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ABSTRACT  We have investigated whether the translocated
and the untranslocated human c-myc oncogenes of Burkitt lym-
phoma cells are equally or differentially expressed in host mouse
B cells. The human c-myc mRNA levels in somatic cell hybrids
between mouse plasmacytoma cells and Burkitt lymphoma cells
with either the t(8;14) or the t(2;8) chromosome translocation were
determined by using the nuclease S1 protection procedure. Al-
though both. the human parental lines and the hybrid cells car-
rying the translocated c-myc oncogene expressed high levels of
human specific c-myc. transcripts, the hybrid cells carrying the
untranslocated c-myc gene on normal chromosome 8 did not con-
tain human specific c-myc mRNA. These results suggest that the
translocated human c-myc oncogene has escaped the normal tran-
scriptional control to which the untranslocated c-myc gene re-
mains subjected. This interpretation is also supported by the find-
ing that the expression of the.c-myc genes of lymphoblastoid cells
and of HL-60 promyelocytic leukemia cells are repressed when
they are transferred into a mouse plasmacytoma background. The
ability of the translocated c-myc oncogene to escape the normal
transcriptional control occurring in B cells may be important for
the expression of B cell neoplasia in mouse and man. We have also
transferred the Burkitt 14q+ chromosome carrying a translocated
c-myc oncogene into mouse LM-TK™ fibroblasts and studied the
levels of the human c-myc transcripts in the hybrids. Because the
levels of human c-myc transcripts in the fibroblast hybrids are

dramatically decreased in comparison to the plasmacytoma hy--

brids, we conclude that the levels of transcripts of the translo-
cated c-myc oncogene depend on the differentiated state of the
cells harboring the translocated chromosome.

Burkitt lymphoma cells carry a reciprocal translocation be-
tween chromosome 8 and either chromosome 14, 2, or 22 (1-
5). Because we and others have shown that the genes for im-
munoglobulin heavy and A and « light chains are located on
human chromosomes 14 (6), 22 (7, 8), and 2 (8, 9), respectively,
we have speculated that the human immunoglobulin genes might
be involved in the chromosome translocations occurring in Burkitt
lymphoma (7). Therefore, we used somatic cell hybrids be-
tween mouse plasmacytoma cells and Burkitt lymphoma cells
with the t(8;14) chromosome translocation to show that the Vy
genes translocate to the deleted chromosome 8 (8¢—) and the
C, and C, genes remain on the 14q+ chromosome (10). Thus,
we concluded that the chromosomal break observed in Burkitt
lymphomas with the t(8;14) chromosomal translocation involves
the heavy chain locus (10). Using DNA probes specific for the
human homologues of viral oncogenes to determine their chro-
mosomal location by Southern blotting analysis of hybrid cell
DNAs (11-13), we have recently located the human c-myc, a
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homologue of the avian myelocytomatosis viral oncogene, v-myc,
on the segment of chromosome 8§ that. translocates in Burkitt
lymphomas (14). We and others have also demonstrated that in
some cases of Burkitt lymphomas the c-myc oncogene is intact
within a large BamHI restriction fragment and in others the c-
myc oncogene recombines head to head with the C,, gene (14—
17). Because high levels of c-myc transcripts are present in Burkitt
lymphoma cells (18), in the present study we have investigated
the levels of human and mouse c-myc transcripts in somatic cell
hybrids between Burkitt lymphoma and mouse plasmacytoma
cells to determine if there are differences in the levels of hu-
man c-myc mRNA transcribed from either the translocated or
the untranslocated: c-myc oncogene.

MATERIALS AND METHODS

Cells. Human cell lines. The Burkitt lymphoma cell lines used
in this study are described in Table 1. GM607, GM2669,
GM2294, and GM1056 are Epstein-Barr virus (EBV)-trans-
formed human lymphoblastoid cell lines that were obtained from
the Human Cell Repository (Institute of Medical Research,
Camden, NJ). The human cell line HL-60, derived from a pa-
tient with promyelocytic leukemia (19), contains an amplified
c-myc gene (20) in the form of an aberrantly banded region on
one of the two chromosomes 8 (8q+) (21).

Mouse cell lines. The NP3 mouse plasmacytoma cell line is
an immunoglobulin nonproducer cell variant (22) of the hy-
poxanthine phosphoribosyltransferase-deficient P3 X 63 Ag8
mouse plasmacytoma cell' line originally derived from the
MOPC21 myeloma (23). P3Bu4 mouse plasmacytoma cells are
deficient in thymidine kinase (TK) and also derive from the
MOPC21 mouse myeloma (P;26BU4) (24). LM-TK™ cells are
TK-deficient mutants of mouse L cells (25).

