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The t(14,18) chromosomal translocation that occurs in human follicular lymphoma constitutively activates
the BCL2 gene and disrupts control of apoptosis. Interestingly, 70% of the t(14,18) translocations are confined
to three 15-bp clusters positioned within a 150-bp region (major breakpoint region or [MBR]) in the untrans-
lated portion of terminal exon 3. We analyzed DNA-protein interactions in the MBR, as these may play some
role in targeting the translocation to this region. An 87-bp segment (87MBR) immediately 3’ to breakpoint
cluster 3 was essential for DNA-protein interaction monitored with mobility shift assays. We further delineated
a core binding region within 87MBR: a 33-bp, very AT-rich sequence highly conserved between the human and
mouse BCL2 gene (37MBR). We have purified and identified one of the core factors as the matrix attachment
region (MAR) binding protein, SATB1, which is known to bind to AT-rich sequences with a high propensity to
unwind. Additional factors in nuclear extracts, which we have not yet characterized further, increased SATB1
affinity for the 37MBR target four- to fivefold. Specific binding activity within 37MBR displayed cell cycle
regulation in Jurkat T cells, while levels of SATB1 remained constant throughout the cell cycle. Finally, we
demonstrated in vivo binding of SATB1 to the MBR, strongly suggesting the BCL2 major breakpoint region is
a MAR. We discuss the potential consequences of our observations for both MBR fragility and regulatory

function.

The t(14,18) translocation of human follicular lymphoma
activates the oncogene BCL2 (22, 25) and aborts programmed
cell death (11, 12, 18). Although the BCL2 gene is more than
200 kb long, at least 70% of translocations occur within a
150-bp sequence located in the untranslated portion of the
terminal exon, designated the major breakpoint region (MBR)
(4, 25, 26). We have shown that the targeting of BCL2 trans-
location within the MBR is considerably more precise than
previously appreciated (27). Nearly all breakpoints that we
examined (51 of 62) occurred within three 15-bp-wide clusters
spaced evenly at approximately 50-bp intervals along the MBR.
The breakpoints demonstrated fusion of BCL2 sequences to
J coding sequences in a canonical form suggesting rearrange-
ment into immunoglobulin gene coding joints. Like immuno-
globulin heavy-chain (IgH) rearrangements, untemplated nu-
cleotides were usually present at the breakpoints.

Tsujimoto et al. (26) suggested that these recombinations
could be explained by the presence of a pseudo-Dy; element
within the MBR. Under this model, aberrant events leading to
translocation would involve the V(D)J recombinase recogniz-
ing and using immunoglobulin signal sequences within the
MBR to target the MBR-J; fusion. The inappropriate use of
ectopic immunoglobulin signal sequences has been convinc-
ingly demonstrated in the translocation of other genes, such as
TTG1 (19). However, the clustering of translocation break-
points as described in our study is completely inconsistent with
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the pseudo-D model. In this latter instance, translocations
should occur in one cluster—the junction of pseudo-D coding
and signal sequences—rather than at the three observed clus-
ter sites. Furthermore, no signal joint has ever been found on
the reciprocal product, der 18q-. Therefore, while the V(D)J
recombinase probably participates in BCL2 translocation by
site-directed cleavage and DNA end generation within the
IGH locus, some other determinant(s) must be responsible for
the involvement of the MBR.

Two general alternatives to the pseudo-D model, which are
not mutually exclusive, may be offered in explanation of BCL2
translocation. The first is that translocations take place through
the stochastic intervention of any one of a host of recombina-
tion/repair mechanisms (RRM). The hyperrecombination phe-
notype of several chromosome instability disorders, for exam-
ple, is likely to be explained by deficiencies of products
important in these several pathways; the rare errors of an
otherwise intact RRM could, therefore, generate transloca-
tions. It should be noted that this hypothesis includes the
possible existence of DNA signals that target RRM, creating
translocation hot spots. Although such hot spots may be dis-
tributed throughout the genome, in those (presumably fortu-
itous) instances in which hot spots and growth-regulatory
genes, such as BCL2, are located in the same region of DNA,
rearrangements targeted by the hot spot may create a select-
able phenotype through regulatory or coding sequence alter-
ations in the nearby gene.

We have previously shown that an octamer consensus se-
quence, CC(A/T)CC(A/T)GC, present in 50% of highly re-
combinogenic minisatellite repeat unit motifs, also occurs at or
near the breakpoints of several oncogene translocations, in-
cluding those involving MYC and BCL2 (16). Of particular
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interest is the observation that tandem 8-for-8 and 7-for-8
matches of this octamer, designated x because of its homology
to the recognition signal of the RecBCD recombinase of Esch-
erichia coli (23), form the immediate 5’ boundary of the MBR:
The first translocation cluster begins at the first MBR base 3’
to the 8/8 x. On the basis of this association, we have suggested
the hypothesis that the consensus is a targeting signal for an
RRM and, as such, defines a recombination hot spot for trans-
location within the MBR.

The alternative model is that BCL2 translocations take place
at precise locations within the MBR because such rearrange-
ments disrupt or alter functional configurations that occur
there. Other than polyadenylation and message stability sig-
nals, however, little is known of the potential functional fea-
tures of untranslated, terminal exons. In the case of BCL2,
mRNA produced from translocated genes shows no half-life
alteration (22), although an advantage over wild-type mRNA
in posttranscriptional processing has been noted (21). There-
fore, a functional basis for targeting rearrangements would
necessarily involve a currently unknown (or unexpected) use of
DNA sequence.

To begin distinguishing between these possibilities, we have
identified and characterized several complexes that form when
nuclear extracts are incubated with DNA probes from this
region of BCL2. Our initial studies indicated complexes form-
ing with a 279-bp target that included the three breakpoint
clusters described by Wyatt et al. (27) and approximately 175
bp of 5" and 3’ flanking DNA. The most prominent of these
was a very slowly migrating complex with a binding site within
the AT-rich region immediately flanking breakpoint cluster 3
(7). We now report purification and characterization of a ma-
trix attachment region (MAR) binding protein present in this
complex.

MATERIALS AND METHODS

Cell lines. Jurkat is a human T-cell leukemia cell line. SUDHL-6 is a cell line
derived from a human diffuse B-cell lymphoma and carries the t(14,18) translo-
cation characteristic of BCL2-IGH fusions. HL60 is derived from a human acute
promyelocytic leukemia, and MCF-7 is a human breast cancer cell line.

