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ABSTRACT Burkitt lymphoma cells seem to have abnor-
mal c-myc gene activity resulting from chromosomal transloca-
tion. We have examined the consequences of translocation on
putative control sequences near to the c-myc gene by DNase I
hypersensitivity mapping of chromatin. There is no detectable
difference in the pattern of hypersensitivity (compared with
the actively transcribed c-myc gene of lymphoblastoid cells) in
Burkitt lymphoma cells where the translocation point occurs
at a considerable distance upstream or downstream of c-myc.
When the translocation occurs near the 5’ end of the c-myc
gene, resulting in loss of hypersensitive sites, those that remain
show the same sensitivity as in lymphoblastoid cell lines. We
conclude that translocation has little general effect on the usu-
al pattern of hypersensitive sites near to the c-myc gene but
new sites can be observed in some cases in the immunoglobulin
region near to the breakpoint. These may be sites normally
involved in immunoglobulin gene transcription and may exert
a subtle effect on the translocated c-myc gene.

The c-myc proto-oncogene undergoes two types of genetic
rearrangement in tumors—namely, chromosomal amplifica-
tion (1, 2) and translocation (3). In the latter case, in the hu-
man B-cell tumor, Burkitt lymphoma (BL), there is complete
correlation between the presence of one of three types of
chromosomal translocation and the breakpoint of 8q24,
which is the position of the c-myc gene (4-6). Studies on the
steady-state levels of myc mRNA in BL cells have shown
that most usually translocation has no radical effect com-
pared to lymphoblastoid cells (LCLs) (7, 8). It is probable
therefore that the translocation affects the expression pat-
tern of c-myc in such a way that it becomes unregulated and
continually expressed but in essentially normal quantities.
We sought to obtain information on how such an effect could
be mediated in a variety of BL cells by analyzing the se-
quences potentially involved in control of myc gene activity
as exemplified by chromatin sites that are hypersensitive to
digestion with DNase 1. Such sites represent important se-
quences near to active genes and have recently been demon-
strated near to the c-myc gene (9, 10), although the results
have been conflicting regarding the number and location of
these sites. Furthermore, only one BL cell has so far been
examined and it is one in which the major immunoglobulin
enhancer was near to the translocated c-myc gene (10).

We have now studied four different BL cell lines and com-
pared these with two LCLs (one nontumorigenic and one
tumorigenic). Five major sites of DNase I hypersensitivity
occur near actively transcribed c-myc genes in both BLs and
LCL:s but no obvious changes occur in this pattern of sites
after the translocation (except where sites are removed by
translocation). However, new hypersensitive sites can occur
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in the immunoglobulin region near the breakpoint, which
could play a role in controlling c-myc activity.

MATERIALS AND METHODS

DNase I Digestion and DNA Analysis. Preparation of DN-
ase I-treated nuclei was essentially as described (11, 12). Be-
tween 2 and 5 X 10® cells in logarithmic phase were sedi-
mented, washed, and swollen in 10 mM Tris-HCI, 7.4/10 mM
NaCl/5 mM MgCl; for 30 min at 0°C. The cells were then
broken by homogenization after addition of Nonidet P-40 to
1.75%. Nuclei were collected, resuspended in 10 mM
Tris-HCl, 7.4/10 mM NaCl/3 mM MgCl,, and digestion was
carried out at 37°C for 5 min with 0.1-50 ug of pancreatic
DNase I (Sigma) per ml. Reactions were terminated by addi-
tion of EDTA to 2 mM followed by DNA extraction (13).
After restriction enzyme digestion, the DN A was fractionat-
ed on agarose gels, transferred to cellulose nitrate (14), and
hybridized with nick-translated probes as described (15-17).

DNA Sequencing. DNA sequencing was carried out by us-
ing dideoxy chain-termination procedures in M13 single-
stranded DNA vectors (18-20).

RESULTS

DNase I Sensitivity of the Normal c-myc Gene. The c-myc
gene is transcribed in a wide variety of actively growing cell
types. BL and LCL lines transcribe c-myc genes at approxi-
mately equivalent levels (7, 8) but their usage of the two pro-
moters (P1 and P2) of the gene is variable. For example,
growing cultures of Raji cells express myc RNA predomi-
nantly from P1 (7), HMy2, Daudi, and Ramos cells express
myc RNA from P1 and P2 about equally, and DHLCL ex-
press myc RNA predominantly from P2 (unpublished data).
Table 1 shows a list of cell lines used in this study and the
translocations that they contain. This differing promoter us-
age is intriguing and indicated the possibility that chromatin
structure, which reflects gene activity, may be detectably
different around the c-myc gene in these different types of
cell lire.

