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ABSTRACT  We have determined that the bcl-2 (B-cell
leukemia/lymphoma 2) gene is transcribed into three overlap-
ping mRNAs, and we have cloned bcl-2 cDNA sequences.

Sequence analysis of the bcl-2 cDNA clones and comparison of
their sequences to their genomic counterparts indicate that the
bel-2 gene contains at least two exons. The three bcl-2 tran-

scripts, which are 8.5, 5.5, and 3.5 kilobases (kb) long, overlap
within the first exon, but only the 8.5-kb and 5.5-kb transcripts
contain sequences of the second exon. The 8.5-kb and 5.5-kb
transcripts seem to use different polyadenylylation sites. Se-
quence analysis of the cDNA clones corresponding to the 5.5-kb
and 3.5-kb mRNAs indicates that the two bcl-2 transcripts
carry two overlapping open reading frames, one of which is 717
nucleotides long and codes for a protein (bel-2a) of 239 amino
acids and a molecular mass of 26 kDa, while the other codes for
a protein of 205 amino acids (bcl-28, molecular mass 22 kDa)
that is identical to bcl-2a except at the carboxyl terminus. The
bcl-2 protein products in follicular lymphomas with or without
bcl-2 rearrangements are identical to the normal bel-2 prod-

ucts ‘

Specific chromosome rearrangements, predominantly trans-
locations and inversions, are observed in the great majority
of human hematopoietic malignancies (1-3). In Burkitt
lymphoma, the specific chromasomal translocations inyolve
directly one of the human immunoglobulin loci and the c-myc
oncogene (4-6). The consequence of the Juxtaposmon of the
immunoglobulin locus and the c-myc oncogene'is a deregu-
lation of the transcription of the involved c-myc oncogene
(5-7). Other specific chromosomal translocations involving
band 14932, where the unmunoglobulm heavy-chain locus
resides (8, 9), are observed in B-cell neoplasms. A t(11;14)-
(q13;932) chromosome translocation has been observed in
chronic lymphocytic leukemia of the B-cell type (10), in
diffuse B-cell lymphoma (2, 3), and in multiple myeloma (11).
This translocation juxtaposes the bcl-1 (B-cell leukemia/
lymphoma 1) locus to the heavy-chain locus (12, 13). In most
cases of follicular lymphoma, one of the most common human
hematopoietic malignancies, a t(14;18)(q32;q21) chromosome
translocation has been observed (2, 3). By use of ‘‘chromosome
walking’* techniques, several chromosomal breakpoints in-
volved in the t(14;18) chromosome translocation have been
cloned and sequenced and the locus involved in follicular
lymphoma has been identified (14-16). In this study, we have
investigated the transcripts of the bcl-2 geneand have identified
the bcl-2 open reading frames.

MATERIALS AND METHODS

RNA Extraction. Cytoplasmic RNA was extracted accord-
ing to a published procedure (17). Poly(A)* RNA was
selected by oligo(dT) column chromatography (18).
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Construction of cDNA Library. Double-stranded cDNA
was synthesized from mRNA by reverse transcriptase (Life
Sciences, St. Petersburg, FL) using oligo(dT) as primer as
described (19). After EcoRI linker ligation, the double-
stranded cDNA was inserted into Agt10 or Agt11 phage vector
(20) The primer-extension cDNA library was constructed by
using synthetic oligonucleotide (15-mer) as primer for reverse
transcriptase (19, 21).

RNA Biot Hybridization. RNA was glyoxalated, electro-
phoresed in 1% agarose gel, and blotted to nitrocellulose filter
(22). Nitrocellulose filter-bound RNA was hybridized with
32p.]abeled prabe in 50% (vol/vol) formamide/4x SSC/0.1%
NaDodSO, at 37°C and finally washed with 2x SSC at 65°C.
(1x SSCis 0.15 M NaCl/15 mM sodium citrate, pH 7.)

DNA Sequencing. Nucleotide sequences were determined
by the chemical degradation method (23) or the chain-
termination method (24). Both strands of DNA were se-
quenced.