Preparation of nuclear extract. Nuclear extracts were prepared as described by
Dignam et al. (8). The nuclear extracts from sorted cells and transient transfec-
tions were prepared as described by Andrews and Faller (1). Protease inhibitors
phenylmethylsulfonyl fluoride (PMSF) and benzamidine to 1 mM and aprotinin,
leupeptin, and pepstatin to 1 wg/ml were used in all nuclear extract preparations.

Preparation of target DNA. The 279-bp double-stranded DNA probe for gel
shift analysis was PCR labeled as described by DiCroce and Krontiris (7), using
primers RTW2 and RTW3. The 87MBR (87-bp segment of the MBR) probe was
PCR labeled by using oligomers PDC4 (5’AATGATCAGACCTTTGAATGA
3") and the 3’ oligomer, RTW3. The 37MBR oligomer probe was prepared by
annealing 37-bp sense and antisense oligonucleotides in the presence of 50 mM
NaCl. The ends of the oligonucleotides containing Sall and Xhol sites were then
filled in the presence of [a->?P]dATP (3,000 Ci/mmol), [a-**P]dCTP (3,000
Ci/mmol), dTTP, and dGTP, using the Klenow fragment of DNA polymerase I
(New England Biolabs). The radiolabeled 37MBR probe was then purified by
using a QIAquick nucleotide removal kit (Qiagen) or probeQuant G-50 micro-
columns (Pharmacia). Gel-purified 37MBR oligomers for the DNA affinity col-
umn were prepared similarly to the method for gel-purified 279MBR probe
preparation (7).

MSA. DNA-protein binding reactions were carried out in 20 ul of a mixture
containing 10 mM Tris HCI (pH 7.5), 40 mM NaCl, 1 mM EDTA, 1 mM
B-mercaptoethanol, 4% glycerol, 0.5 pg of poly(dI-dC), 3 ng of probe, and 2 pg
of nuclear extract. The samples were incubated for 30 min at room temperature.
The reaction products were separated by electrophoresis through a 4% poly-
acrylamide gel in 1X TBE (89 mM Tris HCI [pH 8.0], 89 mM boric acid, 2 mM
EDTA). In competition experiments, nonradioactive oligonucleotide competi-
tors were added along with labeled probe to the binding reaction prior to the
addition of nuclear extract. For Resource Q column fractions, assays were per-
formed with 100 ng of poly(dI-dC) per reaction; for 37MBR and poly(rA)-
oligo(dT) columns, 50 ng of poly(dI-dC) and 4 pg of bovine serum albumin
(BSA) per reaction were used. Some gel mobility shift assays (MSAs) (Fig. 6 and
7A) were done as described by Dickinson et al. (6), with slight modifications. The
reaction volume was 20 pl containing 10 mM HEPES (pH 7.9), 1 mM dithio-
threitol (DTT), 50 mM KCI, 2.5 mM MgCl,, 10% glycerol, BSA (0.2 pg/ul),
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poly(dI-dC) (0.05 to 0.25 pg), and purified SATBI1 (special AT-rich binding
protein 1) at room temperature for 20 min. The samples were separated over a
6% acrylamide minigel (8 by 10 cm) containing 0.05% bisacrylamide, 5% glyc-
erol, and 0.5X TBE. The gel was run at 120 V at 4°C for 2 h.

Chromatographic purification of SATB1 from Jurkat cells. The nuclear ex-
tract (5 mg) was passed through a NAP-10 column equilibrated with buffer A (20
mM HEPES [pH 7.9], 0.5 mM EDTA, 0.5 mM dithiothreitol, 5% glycerol, 0.5
mM PMSF, 0.1 M NaCl). The extract in buffer A and 0.1 M NaCl was applied
onto a Resource Q column (1 ml; Pharmacia) attached to an AKTA purifier
system (Pharmacia). The column was washed with 10 ml of buffer A, and protein
was eluted with an increasing linear gradient of NaCl in buffer A. Fractions
containing complex B1 or B3/B4 were diluted in buffer B (20 mM HEPES [pH
7.9], 12.5 mM MgCl,, 1 mM DTT, 20% glycerol, 0.1% NP-40, 1 mM PMSF, 0.075
M NaCl) and passed over the 37-mer DNA affinity column. The proteins were
eluted with an NaCl step gradient. The fraction containing SATB1 and poly-
(ADP-ribose) polymerase (PARP) (0.3 M NaCl) was diluted in buffer B (without
NP-40) and passed through a poly(rA)-oligo(dT)-cellulose column. The bound
proteins were eluted with an NaCl step gradient.

Preparation of DNA affinity and poly(rA)-oligo(dT) columns. Gel-purified
oligomers of 37MBR were annealed and ligated as described by Kadonaga and
Tjian (13). The oligomers (400 wg) were coupled to 0.8 g of cyanogen bromide-
activated Sepharose 4B (Pharmacia). The coupling of the oligomers to the resin
was performed as described by Kadonaga and Tjian (13). The resin was stored in
column storage buffer (10 mM Tris HCI [pH 7.6], 1 mM EDTA, 0.3 M NaCl,
0.02% sodium azide) at 4°C. The poly(rA)-oligo(dT)-cellulose column was pre-
pared by suspending 1 g of oligo(dT)-cellulose (Pharmacia) in buffer D (50 mM
Tris HCI [pH 8.0], 0.5 mM EDTA, 12 mM B-mercaptoethanol, 5 mM MgCl,, 1
mM PMSF, 5% glycerol) for 10 min at room temperature (15). A solution of
poly(rA) (10 mg/ml in 10 mM Tris HCI [pH 8.0]-1 mM EDTA) was incubated
with the oligo(dT)-cellulose suspension [100 A,4, units/g (dry powder) of oli-
go(dT)] with shaking at room temperature for 30 min. The unbound poly(rA)
was removed with equilibration buffer washes.