We initially characterized DNase I-hypersensitive sites
upstream of the active c-myc gene in the DHLCL line. This
line is an Epstein-Barr virus-transformed peripheral blood
lymphocyte cell that does not contain a chromosomal trans-
location (unpublished data). The results of DNase I mapping
are shown in Fig. 1. An ethidium bromide-stained gel that
illustrates the effect of increasing DNase I concentration on
the overall molecular weight of the nuclear DNA is shown in
Fig. 1A. This same DNA was digested with the restriction
enzyme Bgl II [which cleaves the myc gene just 3’ to exon 2
and 2.9 kilobases (kb) upstream of exon 1 to yield a fragment

Abbreviations: LCL, lymphoblastoid cell; BL, Burkitt lymphoma;
kb, kilobase(s).
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Fic. 1. DNase I-hypersensitive sites

near the c-myc gene in a human LCL line.

(A) Ethidium bromide (EB)-stained 1% agar-

ose gel of DHLCL DNA prepared from nu-

clei treated with various amounts of DNase

I. Lane 1, uncut; lane 2, 8 ug/ml; lane 3, 20

1 pg/ml; lane 4, 25 ug/ml; lane S, 30 ug/ml.
Sizes in kilobases are from coelectrophore-
sis of A phage DNA cut with HindIIl. (B)
Ten-microgram aliquots of the same DNA
o samples as in A were digested to completion
Ylla with Bgl 11, fractionated on a 0.8% agarose
gel, and transferred to cellulose nitrate (14).
The filter was hybridized with the myc exon
dlla 1 probe [pUCLYXh16 (17)] indicated at the
<l bottom of the figure. After washing, the fil-
ter was autoradiographed. The positions of
hypersensitive sites in the chromatin are in-
dicated. (C) DNA samples from DHLCL

cells from DNase I-digested and undigested
nuclei were cut with Bgl II or Xba I, frac-
tionated on a 1.2% agarose gel, blotted, and
hybridized to the exon 1 probe. Lane 1, un-

cut; lane 2, 0.6 ug of DNase I per ml; lane 3,

1.8 ug of DNase I per ml. The bottom panel
shows a map of the human ¢-myc gene to-
gether with locations of the two c-myc pro-
moters (P1 and P2) and the DNase I-hyper-
sentive sites (I-IV). Note that the location

X of sites IIIa and IIIb approximate to the two
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of 5.9 kb] followed by gel fractionation, transfer to cellulose
nitrate, and hybridization to the exon 1 probe (indicated at
the bottom of Fig. 1). Fig. 1B, lane 1, shows the main hybrid-
izing band corresponding to the myc gene at 5.9 kb in Bgl II-
digested DNA not treated with DNase. (More weakly hy-
bridizing higher molecular weight bands are also visible,
which probably represent cross-hybridizing sequences,
since washing the filters at higher stringency removes these
components.) In Fig. 1B, lanes 2-5, following DNase I diges-
tion of the nuclei, we observed the appearance of new bands
representing hypersensitive sites upstream of c-myc. Fig. 1B
clearly distinguishes four such sites, designated I, IIb, IIla,
and IIIb. A fifth major site, IIa, was revealed in a different
fractionation of Bgl II-digested DNA (Fig. 1C), and yet a
further site, which is variable in its appearance, designated
IV, could be detected when enzymes, such as Xba I, were
used (see Fig. 1C). Estimation of the size of these fragments
from several different experiments allows the hypersensitive
sites to be positioned relative to the c-myc gene, as shown at
the bottom of Fig. 1. These positions were roughly in agree-
ment with those shown previously (10), sites IIIa and IIIb
corresponding to the P1 and P2 promoters of the myc gene.
All of the sites appear to have approximately the same sensi-

Table 1. Cell lines used in this study and the translocations
they contain
Breakpoint relative
Cell line Translocation to c-myc
BL
Raji 8;14 Upstream
Ramos 8;14 Upstream
Daudi 8;14 Upstream
JI 2;8 Downstream
Lymphoblastoid
DHLCL — —
HMy2 — —_

Ml
L3 f c-myc promoters and the positions marked
with arrowheads are only an indication of
the location. X = Xba I; B = Bgl II; Xh =

1Kb Xho 1.

tivity to DNase I as sites found in an expressed part of the
Epstein-Barr virus gene independently investigated (unpub-
lished data) and presumably represent functionally impor-
tant regions of the chromatin around c-myc.

