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ABSTRACT

The promoter of the human BCR gene, regulating the
transcription of the chimeric BCR/ABL mRNA in
leukemia, has been isolated and characterized. A
region of 1.1 kb immediately 5’ to the transcription start
site was analyzed in detail by sequencing, DNase1
footprinting, gel retardation and functional studies.
These experiments localized a minimal promoter to a
650 bp sequence, composed of 270 bp of 5’ flanking
sequences and 380 bp of exon 1 transcribed
sequences. The promoter region includes a TTTAA
box, one Sp1 site and a novel protein-binding sequence
absolutely necessary for efficient transcription in vivo.
Six additional protein-binding regions were identified
more to the 5'. Of these, one is found in an inverted
repeat in the 3’ coding and splice donor region of BCR
exon 1.

INTRODUCTION

The Philadelphia (Ph) chromosome is a derived chromosome 22
found specifically in the leukemic cells of chronic myelocytic
leukemia (CML) patients and in 17—25% of patients with acute
lymphoblastic leukemia (ALL) (1—4). The Ph chromosome
consists of chromosome 22 sequences up to band q11 fused to
the distal part of chromosome 9 (9q34-qter); on a genomic level,
5’ sequences of the BCR gene including its promoter and coding
sequences are fused to 3’ sequences of the ABL oncogene in a
head-to-tail fashion (5,6). A chimeric BCR/ABL mRNA
transcribed from this fusion gene is initiated on the BCR gene
promoter (7—9). The BCR/ABL fusion proteins produced from
the chimeric gene are strongly associated with Ph-positive
leukemia and are directly or indirectly causative for this
malignancy (10,11). The proteins exhibit an abnormal tyrosine-
specific protein kinase activity from the ABL moiety of the protein
(12-15).

The entire BCR gene has been molecularly cloned; it
encompasses a region of approximately 130 kb on chromosome
22 and contains a minimum of 21 exons (16). In man, the gene
produces two transcripts of 7.0 and 4.3 kb; the 4.3 kb species
has been cloned and sequenced (17). Despite considerable
research efforts the organization of the 7.0 kb mRNA remains
unclear. However, all sequences present in the 4.3 kb species
are also present in the 7.0 kb mRNA (18). The BCR transcripts

are found in a wide variety of cells, where they are usually
produced in relatively low abundance. The highest level of
expression is in brain (19).

The product of the BCR gene is a phosphoprotein of 160,000
molecular weight (20) and is cytoplasmic (21,22); in vitro, the
protein exhibits an associated kinase activity and is phosphorylated
on serine residues (20—22).

Although the role of the ABL moiety of the BCR/ABL protein
has been well investigated, the contribution of the BCR amino
acid residues is unclear. However, it is the BCR gene promoter
which drives the production of the aberrant BCR/ABL mRNAs
found in CML and Ph- positive ALL and its contribution must
be crucial in these types of leukemia. To date, the 5’ region of
this gene has not been sequenced, nor has the promoter been
defined. In the present study, we have examined this region in
detail by nucleic acid sequencing, DNasel footprinting assays,
gel retardation assays and functional assays in vivo. In addition,
we have cloned and compared the human and mouse BCR
promoter sequences. Our results show that the human BCR gene
promoter has several unique features which distinguish it from
its murine counterpart as well as from other promoters.

MATERIALS AND METHODS
Molecular cloning

A 6.2 kb Sall human BCR genomic DNA fragment containing
the 1.2 kb exon 1 and 5 kb of 5’ flanking sequence was subcloned
from a BCR genomic phage clone into pUC 8. An 0.95 kb BamHI
fragment was subcloned into pUC 8 from a human BCR genomic
cosmid clone (16); this fragment contains 0.8 kb of the 3’ end
of exon 1 and 0.15 kb of intron 1. Two mouse genomic clones
containing the murine BCR exon 1 and 5’ and 3’ flanking
sequences were isolated from a mouse genomic phage library
in lambda gt10 (Clontech) and subcloned into pUC 18. A 1.8
kb HindIII/EcoRI fragment containing 1.6 kb of coding sequences
and 0.3 kb of 5’ flanking region as well as a 1.3 kb
BamHI/HindIII fragment containing the additional 5’ sequences
were subcloned into pSK (Stratagene). Sequencing was performed
on both strands of DNA fragments subcloned into M13mp18 or
19 (BRL) using 35S dATP.