In Vitro Transcription and Translation. The cDNA se-
quence was subcloned under the control of the promoter of
Escherichia coli phage T7 RNA polymerase. Plasmid DNA
was linearized by cutting with restriction enzyme. The
capped RNA was synthesized from template DNA (1 ug) in
50 pl of 25 mM NaCl/40 mM Tris Cl, pH 7.5/8 mM MgCl,/2
mM spermidine/5 mM dithiothreitol containing ATP, CTP,
and UTP (each at 400 uM); GTP (100 uM); and m’GpppG
(400 uM). The size and integrity of the RNA synthesized was
tested by electrophoresis followed by blot-hybrldlzatlon
analysis. The capped RNA was then translated in reticulo-
cyte lysate in the presence of [**SImethionine as described
(25) or in micrococcal nuclease-treated reticulocyte lysate
from Promega Biotec (Madison, WI).

RESULTS

Molecular Cloning of bcl-2 cDNA. Chromosome 18 probes
(probe A in Fig. 1) including the breakpoint hot spot of the
t(14;18) chromosome translocation in follicular lymphoma
detect mRNA in hematopoietic cell lines, including B and T
cells (15). In order to analyze the gene for which the name
bcl-2 (B-cell leukemia/lymphoma 2) is proposed, a cDNA
library was constructed from poly(A)* mRNA of the pre-B-
cell leukemia cell line 380 (14). Double-stranded cDNAs were
cloned in the Agt11 phage vector. By screening approximately
2 x 10° recombinants with chromosome 18 probe A (Fig. 1),
we have obtained three independent cDNA ‘clones (B3, -4,
and -10) that overlap each other. As shown in Fig. 1, clone B3
contains 19 deoxyadenylate residues at the end, indicating
that this clone represents the 3’ end of mRNA. The restriction
maps of cDNA clones and genomic sequences are colinear
from the 3’ end of the cDNA clone B3 until just before the
BamHI site of the cDNA sequence. The cDNA sequence
beyond this point diverges from genomic sequences (data not

Abbreviation: kb, kilobase(s).
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Fi1G. 1. bcl-2 cDNA clones. Top double lines represent genomic (chromosome 18) restriction map corresponding to 3’ part of cDNA (second
exon). The restriction map of genomic DNA was deduced by analysis of the several overlapping genomic clones, which have been described
(14, 15). The hot spot of the breakpoint of the t(14;18) chromosome translocation is shown by the large open arrow. Structures of cDNA clones
are shown below the genomic restriction map. Clones B3, B4, B10, B15, and B16 were obtained from a cell line 380 cDNA library made by
using oligo(dT) as primer. The other clones, 22-1, 6-3, and 9, were obtained from the primer-extension library. For each clone, the open box
represents the second exon and the filled or stippled dotted box represents the first exon. Lengths of oligo(dA) are indicated for clones B3 and
B16. Restriction sites are shown for Sst I (open triangle), Sst II (solid triangle), HindIII (vertical line), BamHI (circle with stem), and EcoRI

(small arrow). kb, Kilobase.

shown). Thus, the cDNA sequences correspond to at least
two genomic regions.

The 5' part of cDNA clone B4 (5’ end to BamHI site)
detects another set of cDNA clones, B15 and B16 (Fig. 1).
These two cDNA clones share the same sequences at the 5’
region with B4 but are totally different at the 3’ part from B3,
B4, and B10 (see Fig. 1). _

To obtain cDNA sequences further upstream, we also
constructed a cDNA library by primer-extension and ob-
tained a series of overlapping clones, 6-3, 22-1, and 9.

bcl-2 mRNA. As described above, cDNA cloning has
revealed two different sets of clones, indicating that the bcl-2
gene is transcribed into at least two mRNAs. In order to
visualize these mRNA species, two different probes were
used for blot hybridization. One is a genomic DNA (probe A,
Fig. 1) that contains the 3’ exon. The other probe is a cDNA
(clone 22-1) that corresponds to the 5’ exon.

The genomic DNA probe A detects 8.5-kb and 5.5-kb
transcripts (Fig. 24). On the other hand, the cDNA probe
22-1 detects an additional 3.5-kb transcript (Fig. 2B). The
genomic DNA probe B, 3’ of the genomic probe A, hybridizes
to 8.5-kb mRNA (data not shown), indicating that the 8.5-kb
transcript uses a polyadenylylation site further downstream.
Therefore, we conclude that the-bcl-2 gene is transcribed into
three mRNAs of different sizes. The possibility that these
mRNAs are derived from different but related genes is
excluded by the fact that under the hybridization conditions
used for RNA blot hybridization, the probes detect only one
cellular gene.