Western blot analysis. Protein samples were mixed with equal volumes of 2X
sample buffer (100 mM Tris HCI [pH 6.8], 200 mM DTT, 4% sodium dodecyl
sulfate (SDS), 0.2% bromophenol blue, 20% glycerol), boiled for 5 min, and
resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in 6% mini-
gels. The proteins were electrophoretically transferred to Immobilon P mem-
brane (Millipore) in 25 mM Tris HCI (pH 8.3)-192 mM glycine for 1 h at 60 V.
The membrane was blocked in 5% BSA in TST buffer (20 mM Tris HCI [pH 7.4],
0.5 M NaCl, 0.05% Tween 20), washed in TST buffer and incubated with a
1:2,000 dilution of rabbit anti-SATB1 serum (20) at 4°C overnight. The mem-
brane was washed and incubated with anti-rabbit antibody conjugated to horse-
radish peroxidase as the secondary antibody (1:10,000) for 2 h at room temper-
ature. The blot was extensively washed with TST buffer, incubated with enhanced
chemiluminescence reagent solution (Amersham), and exposed to X-ray film for
visualization of the SATB1 band. For detection of PARP protein, the primary
antibody was goat polyclonal anti-PARP antibody (1:500; Santa Cruz Biotech-
nology), and the secondary antibody was an anti-goat antibody conjugated to
alkaline phosphatase (Bio-Rad). This blot was developed with an Immune-Lite
chemiluminescence assay kit (Biorad).

Staining of protein gels. Protein gels were silver stained by using a Bio-Rad
Silver Stain Plus kit.

Transient transfection. MCF-7 cells were transfected with a total of 30 pg of
DNA from pECE (vector alone) or pECH (SATBI expression plasmid) (6),
using a calcium phosphate transfection kit (Promega). Cells were incubated with
DNA for 20 h following transfection. The medium was then changed, and the
cells were harvested 48 h posttransfection in TEN (40 mM Tris HCI [pH 7.5], 1
mM EDTA, 150 mM NaCl) and washed once with phosphate-buffered saline.
The nuclear extracts were prepared by the protocol of Andrews and Faller (1).

FACS. The Jurkat cells (5 X 10° cells/ml) were incubated with Hoeschst 33342
dye (10 pg/ml) at 37°C for 1 h. The cells were then concentrated to 3 X 107/ml
and incubated on ice for 30 min. Cells were sorted into six fractions with a
fluorescence-activated cell sorting (FACS) analyzer (MoFlo; Cytomation, Inc.).

Liquid chromatography-MS/MS sequencing analysis. The purified proteins
were separated on an SDS-6% polyacrylamide gel. The protein in the gel was
then subjected to the in-gel reduction-alkylation-digestion procedure as de-
scribed by Hellman et al. (10). The peptides obtained following tryptic digestion
were then subjected to liquid chromatography-tandem mass spectrometry (MS)
analysis (24) on a MAT TSQ-700 triple-quadrupole mass spectrometer (Finnigan
Corp., San Jose, Calif.).

In vivo SATBI1 binding assay. Jurkat cells were grown in RPMI 1640 medium
containing 10% fetal bovine serum in a humidified atmosphere of 5% CO,. In
vivo cross-linking and immunoprecipitation with anti-SATB1 and control anti-
bodies were performed by the published protocol (5, 15a) except that the cross-
linked chromatin was digested with Rsal and HindIII (New England Biolabs).
After the reversal of formaldehyde cross-links and DNA purification, DNA was
PCR amplified to identify sequences binding SATBI in vivo. Six oligonucleotides
were used as primers to PCR amplify three loci: BCL2 locus (5'CTTTAGAGT
TGCTTTACGTTG3'/5' TCCATATTCATCACTTTGACAA3'), SBS3 locus (5'C
AAGATTTTGATGGCCCCAAGCA3'/5'"GGGCTTTACCAGATGAGAAT
3’), and HBB (5’ AGAAACTGCAGATTCTCTGCAT3'/5'CCTTCTACTTAGC
CTACTTTTGAZ'). SBS3 is a locus isolated from Jurkat cell DNA that served as
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FIG. 1. (A) Schematic diagram of the BCL2 locus. Positions of the BCL2 gene exons, the MBR, the breakpoint clusters (C1, C2, and C3) and the AT-rich 3’ end
are shown. The subregions of the MBR (279MBR, 87MBR, 37MBR, and 151MBR) used in the DNA-protein interaction analyses are also shown. (B) DNA sequence
of the MBR. Positions of the probes are demarcated with thin arrows (279), thick hatched arrows (87), and thick solid arrow (37). The three breakpoint clusters are
underlined; a hatched horizontal line indicates the extent of 37MBR. (C) MSA probes and competitors. The 37-bp oligomer corresponding to 37MBR and its mutations
used in gel MSAs are shown. Lowercase boldface letters indicate positions of mutations.

a positive control for SATB1 binding in vivo (5; GenBank/EMBL/DDBIJ acces-
sion no. AF051676). The sequence chosen from human B-globin locus (HBB;
accession no. U013171, positions 6789 to 7098), in which there is no SATB1
binding site, served as a negative control. The accession number for the MBR
region is M13994.

PCR was performed in a 50-ul volume including 2.5 U of Taq polymerase
(Display Systems Biotech), 1X manufacturer’s buffer, 1.5 mM MgCl,, four (200
uM each), deoxynucleoside triphosphates and 2 uM each primer. Cycling con-
ditions were as follows: 2 cycles of 95°C for 3 min, 53°C for 3 min, and 72°C for
3 min, 38 cycles of 94°C for 1 min, 53°C for 1 min, and 72°C for 1 min, and an
additional 5 min at 72°C. PCR products were examined by 2% agarose gel
electrophoresis in the presence of ethidium bromide.