Hybrids. Clone JE1DS, a hybrid between NP3 and P3HR-
1 (18) cells, was subcloned by limiting dilution and four sub-
clones (JE1D6-BB3, -AG5, -CC4, and -BC4) were character-
ized (Table 2). Clone 253 A-B3 is a hybrid between NP3 and
JD38 non-Burkitt lymphoma cells. Clones JI 5-3 and JI 4-2 are
hybrids between NP3 and JI (26) Burkitt lymphoma cells. Clone
DSK1 B2AS5 is a hybrid between NP3 and GM1056 cells. Clone
M44 C12S5 is a hybrid between Burkitt PSHR-1 cells and LM-
TK™ fibroblasts (14). Clones 77B10 C129 and 77B10 C133 are
hybrids between mouse plasmacytoma P3Bu4 cells and human
HL-60 leukemia cells (21).

Chromosome Analysis. Metaphase spreads of parental and
hybrid cells were stained by the trypsin Giemsa procedure ac-
cording to established procedures (10, 27). Metaphases of hy-
brid cells were also restained by a modification of the G11 tech-
nique (10, 28).

Abbreviations: EBV, Epstein-Barr virus; TK, thymidine kinase; bp, base
pair(s).
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‘Table 1. Human lymphoma cell lines used in this study

Presence

Cell of EBV

line  Diagnosis* genome  Translocation Origin
Daudi BL + t(8;14)(q24;q32) Africa
P3HR-1 BL + t(8;14)(q24;q32) Africa
CA46 BL - t(8;14)(q24;q32) South America
JD38 NBL - t(8;14)(q24;q32) North America
JI BL + t(2;8)(p12;932) Europe
LY91 BL + t(2;8)(p12;q32)  Africa
LYé67 BL + t(8;22)(q24;q11) Africa

* Histologic diagnosis (17): BL, Burkitt lymphoma; NBL, non-Burkitt
lymphoma.

Isozyme Analysis. Hybrid clones were studied for the ex-
pression of human nucleoside phosphorylase (a marker of chro-
mosome 14), glutathione reductase (a marker of chromosome
8p), malic dehydrogenase (a marker of chromosome 2p), and
isocitrate dehydrogenase (a marker of chromosome 2q) accord-
ing to established procedures (6, 7).

Southern Blotting Analysis of Hybrid Cells. Hybrids were
studied for the presence of the human c-mos oncogene that is
located on band q22 of chromosome 8 (29) and of the c-myc
oncogene by Southern blotting analysis (30) after BamHI diges-
tion of the cellular DNAs and by using either a human c-mos
genomic probe (PAB) (31) or a human myc ¢cDNA probe (Ryc
7.4) (14). Results of the analysis of P3Bu4 X HL-60 hybrids are
reported elsewhere (21). Hybrid 77B10 CL29 contained a sin-
gle copy of the human c-myc gene per cell, whereas hybrid 77B10
CL33 contained 16 copies of the human c-myc oncogene per
cell (21).

Nuclease S1 Analysis of Human and Mouse c¢-myc Tran-
scripts in Hybrid Cells. Nuclease S1 analysis was carried out
according to Sharp et al. (32) with modifications (33) by using
5'-end-labeled human (34) or mouse (35) c-myc cDNA clones..
Cytoplasmic RNA was prepared by the cesium chloride method
(18). The 5'-3*P-end-labeled DNA probes were heat denatured,
hybridized in 80% deionized formamide to 20 ug of cytoplas-
mic RNA at 55°C for 10 hr, digested with 80 units of nuclease
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S1 (P-L Biochemicals), and analyzed by electrophoresis on a 7
M urea 4% polyacrylamide gel (36). The DNA probe was 5'-end-
labeled by the method of Maxam and Gilbert (37). The relative
amount of c-myc RNA in various cells was estimated by quan-
titative nuclease S1 mapping, followed by the scanning of suit-
ably exposed autoradiograms.