DNase I-Hypersensitive Sites in BL Cells. The possibility
that chromosomal translocation affects the pattern of myc
hypersensitive sites was investigated in several BL cell lines.
We selected cells in which the translocation point was at
least 20 kb upstream of c-myc [Daudi, t(8;14) (17, 23)] or at
least 12 kb downstream of c-myc [JI, t(2;8) (17, 24)] or where
the breakpoint was close to but not within c-myc [Raji (7)
and Ramos, t(8;14) (23)] (see Table 1). In addition, the latter
two cell lines do not retain the immunoglobulin enhancer on
the 14q* chromosome. The DNase I sensitivity of chromatin
from the various BL cells was compared with the DHLCL
(Fig. 2) by using a probe from the region covering exon 2 of
c-myc. The pattern of sites found in DHLCL, JI, and Daudi
chromatin is essentially similar (see also Fig. 3B).

In Raji and Ramos cells the translocation point occurs
near exon 1 on c-myc (7, 23) at the positions indicated at the
bottom of Fig. 2. The approximate position of the Raji break-
point has been shown previously to be upstream of the Kpn I
site shown in the restriction map (24). A site for Cla I (boxed
in the sequence shown in Fig. 3) occurs just 5’ of the Kpn I
site and we utilized the former to allow DNA sequencing of
the region covering the translocation point. This sequence is
shown in Fig. 34, in which the Raji translocated and normal
sequences upstream of the Cla I site are compared. The se-
quences are identical for about 145 nucleotides from the Cla
I site and then they diverge. The translocated gene sequence
after this point has the characteristic pattern of repeats (in
reverse orientation) seen in the immunoglobulin switch re-

. 5' A-G-C-T-C-A-G-C-C-C 3’
gion of the C, gene 3’ T—C—C—A—G—T—0—C—G—C 5’ and
corresponds to the start of the amalgamated S,/S, region
described previously (24). The Raji translocation point is
therefore established at 339 bases from the Kpn I site shown
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FiG. 2. Comparison of DNase I-hypersensitive sites in various
BL cell lines. Nuclei from the cell lines were treated with DNase I
prior to digestion with Bgl II; the required amount of DNase (which
varied between cell lines) was titrated in pilot experiments (the
amounts used were 8 ug/ml for DHLCL, 1.5 ug/ml for Raji, 1.5
pug/ml for JI, 3 ug/ml for Daudi, and 0.5 pug/ml for Ramos). The
digested DNA was fractionated and hybridized as in Fig. 1 except
that an exon 2 probe (M13J171.5 Sac) (7) was used (indicated in the
lower panel). Sizes in kilobases correspond to A phage DNA cut
with HindIII. The lower panel shows the c-myc gene restriction map
and the approximate location of the translocation points in Raji and
Ramos DNA. B = BglII; K = Kpn I; S = Sac 1.

Raj1 TAGACCGCCA GACAGCCCAG CCAGCCCAGC TCAGCCCAGC

Normal ATTTCAGGGA GCAAACAAAT CATGTGTGGEG

R CCTGCCCAGC TCAGCCCGTC TTAGTGCAGC CAARCCCAGG

TAAAATGTGA ATACACGTTT GCGGGTTACH

AATTGTGAGT CAGTGAACTA GGAAATTAAT GCCTGGAAGG

GCTGGGCAAC

TACAGTGLAC

Proc. Natl. Acad. Sci. USA 82 (1985)

in the map at the bottom of Fig. 2. The relative positions of
the Raji breakpoint, hypersensitive site Ila, and the Kpn I
site were determined by digesting genomic DNA (in this case
made from Daudi cells) with Bgl II and Kpn I (without DN-
ase treatment) or with Bgl II alone (with prior DNase treat-
ment) followed by hybridization with the myc exon 1 probe
(Fig. 3B). A pattern of hypersensitive sites analogous to
those found in DHLCL chromatin was found in the Daudi
cells [t(8;14)]. Site Ila was estimated from this data to be
between 330 and 350 bases upstream of the Kpn I site. This
places the Raji translocation as more or less coincident with
the position of the hypersensitive site Ila.