RESULTS

Sequence localization, specificity, and preliminary charac-
terization of nuclear complexes binding the MBR. We previ-
ously described the appearance of a slowly migrating nucleo-
protein complex when nuclear extracts from particular human
leukocyte cell lines, such as Jurkat, were incubated with the
279MBR target (7). A distinct complex that migrated even
more slowly than that of Jurkat formed in the presence of
nuclear extracts from all other human and mouse cell lines
tested, including those of epithelial, fibroblastic, and leukocytic
origin. To characterize these complexes further, we performed
deletion analysis of the 279MBR region, using nuclear extracts
from two cell lines displaying prototypic forms of the slowly
migrating complexes, Jurkat and MCF-7, in MSAs. Three tar-
gets of successively smaller size were used: 279MBR, 8TMBR,
and 37MBR (Fig. 1A). The Jurkat complex formed with all
targets (Fig. 2A). Interestingly, the more slowly migrating com-
plex seen in MCF-7 and other cell lines was observed only with
the larger targets, 279MBR and §7MBR; no complex was vi-
sualized with the smaller 37MBR target (Fig. 2A). Therefore,
we concluded that the core binding complex in Jurkat extracts
required only the AT-rich, 37-bp region just downstream of
breakpoint cluster 3 and that the core factor(s) involved was
absent or inactive in MCF-7 and related nuclear extracts. Spec-
ificity of the core complex present in Jurkat nuclear extracts

was verified in MSAs using cold (unlabeled) competitors. With
a labeled 87MBR target, cold competitors consisting of either
87MBR or 37MBR effectively competed for binding, whereas
151MBR competitor representing the 5’ region of the MBR
did not compete.

Following localization of core factor binding to the 37MBR
fragment, we used this target in all subsequent analyses and
purifications. As seen in the final lane of Fig. 2B, as well as in
Fig. 2C, four complexes were reproducibly detected with this
probe, although their relative intensities varied from experi-
ment to experiment. They were designated B1 through B4 and
represented the slowest- to fastest-migrating complexes, re-
spectively. B1 was consistently present in large amounts when
the 37MBR target was used, as was B4. There was considerable
variation in the amount of B2 complex from experiment to
experiment. B3 was always present in very low amounts.

To complete our characterization of the specificity of these
complexes, competition MSAs were performed with a variety
of mutated targets (depicted in Fig. 1C). The principal com-
plex observed in all MBR MSAs with Jurkat was B1, and this
complex was effectively competed only by wild-type oligomer.
Several of the mutant oligomers showed diminished effects in
competition, as expected. Of note, the Mu2 competitor com-
peted somewhat more effectively than Mul and Mu3, indicat-
ing that the terminal region of the 37-bp target was more
important to the overall interaction with the core factor(s).
The nonspecific binding of the B2 complex was competed by
both wild-type and mutant competitors. Complex B4 was not
abolished by any competitor, and B3 showed a variable pattern
of competition suggesting, perhaps, an intermediate degree of
specificity; as seen in Fig. 2C, competition from the wild-type
oligomer was somewhat more effective than competition with
Mul to Mu3. Because the 37MBR target was so AT rich, we
were concerned that it could denature under our experimental
conditions and bind as single-stranded DNA. Lanes 6 and 7 of
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FIG. 2. (A) Complex formation in the MBR region of the BCL2 gene. Probes corresponding to the various regions of MBR (279, 87, and 37 in Fig. 1B) were used
in MSAs with Jurkat and MCF-7 nuclear extracts. The reaction products were electrophoresed through 4% polyacrylamide gels, dried, and subjected to autoradiography
as shown. Positions of the specific complexes in Jurkat and MCF-7 are marked B1 and B1’, respectively. (B) Competition MSA with the 87MBR target. The radiolabeled
87MBR probe was incubated with Jurkat nuclear extract in the absence and presence of cold oligonucleotide competitors. Lane 1 has no competitor; lanes 2, 4, and
6 have 5-fold and lanes 3, 5, and 7 have 10-fold molar excesses of the cold competitors indicated (see also Fig. 1A). In lane 8, the binding reaction was done with 37MBR
as the probe. The reaction products were electrophoresed through a 6% polyacrylamide gel and processed as described above. (C) Competition MSA with 37MBR as
the target. The MSA reaction was carried out as for panel B in the absence (lane 1) or presence (lanes 2 to 7) of 10-fold molar excess of the cold competitors (Fig.
1C). The products were analyzed on a 4% polyacrylamide gel. The DNA-protein complexes, B1 through B4, are indicated with arrows. Wt, wild type; As, single-stranded

antisense DNA competitor; Ss, single-stranded sense DNA competitor.

Fig. 2C indicate no competition of complex formation in the
presence of either antisense- or sense-strand single-stranded
DNA competitor. Thus, complex formation required a double-
stranded target.

Purification of B1 and B3/B4 components from Jurkat nu-
clear extract. In preparation for purification of the complexes
that we observed with the 37MBR target, we used bromode-
oxyuridine-mediated UV cross-linking to determine the num-
ber and size of factors present in Jurkat nuclear complexes
(data not shown). Following binding to bromodeoxyuridine-
substituted and radiolabeled 37MBR probe, complexes Bl
through B4 were excised from gels and subjected to SDS-
PAGE. The B1 complex consisted of several high-molecular-
weight proteins. One major protein band was approximately
300 kDa, while three to four more bands were clustered be-
tween 100 and 140 kDa. These bands were abolished when the
affinity labeling was performed in the presence of cold wild-
type competitor but not in the presence of Mul. The most
prominent of the B1 proteins was approximately 100 kDa. The
B2 complex had one major protein in common with B1 at ~100
kDa. Several proteins appeared in the B4 complex; the most
prominent was ~70 kDa, with minor bands at ~86 to 90 and
>300 kDa. The latter were not reproducibly present. The B3
complex shared the 70- and 86-kDa bands with B4 and had
variable amounts of the ~100-kDa protein. Larger proteins
were absent in this complex.

Because the Jurkat nuclear extract demonstrated the highest
level of complex formation with MBR targets, we subjected it
to a series of chromatographic steps to purify the protein
constituents of several complexes. The purification scheme is
shown in Fig. 3A. MSAs using 37MBR as the probe were used
to monitor protein binding activity through all purification
steps. Linear gradient elution from a Resource Q anion-ex-
change column using increasing concentrations of NaCl suc-
cessfully resulted in a 100-fold purification of the B1 complex
(Fig. 3B, fractions 13 and 14) and its separation from com-
plexes B2, B3, and B4. B3 and B4 were also isolated indepen-
dently of other complexes in fractions 34 and 35 (not shown).

Active fractions containing complexes B1 and B3/B4 were then
applied separately to a Sepharose 4B column to which concat-
enated 37MBR oligomers had been coupled; proteins were
then eluted with an NaCl step gradient. Two bound proteins
present in the Bl-containing Resource Q fractions with appar-
ent molecular masses of 103 and 118 kDa coeluted from the
affinity column at 0.2 and 0.4 M NaCl (Fig. 4A). Three proteins
of 70, 86, and >300 kDa were present in the high-salt eluates
of the affinity column loaded with active Resource Q fractions
containing the B3 and B4 complexes (Fig. 4D). These repro-
duced both the B3 and B4 complexes in MSAs (Fig. 4E).