RESULTS

Transcription of the c-myc Oncogene in Different Burkitt
Lymphoma Cells and Human Lymphoblastoid Cell Lines. Fig.
1 describes the human (34) and the mouse (35) c-myc cDNA
probes we have used for the nuclease S1 analysis of parental
and mouse-human hybrid cells. As shown in Figs. 2 and 3A
very high levels of c-myc transcripts were detected in three
Burkitt lymphomas (Daudi, P3HR-1, and CA46) and one non-
Burkitt lymphoma (JD 38IV) cell lines with the t(8;14) chro-
mosome translocation. Amounts of c-myc RNAs in these cell
lines were estimated about 10 times higher than in the three
lymphoblastoid cell lines (GM607, 2669, and 2294) examined.
Although Daudi and P3HR-1 cells contain a translocated un-
rearranged c-myc oncogene (17), CA46 and JD38 cells contain
a translocated rearranged c-myc oncogene recombined with a
C, gene (17). Two cell lines, JI and LY91, with the t(2;8) chro-
mosome translocation, expressed levels of c-myc transcripts lower
than the human lymphomas with the t(8;14) translocation and
HL-60 cells, which contain an amplified c-myc gene, but higher
than in the different lymphoblastoid cell lines we have exam-
ined (Fig. 2). The cell line LY67 expressed a lower level of c-
myc transcripts. This level was still at least 2- to 3-fold higher
than in the three lymphoblastoid cell lines we have examined
(Fig. 2).

Transcription of the Human c-myc Oncogene in Mouse-
Human Hybrids. Because the human and the mouse c-myc-genes
differ in their nucleotide sequence (34, 35, 38), we have in-
vestigated the expression of the human c-myc transcripts in
mouse-human hybrids by the nuclease S1 procedure using a
human c¢cDNA probe. By this method we could detect the
expression of the human c-myc transcripts in the hybrids with-
out detecting the expression of the mouse c-myc gene (Figs. 3A

Table 2. Transcription of the mouse and human c-myc genes in mouse X human hybrids

Human Human Levels of e-myc
Parental cells and isozymes Human chromosomes oncogenes transcripts
hybrid clones GSR NP 8 8g- 14 14q+ 29— 8q+ c-mos c-myc Mouse Human
P3HR-1 (BL) + + + o+ o+ + - - + + - ++4
JE1D6 (NP3 x P3HR-1 hybrid)  + + + - - + - - + + +4++ +4++
BB3 (NP3 x P3HR-1 hybrid) + - + - - - — — 4 + 4 -
AG5 (NP3 x P3HR-1 hybrid) + -+ - - - - - + + +++ _
CC4 (NP3 x P3HR-1 hybrid) - + - - - + - - - + +++  +4++
BC4 (NP3 x P3HR-1 hybrid) - + - - - + - - - + +4++ 4+
NP3 (mouse plasmacytoma) - - - - = - - - - - +44 -
JD38 (NBL) + + o+ 4+ o+ + - - + + - +++
253 A-B3 (NP3 x JD38 hybrid)  + -+ -+ - - + + +++ -
Daudi (BL) + + o+ o+ + + - - + + - 44
3E5 CL3 (NP3 x Daudi hybrid)  + + 4+ + + - - - + + +++ -
JI(BL) + o+ o+ = 4+ - + + + + - +++
JI5-3 (NP3 x JI hybnd) + + + - + - - - + + +++ -
J14-2 (NP3 x JI hybrid) + + + -+ - + + + + +++ +++
‘GM1056 (EBV transformed) + + o+ -+ - - - + + - ++
DSK 1B 2A5 (NP3 -x GM1056
hybrid) + + + -+ - - - + + +++ -
LM-TK"~ (mouse fibroblast) - - - - - - — — - +4++ —
M44 CL2S5 (LM-TK~ x P3RH1
hybrid) - + - - - + - - - + +++ +

See legend to Table 1. GSR, glutathione reductase; NP, nucleoside phosphorylase.
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Fic. 1. Schematic representation of DNA probes used for nuclease
S1 analysis. (A) Structure of the human c-myc ¢cDNA clone pRyc-7.4
(16), which carries a human c-myc cDNA 1.2-kilobaseinsert in pBR322,
and a part of human c-myc gene are schematically shown according to
refs. 35-37. pRyc-7.4 plasmid DNA was digested by Bel I, 5'-32P-end-
labeled, and used as a probe (human c-myc probe). The expected frag-
ment protected by human c-myc mRNA (1,034 nucleotides) encompas-
ses most of the protein coding sequences (34, 38). (B) Structure of the
mouse c-myc cDNA clone pMC-myc 54 (35), which carries a mouse
c-myc cDNA 2.2-kilobase insert in pBR322, and a part of mouse c-myc
gene are schematically presented according to refs. 35 and 37. pMC-myc
54 plasmid was digested by HindIII, labeled with 32P at the 5’ end, and
cleaved with Pst I. The resulting Pst [-HindIII 900-base pair (bp) frag-
ment was isolated and used as probe (mouse c-myc S1 probe). The frag-
ment encompasses most of the protein coding sequences.