Promoter activity assay

DNA fragments (1.5 kb Pstl/Smal, 1.04 kb Apal/Smal, 0.65
kb PstI/Smal, 0.49 kb Taql/Smal and 0.16 kb Pstl/Taql
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fragments, see Figure 8) for promoter activity measurement were
isolated from the BCR genomic clone. After modifying their end
restriction sites, these DNA fragments were inserted in the
promoterless human growth hormone expression vector pPOGH
(Nichols Institute Diagnostics). Plasmids were transfected into
NIH 3T3 cells using the low pH calcium phosphate precipitation
method (23). All DNA preparations used for transfection were
purified through cesium chloride gradient centrifugation. 24 hours
after the transfections, the human growth hormone produced was
assayed with an immunoassay kit (Nichols Institute Diagnostics)
according to the manufacturer’s instructions. Each fragment was
assayed at least twice (2—5 times) and the average was taken
as the results given in Figure 8.

Gel retardation and footprinting assays

Preparation of nuclear extracts from K562 (a CML cell line) and
A498 (a kidney carcinoma cell line) as well as gel retardation
and DNasel footprinting analyses were performed as previously
described (24). For gel retardation assays, 2.5 ug of poly(dAdT)
(Sigma) was preincubated with 5 ug nuclear protein for 10 min.
at room temperature prior to the addition of end-labelled DNA
fragments (approximately 10 fmol). After incubation of another
30 min. at room temperature, the samples were electrophoresed
through a 5.5% nondenaturing acrylamide (acrylamide:
bisacrylamide = 29:1) gel. For footprinting analysis, 2.5 pg of
poly(dAdT) was preincubated with 11 ug nuclear extract. After
the addition of 1—5 fmol end-labelled DNA (one end), the
mixture was incubated (room temperature) for another 20 min.
before DNase 1 digestion. Partially digested DNA was phenolized
and ethanol precipitated. Samples were heated for 2 min. at 90°C
in the presence of loading buffer and loaded on a 7.5%
acrylamide-8M urea gel (acrylamide:bisacrylamide = 40:1).

Transgenic mice and Northern blot analysis

Transgenic mice were made as described by (25). The construct
used for microinjection contained approximately 3.5 kb of 5’
flanking sequences joined to a 4.3 kb BCR mRNA isolated from
a human kidney carcinoma cDNA library in lambda gtwes
(unpublished results). Total RNA was isolated using guanidine
thioisocyanate (26). Northern blots were run as described (27).

RESULTS

The human BCR gene transcribes two mRNAs, of 4.3 and 7.0
kb. To date, all probes from the 4.3 kb species have been found
to hybridize to the 7.0 kb species. It is possible, that the 4.3 kb
mRNA does not have its own promoter and is derived by RNA
processing from the 7.0 kb species. To examine this, we tested
an extended region 5’ to the gene in vivo for promoter activity.
In initial experiments, we made constructs containing
approximately 3.5 kb of sequences 5’ to the 5’ end of a 4.3 kb
BCR cDNA joined to the cDNA and introduced these into
transgenic mice. The construct produced the human mRNA of
4.3 kb in three independent transgenic lines (Figure 1, lanes
1—3); virtually no hybridization signal is visible in the non-
transgenic control (lane 4). Most likely no human 7.0 kb mRNA
is produced, as compared to mouse and human mRNA controls
(Figure 1, lanes 4 —5); the stronger intensity of the 7.0 kb band
seen in lanes 2 and 3 is due to the slightly larger amount and/or
superior quality of RNA loaded in these lanes. In mouse, the
7.0 kb species is much more prominent than the approximately
4.3 kb species (lane 4). The level of expression of the human
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Figure 1. Northern blot analysis of transgenic BCR gene expression. Each lane
contains approximately 10 ug of total RNA; as probe a cDNA fragment for human
BCR gene exon 2 was used. Hybridization of this blot to an unrelated probe showed
that lanes 1,4 and S contain approximately 1.5—2 times less RNA than lanes
3 and 4. Post-hybridization washing was at 0.3 X SSC at 65°C. Lanes 1 —3; brain
RNA from transgenic mice 22—0, 112—0 and 120—0. Lane 4; brain RNA from
non-transgenic control mouse. Lane 5; RNA from the human glioblastoma cell
line A172.