The proteins eluted from the affinity columns were then
subjected to SDS-PAGE. The Coomassie blue-stained bands
from B1- and B3/B4-specific gels were excised, and individual
bands were digested with trypsin. The bands from the Bl
complex shown in Fig. 4A were identified by using MS analysis
as PARP (118 kDa) and SATBI1 (103 kDa). SATBI is a cell-
type-restricted MAR-binding protein which is predominantly
expressed in thymocytes (6). For SATBI, six oligopeptides,
ranging in size from 9 to 18 amino acids, were identified as
identical to the previously established SATB1 protein se-
quence (Fig. 5A). For PARP, five oligopeptides were identified
(Fig. 5B). The three proteins from the B3 and B4 complexes
were similarly identified as Ku70 (Fig. 5C), Ku86 (Fig. 5D),
and the DNA-dependent protein kinase (Fig. SE). All these
identifications were consistent with our preliminary results
from UV cross-linking.

The final step of the purification scheme for the B1 complex
was passage of the mixture containing SATB1 and PARP over
a poly(rA)-oligo(dT)-cellulose column. We attempted this be-
cause of the reported affinity of PARP for a variety of DNA
structures, including single strands and gaps, which SATBI1
does not bind. In confirmation of these reported differences,
SATBI1 appeared in the flowthrough of this column, while
PARP bound very tightly and was subsequently eluted with 1.0
M NaCl (Fig. 4B).

Reconstitution of 37MBR complexes with proteins purified
from affinity chromatography and poly(rA)-oligo(dT) cellu-
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FIG. 3. (A) Schematic detail of chromatographic purification of the B1 complex. FT, flowthrough; DAC, DNA affinity chromatography. (B) MSA with the protein
fractions obtained from the Resource Q column. The binding reaction was performed in the presence of 100 ng of poly(dI-dC) as nonspecific competitor with Jurkat
nuclear extract (load [L]; lanes 2 and 16). Other lanes contain flowthrough (FT; lanes 3 to 5), column washes (lanes 6 to 10), and eluates obtained with a linear NaCl
gradient (lanes 11 to 13 and 16 to 20). Purified B1 complex, corresponding to lanes 13 and 14, is indicated with an asterisk. C, standard MSA with Jurkat nuclear extract.

lose. To determine if the complexes formed with whole nuclear
extracts could be reproduced with purified protein prepara-
tions, we performed MSAs with eluate from the DNA affinity
column, as well as the SATB1 and PARP components purified
from poly(rA)-oligo(dT)-cellulose chromatography. When the
SATB1-PARP mixture (Fig. 4C, lane 3) was incubated with
37MBR target, a complex of the appropriate size was ob-
served. However, when flowthrough was added to the SATB1-
PARP mixture, binding activity was substantially increased
(Fig. 4C, lane 4), and the complex morphology widened con-
siderably to reproduce the pattern observed with crude nuclear
extracts. The same effect was observed with SATB1 purified
from poly(rA)-oligo(dT)-cellulose. While purified SATB1 re-
produced the B1 complex when present in high concentrations
during MSA reactions, the binding activity was augmented in
the presence of flowthrough from the DNA affinity column
(Fig. 4C, compare lanes 5 and 6). For the MSAs shown in Fig.
4C, lanes 5 and 6, amounts of purified SATB1 and flowthrough
from the DNA affinity column were chosen from the binding
curves in Fig. 6 to illustrate the effect on binding more clearly.
When we quantitated the dissociation constant with purified
SATBI, the effect of flowthrough on binding was substantial: a
fivefold decrease in the K, from 2.1 to 0.4 (Fig. 6). This effect
was observed only on reconstitution of the complex with
SATBI and the flowthrough from the DNA affinity column of
the B1 complex. Flowthrough from the B3/B4 affinity column,
as well as several control variations of the binding reaction
testing the effects of salt, buffer, and pH (9), had no influence
on SATBI affinity (not shown). The same effect of flowthrough
on SATBI binding was observed when we replaced SATBI1
purified from Jurkat with SATB1 expressed in, and then puri-
fied from E. coli (not shown).

Presence of SATB1 in B1 complexes formed with Jurkat
extracts. To investigate further the roles of SATB1 and PARP
in Jurkat complex formation, we repeated MSAs with Jurkat
nuclear extracts in the presence of anti-SATB1 antibody (Fig.
7A). Available antibody preparations against SATB1 do not
produce supershifts; rather, complex formation is inhibited
(6a). As shown in lanes 2 and 3 of Fig. 7A, anti-SATBI1 anti-
body, but not anti-PCNA antibody, had a marked inhibitory
effect. Incubation of extracts with antibody before and after
addition of target DNA gave the same result. As additional
evidence supporting the presence of SATBI1 in the Jurkat Bl

complex, we scaled up an MSA with crude nuclear extract as
well as with combined eluate and flowthrough of the DNA
affinity column. These complexes were excised from MSA gels
and then subjected to SDS-PAGE and Western blotting.
SATBI1 was clearly present in complexes formed with both
crude extract (Fig. 7B, lane 2) and, as expected, with proteins
purified from the affinity column (lane 3). In contrast, PARP
was absent in complexes from both sources (Fig. 7C). No
inhibition of complex formation or supershifting was observed
when anti-PARP antibody was used in MSAs of B1 complex
formation (data not shown).