It was shown previously (16) that the majority of follicular
lymphomas carrying the t(14;18) translocation have break-
points within a region about 100 base pairs in length on
chromosome 18. The cDNA sequences indicate that the most
common breakpoint hot spot for the t(14;18) translocation is
within the 3’ exon (see Fig. 1). Follicular lymphoma cell line
RS, with a t(14;18) translocation whose breakpoint is mapped

in the hot-spot region (data not shown), shows aberrant-size
bcl-2 mRNAEs, in addition to bcl-2 transcript of the normal
size (Fig. 2). This aberrant-size mRNA could be a chimeric
RNA consisting of sequences derived from bcl-2 and chro-
mosome 14 sequences. That we observed 8.5-kb bcl-2 tran-
script in RS follicular lymphoma cells suggests that both the
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Fic. 2. RNA blot hybridization. Poly(A)* mRNA (2.5 ug)
isolated from cell lines was electrophoresed, transferred to nitrocel-
lulose, and hybridized with 3?P-labeled DNA probes. (4) Lanes: 1,
RS follicular lymphoma RNA; 2, GM697 pre-B-cell leukemia; 3, 380
pre-B-cell leukemia (14). The RNA was hybridized with the genomic
DNA probe A (see Fig. 1). (B) Lanes: 1, RS follicular lymphoma; 2,
GMG697 (pre-B-cell leukemia). The RNA was hybridized with cDNA
clone 22-1 (see Fig. 1). Arrows indicate 8.5-, 5.5-, and 3.5-kb
transcripts. RNA ladder (Bethesda Research Laboratories) was used
as size (kb) markers. Since probe 22-1 cross-hybridizes with 28S
TRNA very strongly, the hybridization of 5.5-kb transcript seems to
be hidden behind rRNA cross-hybridization.
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normal and 't.he rearranged bcl-2 genes are expressed in the _ Nucleotide Sequence of the bcl-2 Gene. Nucleotide sequence
lymphoma cells. A different situation occurs in Burkitt derived from 5.5-kb bcl-2 mRNA is shown in Fig. 3A. The
lymphoma, where the uninvolved c-myc gene is transcrip- DNA sequence of 5105 nucleotides reveals one possible open

tionally silent (7). reading frame, encoding 239 amino acid residues (bcl-2a
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in vitro translation

protein). The nucleotide sequence corresponding to the
3.5-kb bcl-2 mRNA (Fig. 3B) codes for another protein,
consisting of 205 amino acid residues (bcl-28 protein), which
is identical to bcl-2a except at the carboxyl terminus. Thus,
the bcl-2 gene seems to code for two different protein
products.

To determine whether the open reading frame observed on
the basis of the cDNA sequences is biologically active, we
used the strategy shown in Fig. 4A. The cDNA sequence with
the open reading frame for bcl-2a protein was cloned so that
it was under control of the promoter of the E. coli phage T7
and was transcribed by T7 RNA polymerase in vitro. The
RNA transcripts made in vitro were assayed in an in vitro
translation system, and the protein products, labeled with
[**SImethionine, were analyzed by NaDodSO,/PAGE (Fig.
4B). Antisense RNA, transcribed from DNA constructs in
which the cDNA sequence was inserted in the wrong orien-
tation with respect to the T7 promoter, did not produce any
protein. On the other hand, sense RNA produced two major
protein products of approximately 28-30 kDa, close to the
size expected for the bcl-2 protein products from the DNA
sequence analysis. The two proteins are presumably initiated
from the two ATG codons at nucleotide positions +1 and
+46. The small size differences observed on NaDodSO,/
PAGE could be due to the high proline content of the bcl-2
gene products. To confirm that these 28- to 30-kDa proteins
are derived from the open reading frame of bcl-2, sense RNA
was made from a DNA construct in which the open reading
frame was truncated by cutting with restriction enzyme
- BamHI (at +563 in Fig. 3A). This truncated sense RNA
produced proteins smaller than 28-30 kDa (Fig. 4B), con-
firming that the 28- to 30-kDa proteins are derived from the
bcl-2 open reading frame shown in Fig. 3A. Computer search
did not show any homology of bcl-2a and bcl-28 to any
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F1G. 4. Invitro translation of
bcl-2 mRNA. (A) Strategy for
preparation of bcl-2 mRNA in
vitro. cDNA sequence (—93 to
+1348) corresponding to 5.5-kb
transcript was subcloned in vec-
tor pT3T7-18 (Bethesda Re-
search Laboratories), which
contains the promoter for T7
RNA polymerase (Pr;). Open
reading frame is shown by the

o ‘ solid box. After linearization of

template DNAs by cutting with
restriction endonuclease (Endo
R) at the end of cDNA insert
and/or within the open reading
frame (at +563), bcl-2 mRNA
was produced as described in
Materials and Methods. About
0.5 ug of RNA (shown by wavy
lines) was assayed by translation
in vitro. (B) Analysis of in vitro
translation products by NaDod-
S0,/12.5% polyacrylamide gel
electrophoresis. Lanes: 1, no
RNA; 2, antisense bcl-2 RNA; 3,
sense RNA; 4, sense RNA trun-
cated within the open reading
frame (at +563 in Fig. 3). Posi-
tions and sizes (kDa) of marker
proteins are given at left.