As a consequence of translocation in Raji cells, sites I and
IIa are lost from the rearranged c-myc allele. However, Raji
DNA shows the presence of these sites (Fig. 2), which we
can therefore attribute to the normal allele in these cells. Raji
cells are exceptional among BL cells in that they express
both rearranged and unrearranged c-myc alleles (17). The
pattern of sites seen in Raji therefore comes from a combina-
tion of normal and translocated alleles (although, as dis-
cussed below, this probe detects predominantly the normal
allele). In Ramos cells the situation differs because the
breakpoint removes sites I, Ila, and IIb from the rearranged
allele (23). Fig. 2 shows, however, that site I, but not sites
IIa and IIb, exists in Ramos chromatin; therefore, site I must
occur in the chromatin of the normal, presumably inactive,
c-myc gene. Sites IIIa and IIIb are present in Ramos chroma-
tin but we cannot determine from these data whether the in-
active allele possesses these sites.

DHLCL, used in this study, is an Epstein—-Barr virus-
transformed peripheral blood lymphocyte cell line and is
nontumorigenic (unpublished data). We have compared the
DNase I sensitivity of this to a tumorigenic LCL (HMy?2) and
the results are shown in Fig. 4. When the exon 1 fragment
was used as a probe (designated normal myc probe and
shown in the lefthand panel), we found the pattern of sites in
the two types of LCL to be indistinguishable, each exhibiting

B Daudi

CCAGTTCAGC TCAGLLCAGC

TAGLTGAGTL GAALGCGHTNAA
TCAACTCAGT ATTCAGAAAA

120
TTTCACTAGT ATTCAGAAAA

CASCCAAATT TTAATTAGCT
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CAAGACTCCC

cccececece-

GGAAATTAAT

AAAAAAAGGT

GCCTGGAAGH

ACGGAAGTAA
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F1G. 3. Sequence of the chromosomal translocation point near the c-myc gene in Raji cells. (A) The sequence of normal and translocated c-
myc gene from Raji. Cla I- plus HindIII-digested clones [A\RB19 and ARB6 (7)] containing the two types of Raji c-myc gene were ligated in
M13mp9 and sequenced by the dideoxy chain-termination procedure (20). The box shows the Cla I site and the upper sequence in each line
comes from the translocated gene (designated Raji) and the lower sequence comes from the unrearranged gene (normal). The region of similarity
is indicated by the line between the sequences. (B) Filter hybridization of Daudi DNA with the exon 1 probe. Daudi DNA was either digested
with Bgl II (Bg) after pretreatment of nuclei with 3 ug of DNase per ml or digested with Bg! II plus Kpn I (Bg+K) without DNase pretreatment,
fractionated on a 1% agarose gel, and hybridized, as in Fig. 2, with the myc exon 1 probe. Positions of bands resulting from DNase I sites are
indicated and sizes in kilobases are estimated from the coelectrophoresis of A phage DNA cut with HindIII.
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the five sites discussed, even though there is a significant
difference in the ratio of P1 and P2 promoter usage in these
two cell lines. (The band labeled N in Fig. 4 corresponds to
the Bgl 11 restriction fragment containing the myc gene pre-
sent in each cell line prior to DNase I digestion.)

New DNase I-Hypersensitive Sites in Translocated c-myc of
Raji. Both Raji and Ramos DNA exhibit new c-myc restric-
tion fragments corresponding to the c-myc gene of the trans-
location; these appear as bands with higher molecular
weights than the 5.9-kb unrearranged Bg! II bands in the ap-
propriate lanes of Fig. 2. In Raji DNA, in addition to the
normal pattern of hypersensitive sites, there is an indication
of new sites in the translocated c-myc allele and which, by
virtue of their size, must come from the immunoglobulin seg-
ment of the DNA. We have attempted to clarify the exis-
tence of immunoglobulin-associated hypersensitive sites by
using a probe for the Southern blot that might discriminate
the rearranged from the normal Raji c-myc gene. The normal
myc gene (labeled N in Fig. 4) predominates over the translo-
cated allele in Raji when a normal exon 1 probe is used, and
consequently the pattern of hypersensitivity due to the nor-
mal, active Raji gene is seen. When we used a probe from the
Raji translocated allele that contains many deletions and mu-
tations (24) (see Fig. 4), we could show that the translocated
gene (T) hybridized more strongly than the normal gene (N)
(righthand panel). (Daudi DNA cut with Bgl II is included in
Fig. 4 as a reference for the normal myc allele.) When Raji
nuclei were subjected to DNase I treatment prior to Bgl II
digestion, we found that the Raji translocated myc probe de-
tected at least two new hypersensitive sites (sizes around 7
kb), which must come from the immunoglobulin region of
the translocated chromosome and might represent new sites
near the translocation involved in control in this cell. The
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hypersensitive sites from the normal c-myc are faintly visible
below the 5.9-kb myc band when using this probe.