Transient expression of SATB1 in MCF-7 cells. MSAs with
nuclear extracts from cell lines such as MCF-7 did not dem-
onstrate the B1 complex (Fig. 2A), suggesting the absence of
Jurkat factors critical to complex formation. Given the previ-
ously described results concerning SATB1, complex formation
in the cell lines that we have tested should therefore correlate
with the presence or absence of this protein in nuclear extracts.
We tested this hypothesis in several ways. First, Western blot-
ting of nuclear extracts from three Bl-complex-positive cell
lines (Jurkat, SUDHL-6, and HL60) and one Bl-complex-
negative cell line (MCF-7) was performed; the level of SATB1
protein corresponded well with the level of complex formation
(Fig. 8A). Levels of SATB1 were highest in Jurkat, where we
observed the largest amount of Bl complex, and absent in
MCEF-7. Two cell lines with intermediate levels of complex
formation (SUDHL-6 and HL60) demonstrated levels of
SATBI1 that fell between those of Jurkat and MCF-7. All
positive cell lines shared a larger form of SATBI1 equivalent to
that purified from affinity chromatography. A second, smaller
form appeared in HL60; an alternative form slightly larger
than the HL60 second component was detected in Jurkat.
Whether these forms represented specific degradation prod-
ucts, posttranslational modifications, or the products of alter-
native splicing has not yet been ascertained. Phosphorylation
of SATBI has been observed (T. Kohwi-Shigematsu, unpub-
lished data).

Second, we transfected MCF-7 transiently with a SATBI1
expression plasmid. As shown in Fig. 8B, expression of SATB1
resulted in the appearance of the B1 complex in MCF-7 nu-
clear extracts. This corresponded to the appearance of SATB1
protein by Western blotting (Fig. 8C). As expected, untrans-
fected MCF-7 cells or cells transfected with the vector alone
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FIG. 4. (A) Purification of SATB1 (complex B1) by DNA affinity chromatography (DAC). The silver-stained SDS-8% polyacrylamide gel shows protein fractions
obtained from the 37-mer-Sepharose 4B column. Lane 1, flowthrough (FT); lanes 2 and 3, 0.2 M cluate from the NaCl gradient; lanes 3 and 4, 0.4 M eluate from the
NaCl gradient. The positions of PARP and SATBI are indicated. (B) Protein profile of fractions from a poly(rA)-oligo(dT)-Sepharose column for SATB1 (complex
B1) purification. In this silver-stained gel (6%), lane 1 represents material loaded onto the poly(rA)-oligo(dT) column, lane 2 shows the unbound SATBI fraction, and
lane 3 contains the tightly bound PARP fraction eluted as described in Materials and Methods. (C) Reconstitution of Jurkat complex formation with fractions from
affinity and poly(rA)-oligo(dT) columns for SATB1 (complex B1) purification. Binding reactions were performed with Jurkat nuclear extract (C; lane 1), flowthrough
from the 37-mer affinity column (FT; lane 2), eluate from the affinity column (containing SATB1 and PARP; lane 3), FT and cluate together (lane 4), SATB1 alone
obtained from the flowthrough of the poly(rA)-oligo(dT) column (lane 5), and flowthrough from the affinity column together with SATB1 from poly(rA)-oligo(dT) (lane
6). (D) Affinity column purification of proteins in the B4 complex; silver-stained SDS-polyacrylamide gel. Lane 1, material loaded onto the column from Sepharose Q;
lane 2, proteins eluted from the affinity column as described in Materials and Methods. DNA-PK, DNA-dependent protein kinase. (E) Reconstitution of B3 and B4
complexes with high-salt eluates of affinity chromatography. MSAs were performed with B3 and B4 fractions from Sepharose Q (lane 1), flowthrough (lanes 2 and 3),

and low-salt washes (lanes 4 and 5) of the affinity column and high-salt eluates (lanes 6 and 7). Positions of B3 and B4 are indicated.

demonstrated neither B1 complex nor SATBI protein (Fig. 8B
and C).

SATBI1 binding of the BCL2 MBR in vivo. The high-affinity,
cell cycle-regulated binding of SATBI1 to the MBR strongly
suggested that this region served as a MAR. Recently, a highly
sensitive and specific assay, involving chromatin immunopre-
cipitation by SATB1 antibody followed by PCR amplification,
has been used to demonstrate the association of SATB1 with
target DNA sequences in vivo (5). Therefore, we tested Jurkat
MBR DNA sequences for in vivo SATB1 binding in this assay.
For comparison, we used the previously characterized, in vivo
SATBI1 binding sequence SBS-3 (Fig. 9B) and a region isolated
from the HBB locus that does not have any SATBI1 binding
sequence as a negative control (Fig. 9C). DNA purified from
chromatin immunoprecipitated with anti-SATB1 antiserum
(Fig. 9A, lane S) but not preimmune serum (Fig. 9A, lane P)
showed nearly as strong a PCR signal as the positive control
(Fig. 9B), indicating the in vivo association of SATB1 with the
MBR.

Cell cycle-dependent binding of the B1 complex. We have
previously noted cell cycle-dependent binding activity of the B1
complex in Jurkat cells fractionated by counterflow centrifugal
elutriation. To determine if this variation corresponded to

changes in SATB1 or PARP levels, we prepared Jurkat nuclear
extracts from six different stages of the cell cycle (G;, G,/S,
early S, middle S, late S, and G,/M) (Fig. 10A) fractionated on
this occasion by FACS. As before, Bl complex formation was
maximal at the G,/S boundary and early S, with a marked
reduction in binding activity observed at mid-S (Fig. 10B).
Quantitation by a PhosphorImager revealed a fourfold differ-
ence between G,/early S and mid-S. In contrast, the B4 com-
plex showed no variation throughout the cycle; B3 showed a
very modest elevation in late S and G,/M. We also monitored
the level of an irrelevant binding factor, CCAAT binding factor
(2); levels of complex formation corresponding to this factor
also remained constant across the cell cycle (data not shown).
The MCF-7 B1' complex (Fig. 2A) also demonstrated no cell
cycle-related changes in binding activity (data not shown). We
attributed the rise of B1 complex at late S and G,/M, which was
absent in our earlier studies, to a small contamination of our
present Jurkat cells with a hyperdiploid component (Fig. 10A)
in which some hyperdiploid G, cells were included in the G,/M
fraction of the diploid majority component.

Western blots of the nuclear extracts from different stages of
the cell cycle with anti-PARP (Fig. 10C) and anti-SATBI1 (Fig.
10D) antibodies did not reveal any changes in the levels or
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Ku70_Human:
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FIG. 5. MS identification of purified proteins from B1 and B4 complexes. Shown are the peptide fragments identified by MS analysis for SATB1 (A), PARP (B),
Ku70 (C), Ku86 (D), and DNA-dependent protein kinase (E). Amino acid residue numbers of the peptides for each protein are listed in parentheses.

apparent modifications of these proteins that could explain the
difference in binding activity.