protein whose sequence is in the Dayhoff protein database
(National Biomedical Research Foundation, Washington,
DC).

Genomic Organization of bcl-2. As described above, cDNA
sequences corresponding to the 5.5-kb transcript consist of at
least two exons. To identify the 5’ exon(s), a genomic clone,
A\18-27, was obtained that hybridizes with the 5’ region of the
B4 clone (5’ end to BamHI site). Restriction mapping and
DNA sequencing of part of this genomic clone indicated that
18-27 DNA has all cDNA sequences 5’ of the splice site and
that the genomic DN A sequences are colinear to B16 and B15
cDNA sequences without any intervening sequence (data not
shown). Thus, the 3.5-kb mRNA is transcribed from this 5’
exon, without any intron. On the other hand, the 5.5-kb
transcript is produced by splicing within the first exon and
joining to the second (3’) exon.

DISCUSSION

It was reasoned that it should be possible to identify and
characterize human genes involved in the pathogenesis of
B-cell leukemias and lymphomas by using overlapping clones
to ‘“‘walk’ upstream from the involved immunoglobulin
heavy-chain locus (12-16). By use of this approach, the
t(11;14)(q13;932) and t(14;18)(q32;q21) chromosome break-
points in human B-cell malignancies were cloned by us and
our coworkers (12-16). At chromosome band 18q21, a gene,
bcl-2, that is activated by its proximity to the heavy-chain
locus was identified (14-16). Subsequently, two other labo-
ratories have cloned the t(14;18) chromosome breakpoints
(26, 27). In most follicular lymphomas, the chromosome 18
breakpoints involve the 3’ end of the bcl-2 gene or are 3’ of
the involved bcl-2 gene. In this study, we have investigated
the structure of the bcl-2 gene and its transcripts by cloning

F1G. 3. (on opposite page).

Nucleotide sequence of bcl-2 cDNA determined from overlapping cDNA clones shown in Fig. 1. Open reading

frames are boxed. (4). cDNA sequence corresponding to 5.5-kb bcl-2 transcript. (B) cDNA sequence corresponding to 3.5-kb transcript. Only
DNA sequence within or immediately flanking the open reading frame is shown. The splicing site is shown by a solid triangle in A and in B.
The breakpoints of the t(14;18) translocation in four cases of follicular lymphoma that were previously reported (15, 16) are shown by open

triangles in A.
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bcl-2 cDNA and comparing the cDNA clones to the bci-2
genomic DNA. The results of this analysis indicate that the
bcl-2 gene consists of at least two exons. There bcl-2 tran-
scripts, 8.5 kb, 5.5 kb, and 3.5 kb long, have been identified,
the smaller transcripts being derived only from the first exon.
The 8.5-kb transcript has more sequence at the 3’ end than the
5.5-kb transcript. This extra 3' noncoding sequence might
derive from another exon(s) or a larger second exon.

Sequence analysis of the bcl-2 cDNA indicates that the
bcl-2 gene codes for two protein products, bcl-2a and bel-28,
the first of 239 amino acids and the second of 205 amino acids,
that differ at the carboxyl terminus. Since the predicted
amino acid sequences of the bcl-2-encoded proteins do not
show transmembrane domain or leader peptide, the bcl-2
proteins do not seem to be either membrane or secreted
proteins. Since most of the chromosome 18 breakpoints
occur either within the second exon or 3’ of the second exon,
we conclude that the bcl-2 protein products in follicular
lymphomas are identical to the normal bcl-2 protein products.
Since the bcl-2 gene involved in the t(14;18) translocation
rearranges within a region 3’ of the bcl-2 coding sequences,
we conclude that the transcription of the involved bcl-2 gene
and of the heavy-chain locus occurs in the same direction and
that the 3’ end of the bcl-2 gene is more proximal than its 5’
end at band 18q21.
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