4.3 kb transcript was highest in brain and substantial in kidney
(about half the quantity observed in brain), whereas expression
was low in fibroblasts (hybridization signal just above background
[not shown]). This is in concordance with levels of expression
found in chicken, mouse and human tissues and cell lines (19,
unpublished observations) and indicates that at least some tissue-
specific controlling elements are present immediately 5’ to the
BCR gene as opposed to a location within intron sequences. In
addition, these data confirm that the 4.3 kb mRNA is initiated
from DNA sequences in relative proximity to the 5’ coding region
of the gene; indeed, an 0.42 kb BglII/Apal probe encompassing
sequences starting 643 nucleotides upstream of the generally
accepted initiation site (Figure 8, nucleotide 981) did not hybridize
to either 4.3 kb or 7.0 kb mRNA species on a Northern blot
(not shown). This initiation site has been designated by various
investigators (7,17,18,30) who reported that this region coincides
with the most 5’ end of BCR and BCR/ABL cDNAs. A second
putative initiation site may be present approximately 100
nucleotides upstream of the initiation codon; multiple cDNAs
starting at this position have been isolated (17,30, our unpublished
results).

To examine the promoter in detail, a region of 1.1 kb 5’ to
the 5’ end of the cDNA was subcloned and mapped in detail (see
Figure 2A). To identify regions of regulatory importance,
fragments from the 5’ region (Figure 2C) were tested for protein
binding using nuclear extracts from the cell line K562, which
expresses BCR gene mRNA. A 5’ 0.54 kb Pstl/Ncol fragment
showed protein binding (Figure 3, lane 1) and two DNA-protein
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Figure 2. Restriction enzyme map of BCR gene exon 1 and promoter region
and strategy used for gel retardation and DNasel footprinting experiments. The
open double line in A represents the 5’ untranslated region and the closed bar
indicates the coding region of exon 1 of the BCR gene. The repeat sequences
are indicated by arrows directly above the map. B is an enlarged part of A. DNA
sequences protected by nuclear extracts in DNasel footprinting experiments are
shown as solid boxes below the map; sequences 1—5 are numbered. In C, lines
indicate DNA fragments used in gel retardation assays; the circled end represents
the labelled end. In D, DNA fragments used in DNasel footprinting experiments
are shown, with the circled end representing the labelled end. Enzymes used
include: Apal (A), Ball (B), BglII (Bg), Nael (Na), Ncol (N), PstI (P), Smal
(S), SstI (Ss), and Tagl (T). Not all Tagl, Ball and Ncol sites within the 3’ end
of the exon are shown.
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Figure 3. Gel retardation assay of the BCR promoter region. Lanes 1, 2 and
3 show the binding of K562 nuclear proteins to the 0.54 kb Pstl/Ncol, 0.29 kb
Ncol/Pstl and 0.58 kb BglIl/Nael fragments, respectively. 1a is a lighter exposure
of lane 1. The position of DNA fragments (no protein bound) is indicated.

052>

bands are visible. This suggests the presence of more than one
protein binding sequence in that region. An 0.29 kb Ncol/PstI
fragment immediately to the 3" also shifted in mobility but showed
only a single band (Fig. 3, lane 2), suggesting a single protein
binding site. Surprisingly, an 0.58 kb BglIl/Nael fragment which
partly overlaps with the 0.29 kb Ncol/PstI fragment and contains
all sequences 5’ of and including the putative transcription start
site (also see below) did not clearly bind protein (Figure 3, lane
3);possibly, this can be explained by the relatively large size of
this fragment.

Next, the DNA sequence of the entire region was determined,
to identify known recognition sites for transcription factors as
well as provide a basis for DNasel footprinting experiments
(Figure 4). The cDNA containing the longest 5’ region isolated
to date (7) has its 5’ terminus 200 bp 3’ to a Pstl site (see Figure
4, arrow at nucleotide 981). A TTTAA sequence is located 50
bp upstream of this site (see Figure 4, boxed). Not unlikely, this
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sequence may constitute a functional TATA box. The sequence
is similar to that found in the ABL 1a and ADA promoter (TTAA,
[23,28]) and in human the thymidine kinase promoter (TTTAAA,
[29]). In addition, there is a cap site consensus-like sequence
(actual sequence: TCATCG; consensus sequence PyCATTCPu)
present 19 bp 3’ to the TTTAA sequence. One potential Spl
binding site was found 23 bp 5’ to the TTTAA sequence. A
putative TCCAATT ("CAT’) sequence and a reversed CCAATA
sequence are present 120 bp and 200 bp 5' to the TTTAA
sequence (Figure 4, overlined) but these CAT sequences showed
no evidence of functioning in vitro or in vivo. A reversed
CAATTG sequence 670 bp 5' of the TATA box did not appear
to be functional either (also see below). No other protein binding
sequences containing consensus sequences known to bind
transcription factors were found further upstream.