DISCUSSION

We have demonstrated that the AT-rich region immediately
flanking the BCL2 MBR is a binding site for the MAR protein
SATBI. Following purification by multiple steps of column
chromatography, including DNA affinity chromatography, this
protein was identified unambiguously through MS analysis of
tryptic peptides. We obtained additional evidence for this iden-
tity by a characteristic inhibition of complex formation on
incubation of anti-SATBI antibody with nuclear extracts dur-
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FIG. 6. K, determination for SATB1 binding to 37MBR. Increasing amounts
of SATBI1 were incubated with a constant amount of the 37MBR probe in
binding reactions as described by Dickinson et al. (6). The amount of free probe
and B1 complex were quantitated with a PhosphorImager. The percentage of
free probe was plotted against nanomoles of SATB1 used, and the K, was
calculated as the amount of SATBI required to bind 50% of probe in the
formation of the B1 complex. The dotted line represents three experiments in
which only SATBI1 was used in the binding reaction; the solid line represents
binding performed with purified SATB1 and flowthrough (FT) from 37-mer
affinity column.

ing MSAs (Fig. 7A) and by Western blotting of gel-purified
complex with the MBR AT-rich region as the target (Fig. 7B).
Finally, introduction of a SATBI1 expression plasmid into
MCEF-7, a cell line deficient in SATB1, was successful in induc-
ing the formation of a complex identical to that of Jurkat, a cell
line with very high levels of SATB1 expression (Fig. 8). While
the SDS-PAGE migration of our SATB1 preparation pro-
duced a higher apparent molecular mass than predicted by the
DNA sequence (103 versus 86 kDa), independent preparations
of the protein from two different laboratories comigrated on
our gels (data not shown; see also reference 18). Therefore,
posttranslational modification is likely to have occurred.

It is probable that other proteins are required for MBR
complex formation, although we have not yet determined
whether these proteins are present in the final complex or
simply enabling cofactors that do not remain assembled with
SATBI. Our observations on the effects of proteins present in
the flowthrough of the affinity column on MBR complex for-
mation and SATBI binding support this expectation. Purified
SATBI, incubated alone with MBR target DNA, binds with
relatively low affinity (2.1 nM) and produces tight B1 com-
plexes on MSA gels. When flowthrough is added to the
SATBI1-DNA mixture, two changes occur. First, the SATB1
complex morphology widens considerably (Fig. 4C) to repro-
duce that obtained with Jurkat nuclear extracts. Second, the
affinity increases fivefold (Fig. 6). While the affinity of DNA
binding proteins may be artifactually increased following pu-
rification by buffer conditions (9), the increased affinity that we
observed was not influenced by such factors as cation substi-
tution and protein carrier but was destroyed by heat and pro-
teinase digestion (data not shown). Effects of the flowthrough
from B1 complex purification could not be substituted with the
flowthrough from B4 complex purification. Therefore, addi-
tional proteins are required for high-affinity, morphologically
identical binding of SATB1 to the MBR target DNA.

The identities of these additional and/or auxiliary proteins
remain unknown. We viewed the copurification of SATB1 and
PARP as an intriguing clue, since PARP is also a constituent
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FIG. 7. (A) Antibody MSA inhibition assay. The assay was performed by the
MSA protocol of Dickinson et al. (6) in the presence of 37MBR probe and Jurkat
nuclear extracts. Lane 1, no antibody added; lanes 2 and 3, increasing amounts
of anti-SATBI1 antiserum incubated with complexes following the binding reac-
tion; lanes 4 and 5, increasing amounts of anti-PCNA antibody similarly incu-
bated with complexes. (B) Western blotting of proteins present in the MBR Bl
complex: anti-SATB1 antibody. Preparative-scale MSAs were performed with
Jurkat nuclear extracts or with purified eluate (SATB1 and PARP) mixed with
the flowthrough from the 37-mer DNA affinity column (FT5¢) in the presence
and absence of the 37MBR probe. The B1 complex, or the corresponding region
from MSA gels when probe was absent, was excised from the gel, and proteins
were eluted and subjected to Western blot analysis. Lane 1, nuclear extract from
Jurkat cells demonstrating the position of a positive SATBI1 signal; lane 2,
protein from B1 complex obtained with Jurkat nuclear extract; lane 3, protein
from reconstituted B1 complex formed by mixture of the SATB1 and PARP
eluates with the flowthrough from the DNA affinity column; lane 4, protein from
the region of the reconstituted complex on MSA gels in the absence of probe. (C)
Western blotting of proteins present in the MBR B1 complex: anti-PARP anti-
body. The Western blot in panel B was reprobed with anti-PARP antibody.

protein of the nuclear matrix (14). Furthermore, copurification
proceeded beyond the DNA affinity column; when the SATB1-
PARP mixture was fractionated with an NAD affinity column,
which should specifically retain PARP through binding of its
NAD cofactor, both proteins were retained and coeluted. Only
the poly(rA)-oligo(dT) column, which provided a number of
DNA structures serving as substrates for PARP binding but
not for SATBI binding, allowed the separation of these two
proteins.

However, a number of experiments have cast doubt on
PARP as a cofactor in MBR complex formation. First of all,
PARP was not detected in MBR complexes produced under a
variety of experimental conditions (Fig. 7C). Second, immuno-
precipitation of nuclear extracts with anti-SATB1 antibody did
not result in the coprecipitation of PARP (data not shown).
Finally, incubation of the two proteins in the presence of either
MBR target or nonspecific DNA did not result in poly(ADP)
ribosylation of SATB1 under conditions that produced self
poly(ADP) ribosylation of PARP (data not shown). Given our
observation (see above) that SATB1 was likely purified in a
posttranslationally modified state, it is possible that poly(ADP)
ribosylation was already complete. Therefore, while further
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FIG. 8. (A) Western blot analysis of nuclear extracts from four cell lines.
SDS-PAGE, followed by Western blotting and incubation with anti-SATB1 an-
tibody, was performed with nuclear extracts from SUDHL-6 (DHL-6), HL60,
MCEF-7, and Jurkat cells. (B) SATB1 expression and B1 complex formation in the
MCF-7 cell line. Transient expression of a SATB1 expression plasmid (SATB1)
and a control plasmid (Vector) was performed as described in the text. MSAs
were performed with increasing amounts of Jurkat nuclear extract (lanes 1 to 3),
MCF-7 nuclear extract (lanes 4 to 6), and extracts from MCF-7 cells transiently
transfected with either the vector alone (lanes 7 to 10) or the vector expressing
SATBI (lanes 11 to 14). Positions of the Jurkat (B1)- and MCF-7 (B1')-specific
complexes are indicated by arrowheads. (C) Western blot analysis of the same
extracts used in the MSAs of panel B. Anti-SATB1 antibody was used.

biochemical studies on the nature of SATB1 modification will
be required to exclude PARP as one of the auxiliary proteins
of the MBR complex, current results are not encouraging in
this regard.