and 4A). Figs. 3A and 4A show the levels of the human c-myc
transcripts in hybrids between human lymphoma cells with either
the t(8;14) or the t(2;8) chromosome translocation and mouse
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Fic. 2. Detection of the transcripts produced from the c-myc gene
in various Burkitt lymphoma cells and human lymphoblastoid cell lines
by nuclease S1 analysis. The probe, cleaved with Bcl I and 5':3*P-end-
labeled pRyc-7.4 plasmid, was heat denatured, hybridized in 80% form-
amide to 20 ug of cytoplasmic RNA at 55°C, digested with nuclease S1,
and analyzed by electrophoresis on a 7 M urea 4% polyacrylamide gel
(37). RNA was from Burkitt lymphoma cells. Lanes 2-7, Daudi, CA46,
P3HR-1,J1, LY91, and LY67. RNA was from lymphoblastoid cell lines.
Lanes 8-10, GM607, GM2669, and GM2294. Lane 11, RNA from pro-
myelocytic leukemia cell line HL-60. Lane M, size marker: $X174 di-
gested with Hae III and 5'-**P-end-labeled.
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plasmacytoma cells. As shown in Fig. 34, lanes 2, 5, and 6, NP3
X P3HR-1 hybrids that have retained the 14q+ chromosome
express very high levels of human c-myc transcripts (Table 2).
On the contrary, we could not detect human c-myc transcripts
in hybrids that retain the normal chromosome 8 carrying the
untranslocated c-myc gene from three different Burkitt lym-
~phoma cell lines with the t(8;14) translocation (Fig. 34, lanes
3, 4, 8,-and 10, and Table 2). We obtained similar findings in
the case of hybrids between mouse plasmacytoma and JI Burk-
itt lymphoma cells with the t(2;8) chromosome translocation (Fig.
4A, lanes 2 and 3, and Table 2). The hybrid clone containing
the two segments of chromosome 8 involved in the t(2;8) trans-
location and .an unrearranged c-myc gene (unpublished data)
expressed high levels of c-myc transcripts (Fig. 44, lane 3, and
Table 2). On the contrary, the hybrid JI 5-3 containing only the
normal chromosome 8 of JI cells did not express detectable lev-
els of human c-myc transcripts (Fig. 44, lane 2, and Table 2).
We could not detect human c-myc transcripts also in hybrids
between mouse plasmacytoma cells and GM1056 human lym-
phoblastoid cells (Fig. 4, lane 6) that have retained the human
chromosome 8 (Fig. 44, lane 5). Very low levels of human myc
transcripts were observed in a PBHR-1 X LM-TK™ hybrid clone
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Fic. 3. Nuclease S1 analysis of c-myc RNAs in the hybrid cells be-
tween NP3 and Burkitt lymphoma cell lines with the t(8;14) chromo-
somal translocation. Cytoplasmic RNA (20 ug) was hybridized with hu-
man c-myc probe (A) or mouse c-myc S1 probe (B) described in the legend
to Fig. 1. The parental NP3 used for hybrid preparation is a nonproduc-
er mouse myeloma.
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Fic. 4. Nuclease S1 analysis of c-myc RNAs in the hybrid cells be-
tween NP3 and Burkitt lymphoma cell line (JI) with the t(8;2) chro-
mosomal translocation and between NP3 and a human lymphoblastoid
cell line. Cytoplasmic RNAs were analyzed with human c-myc S1 probe
(A) or mouse c-myc S1 probe (B) (Fig. 1).

that carries the 14q+ chromosome (Fig. 5A, lane 4).

Transcription of the Mouse c-myc Oncogene in Mouse X
Human Hybrids. As shown in Fig. 3B, 4B, and 5B, all mouse
plasmacytoma X human B cell hybrids expressed high levels of
mouse c-myc transcripts. The P3HR-1 X LM-TK™ fibroblast
hybrid cells also expressed high levels of mouse c-myc tran-
scripts (Fig. 5B, lane 4). LM-TK™ tumor-derived parental fi-
broblasts, like many other tumor cell lines (16, 20, 39), express
high levels of c-myc RNA (Fig. 5B, lane 5).

Transcription of the Human c-myc Oncogene in Hybrids
Between Mouse Plasmacytoma Cells and HL-60 Human Pro-
myelocytic Leukemia Cells. Because we did not detect the
expression of the untranslocated human c-myc oncogene of
GM1056 lymphoblastoid cells in a NP3 X GM1056 hybrid we
decided to determine whether an amplified, unrearranged, un-
translocated and active c-myc oncogene could be expressed on
a mouse plasmacytoma background. Thus, we have tested two
P3Bu4 mouse plasmacytoma X HL-60 hybrids, one with the
normal human chromosome 8 and the other with the normal 8
and the 8q+ with an aberrantly banded region that carries the
amplified c-myc oncogene, for the expression of the human c-
myc gene. As shown in Fig. 5A and Table 3, the two hybrids
77 B10 CI29 and 77 B10 C133 did not express human c-myc
transcripts. On the contrary, they expressed high levels of mouse
c-myc transcripts (Fig. 5B and Table 3).

