
phenol/chloroform purification, one half of the reac-
tion was directly used as template, the other half was
first digested with BssHII – which should remove the
adapter from the wild-type gene and so should sup-
press amplification of the un-rearranged allele. Follow-
ing phenol/chloroform extraction, PCR-amplification
was performed with the second nested gene-specific
and upstream adapter-specific primers. A final cycle
of PCR using a 32P-end-labeled, third gene specific
primer was performed, and the products were dis-
played by electrophoresis on a 6% denaturing poly-
acrylamide gel and autoradiography. The primer se-
quences were previously described [7]. PCR condi-
tions were as originally published [8]. To confirm the
validity of our approach, PCR-products of two repre-
sentative tumor samples were re-amplified by semi-

nested PCR using the adapter-specific as well a third
gene-specific primer with Taq-Polymerase, separated
by agarose gel electrophoresis, recovered from gel,
and cloned into pGEM-T (Promega, Madison, WI).
The cloned sequence was determined by automated se-
quencing using an ABI prism 377 according to the
manufacturer’s instructions, followed by a BLAST se-
quence analysis (http://www.ncbi.nim.nih.gov/BLAST).

3. Results and discussion

The method outlined here was first tested on the ex-
tensively characterized Burkitt’s lymphoma cell line
Raji. This cell line is known to have a translocation of
the c-myc gene outside the region of interest, but to har-
bor a 7-bp deletion within the region of interest in the
translocated allele [10]. Using Raji DNA as template,
we were able to amplify two bands of the expected size
(Fig. 2).

Next, the study was extended to include 9 more
samples from primary Burkitt’s lymphoma and the ex-
pected PCR fragment of the c-myc gene was amplified
in 8 out of these (Fig. 2). In 2 of these, only the wild-
type band was amplified, indicate that no translocation
in the region of interest existed. In contrast, 6 samples
yielded an additional band of different size, indicating
a translocated c-myc allele, or, as in case of Raji, an

Fig. 2. LM-PCR based detection of c-myc translocations in Burkitt’s lymphomas. Raji shows amplification of 2 distinct bands, due to a
7-bp-deletion in the region between the MwoI-site and the gene specific oligos. For tumors 2, 3, 4, 5, 7, and 8, a second band was amplified in
addition to the 377-bp band of the wild-type c-myc allele, indicating a translocation in this region. Φx: Φx 174 FR DNA/Hae III digest marker.
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otherwise altered gene. The translocated allele either
led to amplification of a smaller (Fig. 2, lanes 2, 3, 5,
and 8) or bigger (lanes 4 and 7) PCR product than the
wild-type, depending on the sequence of the translo-
cated gene and consequently the distribution of MwoI
sites. These data for the first time show that an LM-
PCR based approach is generally applicable for ampli-
fication of chromosomal breakpoints.

In addition, a modification of the procedure in which
the amplification was performed subsequent to restric-
tion enzyme digestion with BssHII, allowed the se-
lective amplification of the translocated allele. Cut-
ting between the gene specific primer sequence and
the adapter-ligated MwoI site suppressed amplification
of the wild-type c-myc band, but not amplification of
the translocated allele thus yielding only one PCR pro-
duct (data not shown). This modification is likely to be
especially important when performing LM-PCR from
small amounts of tumor cells contaminated with non-
neoplastic tissue.

To verify that the amplified bands originated from
the wild-type as well as translocated alleles, the PCR
products from tumors 2 and 7 were subcloned and se-
quenced. In both cases, sequence analysis confirmed
that one of the two bands represented the wild-type c-
myc gene, whereas the other had undergone a typical
translocation to the IgM heavy chain locus at 14q32 [2]
(Fig. 3).

Sequence analysis further revealed that the translo-
cations in both tumors (2/2) analyzed did not occur im-
mediately inside the CT-element, but at least 50 bp up-
stream thereof (Fig. 3). Together with the two cases in
which LM-PCR did not provide a second band indica-
tive of a translocation in relation to the CT-element,
these data reveal little proclivity for this element to suf-
fer inter-chromosomal recombination.

There are two findings emerging from this study.
First, our results show that the CT-element of the c-
myc gene, despite harboring a peculiar single-stranded
DNA conformation, was not predisposed to strand
breakage or illegitimate recombination in Burkitt’s
lymphoma. One could easily imagine that non-double
stranded DNA, due to a higher vulnerability, might
serve as a hotspot for breakage. The panel of Burkitt’s
lymphomas we have tested did not show that break-
points occur precisely within the CT-element. How-
ever, since from Southern blot mapping results [4],
translocation points are known to cluster at least in the
vicinity of the CT-element, it remains speculative if the
single-stranded structure of the CT-element might fa-
vor such events from a distance. Remarkably, a mecha-

Fig. 3. Sequence of amplified breakpoints. PCR products of tumors
2 and 7 were recovered from gel, re-amplified and subcloned for se-
quence analysis. In both cases, in addition to the wild-type c-myc
gene (shown only for tumor 7, lower band), an immunoglobulin
gene (IgM heavy chain switch region for tumor 2; IgG4 heavy chain
switch region for tumor 7) translocated to c-myc was detected. The
sequence of the bottom strand is shown. The adapter oligo sequence
is underlined, the c-myc sequence is shown in regular characters with
the CT-element highlighted in bold, the translocated immunoglobu-
lin gene sequences in italic bold characters.