Previous unpublished experiments aimed at cloning the first
exon of the BCR gene had revealed an interesting feature of this
region: a repeat-free probe from the 3’ end of exon 1 was found
to hybridize to sequences 5’ of the coding region. The nucleotide
sequence analysis identified this repeated sequence: the 3’ coding
and splice donor region of exon 1 is present in the 5’ region of
the gene in an inverted orientation (see Figure 2, arrows, and
Figure 5 and 6). The two areas have 91% homology and are
277 bp in length (from nucleotide 2468 to 2744 in the 3’ region).
The homology at the 3’ end terminates after the splice donor site
of exon 1. Interestingly, the 5’ repeat is situated on a DNA
fragment that tested positive in the gel retardation assay (the 0.29
Ncol/Pstl fragment, see Figure 3).

This sequence did not hybridize to additional sequences in the
human genome after washing to high stringency indicating that
it is unique to the BCR gene. A probe prepared from exon 1
encompassing part of this region detected three Taql restriction
enzyme fragments of similar size in man, gorilla and chimpanzee;
in man, these fragments represent the 5’ repeat, an exon 1 coding
fragment and the 3’ repeat. In mouse DNA, only two fragments
were detected, suggesting that the repeat sequence is a relatively
novel addition to the gene in evolutionary terms (not shown).

To determine conclusively, if the repeat was absent from the
mouse BCR gene, a genomic fragment containing the murine
BCR gene exon 1 and flanking sequence was cloned from a
mouse genomic library. The mouse exon 1 coding sequence
(unpublished data) and 5’ flanking sequences (see Figure 4) was
determined; this showed that the sequence was present in the 3’
coding and splice donor regions and was highly conserved
between man and mouse. However, it was absent from the 5’
region of the mouse BCR gene promoter (Figure 4).

Different fragments (see Figure 2D) were subsequently tested
for the binding of protein using DNasel footprinting. Extracts
were prepared from two different cell types (kidney fibroblast
and myeloid); the cell lines used, A498 and K562, both express
a relatively high level of BCR gene mRNA. Eleven discrete
protein-binding sequences were identified with this method
(Figure 2B and Figure 6); six sites are situated on the 5’ 0.54
kb Pstl/Ncol fragment which had shown activity in the gel
retardation assay. The actual sequence of these six regions (Figure
4, underlined) indicates that they do not correspond to factor-
binding sequences identified previously.

The inverted 5’ repeat appears to have some function in the
BCR promoter: within it, the complement of the sequence 5’
CACGATGGTGGCCTCTGACACGA 3’ (binding site 1 in
Figures 2B and 4) is protected by protein factors in both K562
and A498 extracts against DNasel digestion (Figure 6c);
interestingly, the sense strand of the 3’ repeat located in the 3’
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1190 TCGCCGTGCG GAGGAGCCCC GCACACAATA GCGGCGCGCG CAG-CCCGCG CCCTTCCCCC H