DISCUSSION

Our results show that there are five major sites of DNase I
hypersensitivity in the chromatin around the active c-myc
gene in LCL and variably in BL cell lines. The locations of
these sites are summarized in Fig. 5. The data are qualita-
tively consistent with previous results on a LCL and a BL
cell (10), though differing from other data obtained with dif-
ferent types of cell (9). It would be of interest to ascertain
whether or not such discrepancies reflect the differentiation
states of the cell types used. The data on Ramos chromatin
show that the inactive allele does not have site IIb, whereas
active genes have all five sites, except when chromosomal
translocation removes one or more of them. These sites pre-
sumably represent regions of the chromosome important for
the functioning of the c-myc gene and one of these sites
(equivalent to site IIa here) is known to bind nuclear factor 1
(10). The possibility that one or more of the other sites repre-
sents the location of binding of a feedback repressor mole-
cule must be considered. It is known that the human c-myc
protein has a nuclear localization (ref. 25 and unpublished
data), and experiments are necessary to test the hypothesis
that the c-myc protein itself binds to the upstream region of
the c-myc gene.

It is intriguing that variable loss of DNase I-hypersensitive
sites in chromatin can occur in BLs, without any obvious
correlation to changes in RNA levels. For example, there are
three sites left in translocated myc in Raji, two in Ramos,
and, of course, all five in the untranslocated c-myc of LCLs.
Further, it is interesting that the sites that seem to correlate

Q
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F1G. 4. Analysis of chromatin hy-
persensitive site near the transloca-
tion point in Raji cells. DNAs were
fractionated on 1.0% agarose after di-
gestion by Bgl II with (+) or without
(—) prior treatment of nuclei with
DNase 1. The gels were blotted and
hybridized as in Fig. 2 by using either a
normal exon 1 probe (pUCLYXh16),
as indicated on the lefthand side, or a
probe derived from the Raji translo-
cated myc allele [the Sac II (Sc) frag-
ment indicated at the bottom of the
righthand panel]. After hybridization
of the filters with their respective
probes, washing was carried out at
65°C in 15 mM sodium chloride/1.5
mM sodium citrate, pH 7/0.1% Na-
DodSO,. T represents the position of
the Bgl II (B) fragment containing the

probe

Sc  Sc B

DNase -+ + ¢+
PROBE: Normal myc
probe
Xh (xXh) B
B ] B
L 1 2 L
J D

1Kb

Raji translocated c-myc and N repre-
sents the position of the Bg! II frag-
ment containing the normal c-myc al-
lele. Xh = Xho 1.
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F1G. 5. Distribution of major hypersensitive sites in c-myc chro-
matin in BLs and LCLs. P = promoter site. The vertical dashed
lines near Ramos and Raji translocated c-myc genes represent the
positions of the breakpoints. Closed arrowheads indicate sites estab-
lished in these experiments; open arrowheads indicate uncertainty
about sites.

with the two promoters of the myc gene (sites IIla and IIIb)
are not altered in sensitivity when there is preferential use of
the two promoters (e.g., DHLCL and HMy2). The previous-
ly studied case of hypersensitive sites in a BL cell line (10) in
which translocation occurs upstream of all five chromatin
sites and brings the immunoglobulin . enhancer near the
breakpoint shows a qualitatively similar pattern to that seen
here. Taken together it seems likely that the presence of the
w enhancer near to the translocation point has little effect on
the hypersensitivity map, and cases in which breakpoints are
near (Raji or Ramos) or far (Daudi or JI) from the myc gene
do not have much difference in their patterns. If any of these
chromatin sites is altered by translocation it must be at a
subtle level below the detection of this assay.
Interestingly, the Raji translocated c-myc gene breaks
close to or within the hypersensitive site Ila. This may be
related to the mechanism of this translocation but any rela-
tionship is speculative. More interesting is the detection of
new hypersensitive sites within the immunoglobulin gene re-
gion adjacent to the translocation point in Raji. This indi-
cates that new regions of gene control are present near c-myc
after translocation and may play a role in the aberrant
expression of this gene. It is noteworthy that a consistent
feature of translocations in BLs seems to be that the immu-
noglobulin constant region gene is rearranged near the
breakpoint [whether it be 5’ (21, 24) or 3’ (22, 26, 27) of c-
myc]. This may argue that the constant region gene has asso-
ciated sequences involved in maintenance rather than eleva-
tion of immunoglobulin gene transcription. After transloca-
tion, such putative controls may be brought to bear on the

Proc. Natl. Acad. Sci. USA 82 (1985)

c-myc gene, thereby causing unregulated, sustained expres-
sion rather than elevated expression of this gene.
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