nism similar to that assessed here, but rejected for lack
of evidence in Burkitt’s lymphoma, seems to be rele-
vant for other chromosomal translocations. In case of
the t(14;18) translocation, occurring in follicular lym-
phoma, a non-B-DNA structure of the major break-
point region (Bcl-2 Mbr) contains stable regions of
single-strandedness. This region is vulnerable to cleav-
age by the RAG complex, thus proving a basis for the
fragility of this translocation hot-spot [11]. So, what
is the difference due to? Both, follicular as well as
Burkitt’s lymphoma are of germinal center origin [5].
However, in case of follicular lymphoma, the recombi-
nase activity of the RAG1/RAG2 complex seems to be
the pivotal pathogenetic principal, whereas in Burkitt’s
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lymphoma, the process of somatic hypermutation, oc-
curring long after the assembly of the coding regions,
is responsible for breakpoint formation [3]. Obviously,
the altered chromatin structure by itself is not sufficient
for the breakpoint generation.

The second aspect of this study describes a modified
application of LM-PCR. The same strategy used here
to map translocation breakpoints in relation to the CT-
element of the c-myc gene can be used to map chromo-
somal translocations or rearrangements in any gene of
interest. This assay provides several advantages over
other methods used for the same purpose. Compared to
Southern blotting, LM-PCR requires less DNA, allows
a higher resolution, and in addition, is faster and eas-
ier to interpret. Compared to direct sequencing, LM-
PCR circumvents the need of subcloning and screen-
ing genomic DNAs, and the use of an adapter primer
allows amplification of a translocated gene, even when
only one partner is known and when contaminated with
DNA from cells with unrearranged alleles.

Acknowledgements

We thank Dr. Ian Magrath, Pediatric Oncology
Branch, DCS, National Cancer Institute, NIH, for pro-
viding access to patients’ samples. This study was sup-
ported by a fellowship from the Deutsche Forschungs-
gemeinschaft (DFG) to A.W. (We 2397/1-1).

References

[1] T.C. Boles and M.E. Hogan, DNA structure equilibria in the
human c-myc gene, Biochemistry 26 (1987), 367–376.

[2] R. Dalla-Favera, M. Bregni, J. Erikson, D. Patterson, R.C.
Gallo and C.M. Croce, Human c-myc onc gene is located on
the region of chromosome 8 that is translocated in Burkitt lym-
phoma cells, Proc. Natl. Acad. Sci. USA 79 (1982), 7824–7827.

[3] T. Goossens, U. Klein and R. Kuppers, Frequent occurrence of
deletions and duplications during somatic hypermutation: im-
plications for oncogene translocations and heavy chain disease,
Proc. Natl. Acad. Sci. USA 95 (1998), 2463–2468.

[4] M.I. Gutierrez, K. Bhatia, F. Barriga, B. Diez, F.S. Muriel, M.L.
de Andreas, S. Epelman, C. Risueno and I.T. Magrath, Molecu-
lar epidemiology of Burkitt’s lymphoma from South America:
differences in breakpoint location and Epstein–Barr virus asso-
ciation from tumors in other world regions, Blood 79 (1992),
3261–3266.

[5] R. Kuppers, U. Klein, M.L. Hansmann and K. Rajewsky, Cel-
lular origin of human B-cell lymphomas, N. Engl. J. Med. 341
(1999), 1520–1529.

[6] J. Legault, A. Tremblay, D. Ramotar and M.E. Mirault, Clusters
of S1 nuclease-hypersensitive sites induced in vivo by DNA
damage, Mol. Cell. Biol. 17 (1997), 5437–5452.

[7] G.A. Michelotti, E.F. Michelotti, A. Pullner, R.C. Duncan, D.
Eick and D. Levens, Multiple single-stranded cis elements are
associated with activated chromatin of the human c-myc gene
in vivo, Mol. Cell. Biol. 16 (1996), 2656–2669.

[8] P.R. Mueller and B. Wold, In vivo footprinting of a muscle spe-
cific enhancer by ligation mediated PCR, Science 246 (1996),
780–786.

[9] L. Mussolin, K. Basso, M. Pillon, E.S. D’Amore, A. Lombardi,
L. Luzzatto, L. Zanesco and A. Rosolen, Prospective analy-
sis of minimal bone marrow infiltration in pediatric Burkitt’s
lymphomas by long-distance polymerase chain reaction for
t(8;14)(q24;q32), Leukemia 17 (2003), 585–589.

[10] T.H. Rabbitts, P.H. Hamlyn and R. Baer, Altered nucleotide
sequences of a translocated c-myc gene in Burkitt lymphoma,
Nature 306 (1983), 760–765.

[11] S.C. Raghavan, P.C. Swanson, X. Wu, C.L. Hsieh and M.R.
Lieber, A non-B-DNA structure at the Bcl-2 major breakpoint
region is cleaved by the RAG complex, Nature 428 (2004), 88–
93.