741 GCCGCGCGCT GCGGAGCEEE GCACACAMTA GCGGCOTGRS CAACCOLGES ceetientee M
1249 CGGCGCGCCC CGCCCCGCGC GCCGAGCGCC CCGCTCCGCC TCACCTGCCA CCAGGGAGTG H
801 ééCéCGCGéG éééééécékc cééc;ééccc CGCéGéééAG CéTééCAééT éACCTéCéGC M
1309 GGCGGGGATT GTTCGCCGCC GCCGCCGCCG CGCGGGGCCA TGGGGGCCGC CCGGCGCCCG H
861 CCéCéééGCG éCATTGTT-C éééééATCCG CéGééCCATG Aé ------ Cé TééééTéééC M
1369 GGGCCGGGCC TGGCGAGGCC GCCGCGCCGC CGCTGAGACG GG--CCCCGC GCGCAGCCCG H
914 AGCOCGRGEE COOTEAGAA GECGRGEEeE COLTEAGCEE GACTECGOGE GEGEAGETE M
1427 GCGGCGCAGG TAAGGCCGGC CGCGCC ATG GTG GAC CCG GTG GGC TTC GCG GAG H
574 GEGOEG-AGE TCA-GLCGGE Cocee ATG GTG GAC TCG GTG Goe TTC GeC GAG M
1480 GCG TGG AAG GCG CAG TTC CCG GAC TCA GAG CCC CCG CGC ATG GAG CTG H
1025 GGG TCG AGE GCG CAG TTC GGG GAC TeG GAG CCG Co6 COT ATG GAG CTG M
1528 CGC TCA GTG GGC GAC ATC GAG CAG GAG CTG GAG CGC TGC AAG GCC TCC H
1073 COE TEG GTG GET GAC ATC GAG CAG GAG CTG GAG CoC Toe ARG Gee Tee M
1576 ATT CGG CGC CTG GAG /t GAG TAC CAG CCC TAC CAG AGC ATC H
1121 TTA AGE COC TTC GAG ::;7/ GAG TAC CAA GOE TAC CAG AGC ATE M
2299 TAC GTC GGG GGC ATG —-——— GAA GGG GAG GGC AAG GGC CCG CTC CTG H
1853 TAT GTC GoA Goe ATG ;;e TG GAM GGG GAG GG AAG AGE GCT CTC 16 M
2344 CGC AGC CAG AGC ACC TCT GAG CAG GAG AAG CGC CTT ACC TGG CCC CGC H
1901 COA AGE CAG AGE ACT TCA GAG CAG GAG AAA CGE CTA ACE T6G CeT coC M
2392 AGG TCC TAC TCC CCC CGG AGT TTT GAG GAT TGC GGA GGC GGC TAT ACC H
1949 AGE TCC TAC TCG COT CGG AGT TTC GAG GAC AGE GGA GOT GGC TAC ACG M

repetitive sequence —e

2440 CCG GAC TGC AGC TCC AAT GAG AAC CTC AEC TCC AGC GAG GAG GAC TTC H
1997 CE6 GAC TGE AGE TCC AMC GAG AAC CTC ACE TG AGC GAG GAG GAC TTT M
2488 TCC TCT GGC CAG TCC AGC CGC GTG TCC CCA AGC CCC ACC ACC TAC CGC H
2045 TCo TOT GG CAG TCE AGE CGE GTG TCA CCA AGE GG ACC ACC TAC C6C M
2536 ATG TTC CGG GAC AAA AGC CGC TCT CCC TCG CAG AAC TCG CAA CAG TCC H
2093 ATG TTC CaG GAC AAG AGE CGC TCA COC TCG CAG AAT TCG CAG CAG Tee M
2584 TTC GAC AGC AGC AGT CCC CCC ACG CCG CAG TGC CAT AAG CGG CAC CGG H
2161 TIT GAC AGE AGC AGC COC GGG ACG CEA CAG TGC CAG ARG GGG CAGC 66 M
2632 CAC TGC CCG GTT c'wg_sm_m GGC GTC CGC AAG H
21189 GAG P66 GAG GrT GTG GTG TCT GAG GET ACC ATC GTG GOT GTC coe AMG M
2680 ACC GGG CAG ATC TGG CCC AAC GAT GGC GAG GGC GCC TTC CAT GGA GAC H
2237 ;éT ééé éi& ;;C TGG CCC CAT éi% ééG GAC AGC ACC T*é éAA ééG éAA M

Lxon 1 e—_repetitive sequence
2728 GCA GIGTGA GTTCCTCAQG CCACGTGCGT GGGCACACCT GCACGGGGGA GGAAAACCAT H

2285 ééi é &*éA é&Géé*TGTG TGGGCATACT TGGACCTGTT CTGGGACTCT TGAAGTAGAT M

Figure 4. Nucleotide sequence of human and mouse BCR gene promoter region. Coding regions are indicated as triplets. The protein binding regions in the human
DNA sequence are underlined and numbered as in Figure 2. The presumed TATA box in both human and mouse is boxed, and the start of the longest cDNA indicated
with an arrow. The repeat sequences S’ in the human BCR promoter and in the 3" exon/splice donor region are bracketed. The 11 consecutive GGCs which contain
protein binding site 4 are over-lined, as are CCAAT sequences in the human sequence.