DISCUSSION

Because mouse and human c-myc coding sequences are not
identical (35, 36) we used the nuclease S1 mapping method to
detect the levels of either the human or the mouse c-myc tran-
scripts in somatic cell hybrids between mouse plasmacytoma
and human Burkitt lymphoma cells. The results of this study
indicate that the translocated human c-myc oncogene of Burkitt
lymphoma cells, independently of being directly rearranged
with either the C,, immunoglobulin gene (14-17) or the k locus,
is transcriptionally highly active. Therefore, we can conclude
that the enhancement of c-myc gene transcription occurs even
if the translocated c-myc oncogene is unrearranged and located
>20-30 kilobases away from either the C,, locus or the C, lo-
cus in B cells. Although we found high levels of c-myc tran-
scripts in hybrids containing the translocated c-myc gene, we
were unable to detect human c-myc transcripts in hybrids con-
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Fic. 5. Nuclease S1 analysis of c-myc RNAs in the hybrid cells
with human c-myc S1 probe (A) or mouse c-myc S1 probe (B) (Fig. 1).

taining the untranslocated human c-myc gene on the normal
chromosome 8 of Burkitt lymphoma cells. This result indicates
that the untranslocated c-myc oncogene on the normal chro-
mosome 8 is repressed in plasmacytoma hybrid cells. To prove
conclusively that the untranslocated c-myc gene is repressed in
plasmacytoma hybrids, which express constitutively high levels

Table 3. Transcription of the mouse and human c-myc genes in
P3Bu4 x HL-60 hybrids

Human
Parental
ceai;:l;nd chromo- Human Levels of c-myc
hybrid  Human _S°0Me€S _ oncogenes transcripts

clones GSR 8 8q+ c-mos c-myc Mouse Human
HL-60 + + + + +++ - +++
Hybrid C129 + + - + + 4 ++ -
Hybrid C133 + + + + +++ 4+ -
P3Bu4 - - - - - +++ -

GSR, glutathione reductase.
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of mouse c-myc transcripts (16), we have studied somatic cell
hybrids between NP3 mouse plasmacytoma cells and GM1056
EBV-transformed human lymphoblastoid cells, which also ex-
press c-myc transcripts, and between P3Bu4 mouse plasma-
cytoma cells and HL-60 human promyelocytic leukemia cells in
which the c-myc gene is amplified (20) and transcribed at high
levels (39). Interestingly, we observed that the hybrids con-
taining either the normal chromosome 8 or the chromosome 8
carrying the amplified c-myc oncogene do not express detect-
able levels of human c-myc transcripts. Therefore, we conclude
that the normal untranslocated c-myc gene, which is tran-
scribed in lymphoblastoid and HL-60 cells, is repressed on a
mouse plasmacytoma background. It seems possible that such
repression of the untranslocated c-myc gene could be mediated
by the c-myc gene product itself because it is constitutively ex-
pressed at high levels in mouse plasmacytomas carrying the
t(12;15) chromosome translocation and a mouse c-myc gene
translocated to an immunoglobulin locus (16). Thus, high levels
of either the mouse or the human c-myc product might be ca-
pable of turning off the untranslocated c-myc gene on the nor-
mal chromosome 8 but not the c-myc gene that has translocated
to an immunoglobulin chain locus. Alternatively, it is also pos-
sible that a gene located 3' of the mouse and of the human
c-myc gene that regulates myc transcription might be activated
by its proximity to an immunoglobulin locus in B cells. Acti-
vation of this putative regulatory gene might result in the
repression of the untranslocated myc gene.

Interestingly, we have also observed a dramatic difference
in levels of c-myc transcripts in hybrids containing the 14q+
chromosome on either a mouse plasmacytoma or a mouse LM-
TK"™ fibroblast background. In fact, we have shown that the
levels of the translocated human c-myc transcripts in the LM-
TK™ hybrids are much lower than the levels in the mouse plas-
macytoma hybrids. Thus, we can conclude that mouse fibro-
blasts are not the appropriate recipients to assay for human genes
that are involved in B cell neoplasia. In addition, this result in-
dicates that the genetic elements capable of enhancing the
translocated c-myc transcription in B cells are either inactive or
ineffective in fibroblasts.
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