Other candidates include the Ku proteins. We have previ-
ously demonstrated the presence of these proteins in com-
plexes forming with the 279-bp MBR target (7). While it seems
likely that the Ku proteins we purified in the B4 complex
resulted from adventitious associations such as those observed
by others during the purification of DNA binding proteins, our
UV cross-linking studies suggested some shared bands among
the four complexes that we produced with MBR target DNA.
Thus, Ku proteins could have a precursor function in targeting
successive binding factors to the AT-rich MBR site. In this
regard, it is known that Ku can be targeted to specific DNA
sequences through association with other DNA binding pro-
teins, particularly transcriptional activators (3). Furthermore,
there is recent evidence that Ku70/86 as well as PARP indi-
vidually bind DNA targets from the MARs surrounding the
IgH enhancer when these sequences are presented as closed
circular DNA templates to eliminate the end-binding activity

279MBR  SBS-3 N
'P S G PSG P SG.

A B C

FIG. 9. SATBI binds to 279MBR in vivo. PCR amplification of immunopre-
cipitated DNA was performed as described in Materials and Methods. PCR
products from DNA immunoprecipitated by preimmune serum (P) or anti-
SATBI antiserum (S) and genomic DNA purified from Jurkat cells (G) were
analyzed by 2% agarose gels containing ethidium bromide. Three regions were
examined from each preparation: BCL2 (A), SBS3 (positive control; B), and
HBB (negative control [N]; C).
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FIG. 10. (A) Cell cycle fractionation of Jurkat. Unsynchronized Jurkat cells were stained with Hoechst 33342 and separated by FACS into the six indicated fractions.
Fraction 1, Gy; fraction 2, G,/early S; fraction 3, early S (Se); fraction 4, mid-S (Sm); fraction 5, late S (SI); fraction 6, G,/M. (B) Cell cycle-dependent activity of the
Jurkat B1 complex. Nuclear extracts were prepared from Jurkat cells sorted as shown in panel A and used in MSAs with 37MBR as the probe. Positions of the four
resulting complexes are marked. (C) Western blot analysis of nuclear extracts from different stages of the cell cycle. Extracts used in the MSAs (except G,/S) were
subjected to Western blotting with anti-PARP antibody. (D) Western blot analysis of nuclear extracts from different stages of the cell cycle. Extracts used in the MSAs

(except G,/S) were subjected to Western blotting with anti-SATB1 antibody.

of Ku proteins. Ku70/86 and PARP make a protein complex in
vivo and in vitro in the absence of DNA; as a result, their
affinity to MARSs is synergistically enhanced (9a). However, the
Ku proteins that we purified from B3 and B4 complexes do not
increase SATBI binding to 37MBR (data not shown). None-
theless, despite some of our current evidence to the contrary,
the possibility of interactions among Ku70/86, PARP, and
SATBI requires further investigation.

Recently, the heat shock proteins Hsp70 and Hsp40 were
observed to induce an affinity increase of magnitude similar to
that for our SATBI in an origin binding protein, E1, targeted
to the human papillomavirus 11 origin of replication (17). The
facilitated binding of E1 resulted in a stimulation of viral DNA
synthesis (17). This is a provocative connection in several re-
gards. First, MARs likely play a role in DNA replication, per-
haps by organizing zones of replication initiation and/or serv-
ing as replicon boundaries. Second, BCL2 translocation at the
MBR is associated with a change in the replication timing of
the translocated BCL2 gene (Y. Sun and T. G. Krontiris, un-
published results). Therefore, it will be important to determine
if proteins of the Hsp functional class can serve as auxiliary
proteins for SATBI1 binding.

The demonstration that SATB1 binding to the MBR occurs
in vivo strongly suggests that the complex formation we have
observed is functionally significant and that the MBR is a
MAR. In fact, those genomic sequences, such as SBS-3, that
bind to SATBI in vivo were found to be associated with the
nuclear matrix in vivo in both Jurkat T cells (5) and mouse
thymocytes (S. Cai and T. Kohwi-Shigematsu, unpublished re-
sults). While further studies will expand these initial observa-
tions, the MBR acting as a MAR would have several interest-
ing implications for the siting of BCL2 translocations. At the

present time we can offer some additional evidence from DNA
sequence comparisons and our other laboratory studies sug-
gesting a SATBI1-related functional role for the MBR. First,
the AT-rich SATBI1 binding site is evolutionarily conserved in
the mouse bcl2 gene, although no such conservation exists for
the remainder of the 3’ untranslated region of exon 3. Also,
our recently completed in vivo footprinting studies within the
MBR (F. Ye, K. Foldenauer, and T. G. Krontiris, unpublished
results) demonstrate that the SATB1 binding site contains
multiple, constitutive, DNase I-hypersensitive sites. In cells
expressing SATBI, this region is also hypersensitive to KMnO,,
an agent with specificity for single-stranded DNA. Such hyper-
sensitivity is absent in cells lacking SATB1.

It will be interesting to determine whether cell cycle modu-
lation of MBR complex formation, the existence of ancillary
factors capable of modifying SATB1 affinity to the MBR, an
AT-rich region apparently unwound in SATBI-expressing
cells, and altered replication timing of the region following
BCL?2 translocation are all related through an MBR role in
DNA replication as a MAR. In this regard it should be noted
that all translocations in the MBR have the effect of removing
the AT-rich region and replacing it with the MARs of the IgH
enhancer region 1 to 2 kb downstream of each translocation
breakpoint. If it also eventually transpires that MARs display
intrinsic fragility, then the highly specific localization of BCL2
translocations may indeed result from both a propensity for
DNA breakage and a subsequent, selectable change in func-
tional properties.
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