coding and splice donor region of exon 1 (sequence: 5’
TCGTGTCCGAGGCCACCATCGTG 3, binding site 5 in
Figures 2 and 4) is also protected (not shown), although this
sequence contains one basepair difference (underlined) compared
to the 5’ repeat. In both areas, the digestion patterns are very
similar; the protected areas are also similar except that in the
3’ repeat the protected area extends further to the 5’ side.
Three other sites were identified in this manner; site 3 and 4
are located immediately 5’ to and within the 5’ untranslated region
of the mRNA (see Figure 2B). Site 3 is protected by K562 nuclear
factors but not by A498 extracts (Figure 6b); it corresponds to
an Spl site identified from the DNA sequence analysis (Figure
4), whereas site 4 contains a very GC-rich area consisting of 11
GGC’s (with exception of the eighth, a AGC) in tandem; this
region has the potential to form secondary structures (17). Very
prominent protection was found by both K562 and A498 extracts
of the sequence 5’ TAGGGCCTCAGTTTCCCAAAAGGCA 3’
corresponding to site 2 (Figure 6a). This sequence does not

correspond to any previously identified factor-binding recognition
sequence.

To investigate the activity of the promoter in vivo, different
fragments from the 5’ region were inserted into human growth
hormone (hGH) reporter gene vectors (see Figure 7). As recipient
cell line, NIH 3T3 cells were used: this cell line is frequently
used for promoter assays and high transfection efficiencies can
be obtained. Moreover, detectable levels of mouse BCR mRNA
are transcribed in this cell line; upon transfection of human
BCR/ABL constructs under control of the human BCR promoter
expression of P190 and P210 mRNA and protein can be easily
detected (N. Heisterkamp, et al., unpublished results). After
transfection, the production of hGH was determined using a
radioimmunoassay. A 1.5 kb Pstl/Smal fragment encompassing
the entire region under study had clear promoter activity; a 1.04
kb Apal/Smal fragment lacking sites the 5’ six protein binding
sites had comparable activity, as did an 0.65 kb Pstl/Smal
fragment also lacking site 1 (Figure 8). Thus, the removal of



2431 GGCTATACCC CGGACTGCAG CTCCAATGAG AACCTCACCT CCAGCGAGGA GGACTTCTCC

719 CCAGTCCTGC M‘:TC(.'."i'GGAA CAGGAACACT TGGCTC-CCT CCGGCCAGGA GGACTTCTCC

2491 TCTGGCCAGT CCAGCCGCGT GTCCCCAAGC CCCACCACCT ACCGCATGTT CCGGGACAAA

663 ---GGCCAGT CCAGCCGCGT GTCCCCAAGC CCCACCACCT

2551 AGCCGCTCTC CCTCGCAGAA CTCGCAACAG TCCTTCGACA

603 AGCTGCTCTC TCTGGCAGAA CTCGCAGCAG TCCTCCGACA GAAGCAACCT CCCCCCTCTG

2603 ————== CCAC GCCGCAGTGC CATAAGCGGC ACCGGCACTG CCCGGTTGIC GTGTCCGAGG

544 CCCCTACCAC GCCGCAGTGC CATAAGCGTC ACCG-CACTG CCCAGTCG! GAGG

rs

2657 CCACCATCGT GGGCGTCCGC AAGACCGGGC AGATCTGGCC CAACGATGGC GAGGGCGCCT

484 CCACCATCGT GGGCATCTGC AAGACCAGGC AGATCTGGCC CAACGATGCG GAGGGCACCT

exoni -T intron
2717 TCCATGGAGA CGCAGGTGAG TTCCTCACGC CACGT-GCGT GGGCACACCT GCACGGGGGA

424 TCCATGGAGA CGCAGGTAAG TTCCTCACAC CTCACAGCCT GGCCTCTCAC CAGCCTCAGG

s

Figure 5. Comparison of 5’ and 3’ repeats of the BCR gene. The coding strand
of the 3’ repeat and splice donor site is shown in the upper line; the antisense
strand of the 5’ repeat is shown in a 3’-5’ orientation on the lower line. Protein-
binding sequences in both fragments are underlined. The repeat sequence is defined
as from basepair 2468 —2744 in the 3’ region and from basepair 397 —683 in
the 5’ region; numbering of bases is as in Figure 4.
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Figure 6. DNase| footprinting analysis of the human BCR promoter. Panel a:
0.16 kb Pstl/Taqgl fragment (see Figure 2d) containing binding site 2. The positive
strand is labelled at the Tagql site. Panel b: 0.27 Taql/Ball fragment containing
the binding sequence 3. The negative strand is labelled at the Tagl site. Panel
c: 0.26 kb BglII/Pstl fragment containing the binding sequence 1. The negative
strand is labelled at the BglII site. To the right side of each panel, the DNA
sequence of the positive strand protected from DNase 1 digestion by nuclear extracts
is shown for convenience, regardless of which strand was labelled. The Sp1 motif
in Panel b is underlined. The number of basepairs from the labelled end is shown
to the left of each panel; Lane M: pBR322/Mspl marker. Lane C: partial digestion
pattern by DNase 1 without nuclear proteins (control). Lane K: DNA digested
in the presence of nuclear proteins isolated from K562 cells. Lane A: DNA digested
in the presence of nuclear proteins from A498 cells. Note that the shown sequence
represent the strongest protected nucleotides. In addition, in panel c an additional
7 nucleotides are hypersensitive bands.
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Figure 7. One of the constructs used in promoter activity measurement. A 0.65
kb Pstl/Smal fragment (solid bar) from the BCR promoter region (see Figure
8) was inserted into pSK (Stratagene); the fragment was excised with HindIII
and BamHI and inserted into the promoterless expression vector pPOGH (see
Materials and Methods) digested with HindIII and BamHI. pOGH is a pUCI12
(line)-based vector containing the entire genomic human growth hormone gene
but lacking its promoter (hatched box) inserted into the polylinker through the
restriction enzyme sites BamHI and EcoRI. The arrow indicates the predicted
start site for transcription initiation. The restriction enzyme sites marked in this
figure cut pOGH only once except Pstl, Tagl and Smal, which cut pPOGH more
than once.
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Figure 8. BCR gene promoter activity assay. DNA fragments indicated with lines
under the restriction enzyme map were tested for promoter activity. For each
fragment, the measurement was performed at least twice (2 to 5 times for different
fragments). To the right of these fragments, numbers representing promoter activity
relative to that of the longest fragment (1.5 kb Pstl/Smal), which was designated
as 100%, are shown together with the standard deviation (in%). The open bar
and the restriction enzyme sites are as in Figure 2; not all restriction enzyme
sites are shown.

the six 5’ binding sites and as well as the 5’ repeat sequence does
not seem to influence promoter activity in NIH 3T3 cells.
However, a dramatic loss of activity was observed when site 2
was omitted from the construct by testing an 0.49 kb Tagl/Smal
fragment; site 2 on its own (on an 0.16 kb Pstl/Taql fragment)
had no activity. Thus, the novel factor binding sequence identified
with the DNasel footprinting assays appears to be functionally
active in this in vivo assay system.

Finally, we compared the entire human promoter region to that
of the mouse, to determine whether sequences implicated in the
regulation of the human BCR gene promoter had been
evolutionary conserved. It is clear, that both human and mouse
have in common a TTTAA sequence which, in human, is located
50 bp upstream of the probable mRNA initiation site (Figure 4).
In addition, the human and mouse sequences surrounding the
possible TATA box are highly conserved. Based on this
conserved TTTAA box and surrounding areas, it seems that the
site of initiation may be controlled by a similar mechanism in
human and mouse. Protein binding site 4 in human, consisting
of 11 consecutive GGCs, is lacking in mouse. The murine
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promoter also does not contain binding site 3, the Spl site, and
site 2 mentioned above in human.

Further to the 5', additional regions of limited homology
between man and mouse are found. This homology is most
pronounced from nucleotides 50 —469 in the human sequence.
However, none of six 5' binding sites are precisely conserved.
Further studies will therefore be needed to determine whether
they are functional in vivo in the mouse.

DISCUSSION

In the current study, we have identified and characterized the
promoter of the human BCR gene. Initially, using expression
in transgenic mice, promoter activity was located to a region of
up to 3.5 kb 5’ to the gene. Subsequently, a region of 1.1 kb
was analyzed in detail by sequencing, DNasel footprinting, gel
retardation and functional studies. The combined results point
to several unique and interesting features of this promoter and
localize the minimal region for promoter activity to a 270 bp
sequence.

Seven sequences (the six 5’ binding sequences and binding site
1) were identified, which are protected by nuclear proteins against
DNasel digestion by K562 and A498 extracts. The fragments,
on which these sites are located, showed clear binding to protein
factor(s) in gel retardation assays using K562 extracts. Therefore,
it seems likely that they have some function in the regulation of
BCR gene expression in these cell types. However, in a functional
assay in NIH 3T3 fibroblasts, these fragments had little or no
influence on the promoter activity. Since the BCR gene is
normally expressed at a low level in mouse fibroblasts, this could
indicate, that the sites may be involved in tissue-specific
regulation: these factors would then be absent from this cell type.
Indeed, in comparison with initial data obtained from experiments
to determine the activity of the human ABL 1B promoter in NIH
3T3 cells (Q-S Zhu et al., unpublished) using the same growth
hormone assay system, the BCR promoter has a relatively low
overall activity. Therefore, the possibility of tissue-specific
binding sites in the BCR gene promoter will be examined in future
studies.

Of these protein binding sites, site 1 is the most enigmatic.
Presently, we can only speculate as to its function. Since the
repeat sequence and the binding site within it is conserved almost
perfectly within the 3’ end of exon | and adjoining splice donor,
it may be possible that factors bind primarily to the 3’ sequence,
site 5. Our footprinting experiment indicates, that a protein factor
protects both strands of DNA and thus appears to bind to double-
stranded DNA. In the 5’ area the repeat is situated 5’ to the
probable transcription start site and will not be included in the
mRNA. Therefore, there is no evidence for a role in splicing
or processing of RNA.

The repeat at the 5’ end seems to be a relatively recent addition
in evolution: mouse genomic DNA lacks this 5' repeated
sequence. This indicates, that the 5’ repeat was derived from the
3" BCR exon 1 repeat; the fact, that the homology between 5'
and 3’ repeat terminates after the splice donor site suggests a
mechanism involving an RNA intermediate for the creation of
the 5’ repeat. However, this could not have occurred through
a simple retrotransposon mechanism of exon 1, since only 274
bp of exon 1 are included in the 5’ repeat.

In contrast to the six 5’ binding sites and site 1, three sequences
(sites 2—4) are located on a DNA fragment which showed no
activity in a gel retardation assay. This fragment is relatively large
and is extremely GC-rich; perhaps the formation of secondary

structures under the conditions of the in vitro gel retardation assay
precluded the binding of protein. These results notwithstanding,
sites 2—4 were protected by nuclear extracts against DNasel
digestion and the minimal promoter is located in this very region.

Within this area, the human BCR promoter contains a protein-
binding GC-rich region (site 4) consisting of 11 tandem GGC’s
(17). The region is located within the 5’ untranslated region of
exon 1. It has been suggested, that direct repeats and in particular
this repeat will form secondary structures in mRNA; this affects
the translation of BCR mRNA in vitro but not in vivo (30).
However, the fact that this sequence in the form of double
stranded DNA was found to bind nuclear protein suggests that
it may have some role in transcription.

An Spl site (site 3) is also located here, about 20 bp 5’ of
the TTTAA sequence. This Spl site very likely contributes to
the promoter activity. However, the Sp1 site together with the
TTTAA box can only sustain a very low level of transcription
and it is clear that an additional sequence, site 2, is needed for
efficient expression. Of all features identified in the BCR
promoter region, this site exhibits the strongest protein binding.
To date, this specific sequence has not been previously identified
and our results suggest that the protein factor binding this
sequence may represent a new transcription factor. The fact that
site 2 on its own has no promoter activity may indicate that the
TATA box is required for its activity. Indeed, the proximity of
site 2 to the TTTAA box suggests that the factor binding this
sequence may interact directly with RNA polymerase.

Most of the features identified in the human BCR gene
promoter seem to have been acquired relatively recently in
evolution, since they were not found in its murine counterpart;
interestingly, although the coding sequences of the first exons
are closely conserved, the 5’ regions diverge significantly and
this suggests that the two genes may be subject to different
controls in man and mouse. Whether this has bearing on the
genesis of Ph-positive leukemia, a chromosomal analogue of
which to date has not been identified in mouse, remains a matter
of speculation. The identification of site 3 as a site specific for
human, which is bound by protein from K562 nuclear extracts
but not from kidney fibroblasts, indicates it may be possible to
identify myeloid-specific factors. Thus, studying the regulation
of the normal human BCR gene promoter may enable us to also
investigate aspects relevant to the production of BCR/ABL
mRNAs implicated in leukemia.
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