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Abstract
Aims—The MLL gene on chromosome
11q23 is frequently disrupted by chromo-
somal translocations in association with
haematological malignancies. Recently, a
specific site within the 8.3 kb MLL break-
point cluster region that is cleaved during
the early stages of apoptosis has been
identified. Because MLL gene rearrange-
ments are used to identify patients with
high risk leukaemia, it was the aim of this
study to determine whether this DNA
cleavage event could be triggered in diag-
nostic bone marrow samples solely
through ex vivo incubation at room tem-
perature.
Methods—Pretreatment bone marrow
samples were collected from six paediatric
leukaemia patients. Genomic DNA for
Southern blot analysis of MLL gene
rearrangements was isolated immediately
after samples were obtained and com-
pared to genomic DNA isolated after
incubation of specimens for 24–60 hours at
room temperature, simulating delays in
processing that might occur when samples
are delivered to reference laboratories. In
addition, cryopreserved samples from 70
paediatric leukaemia patients were
screened for evidence of site specific MLL
cleavage.
Results—After ex vivo incubation of bone
marrow samples, site specific MLL cleav-
age resulting in a pseudo-rearrangement
of the MLL gene was detected in two of six
patients. In addition, a third patient with a
similar MLL pseudo-rearrangement in
cryopreserved cells was identified.
Conclusion—Pseudo-rearrangement of
the MLL gene at chromosome 11q23 was
caused by ex vivo incubation of bone mar-
row samples. This novel phenomenon,
which could lead to misclassification of
leukaemia patients, might also be of
importance for genotype analysis by
Southern blotting at other loci.
(J Clin Pathol:Mol Pathol 1998;51:85–89)
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The MLL gene (also called ALL-1, HRX, or
Htrx)1–4 located on chromosome 11q23 is
frequently involved in chromosomal aberra-
tions observed in de novo acute lymphoblastic
leukaemia (ALL) and acute myeloid leukaemia
(AML), especially in infants less than 1 year of
age.5–7 Furthermore, many patients with

therapy related acute myeloid leukaemia asso-
ciated with chemotherapeutic agents targeting
topoisomerase II display MLL transloca-
tions.8 9 At least 30 diVerent MLL trans-
location partners have been identified, leading
to the designation of MLL as a “promiscuous”
oncogene.5 6 10 MLL aberrations have repeat-
edly been shown to confer a poor prognosis in
ALL and certain types of AML, suggesting
aggressive disease that is less susceptible to
conventional therapeutic regimens, and poten-
tial benefits from more intensive therapy.5–7

Indeed, in some recent treatment schemes, a
rearranged MLL gene leads to patient stratifi-
cation into high risk groups with treatment
approaches including allogenic bone marrow
transplantation.6 7 11 Therefore, careful assess-
ment of a leukaemia patient’s MLL status is of
considerable clinical importance.
Conventional cytogenetic analysis may not

detect MLL aberrations for a variety of reasons
including karyotype misinterpretation, lack of
adequate mitosis, and submicroscopic MLL
gene rearrangements. The recent observation
that a partial tandem duplication of the MLL
gene might occur in as many as 10% of adult
AML patients with normal cytogenetic
analyses12 underscores the need for additional
methods for identifying MLL gene rearrange-
ments. Two complementary molecular ap-
proaches have been used to detect MLL gene
rearrangements not identified by conventional
cytogenetic analysis.6 7 Multiplex reverse
transcription-polymerase chain reaction (RT-
PCR) has been used to screen samples for
fusion transcripts produced by the most
common MLL translocations, such as the
t(4;11), t(9;11), and t(11;19) translocations.6

This approach is limited to those MLL
translocations where the fusion partner is
known and characterised, and is further limited
by the need for intact mRNA. A second
approach takes advantage of the observation
that almost all MLL gene rearrangements
occur within a limited 8.3 kb breakpoint
cluster region, and can be detected by South-
ern blot hybridisation using an MLL cDNA
probe.5 In this analysis, identification of a non-
germline sized MLL fragment is presumed to
represent a breakpoint within the MLL break-
point cluster region generated by a chromo-
somal translocation, and is referred to as an
MLL gene rearrangement. Because of the poor
clinical outcome of infants with MLL gene
rearrangements,13–16 some recent classification
schemes assign infants with non-informative
cytogenetics to a high risk group if they
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demonstrate MLL gene rearrangements by
Southern blot analysis.6 7 11

A unique site within the MLL breakpoint
cluster region that is highly sensitive to DNA
double stranded breaks induced by treatment
of intact cells with topoisomerase II inhibitors
(such as etoposide and doxorubicin) has been
identified.17 This site specific cleavage gener-
ates additional non-germline sized fragments
on Southern blot hybridisation using the MLL
cDNA probe commonly used to genotype the
MLL gene.17 Subsequent studies demonstrated
that induction of the same site specific cleavage
event within the MLL breakpoint cluster
region could also be caused by various other
stimuli, and could be attributed to the higher
order chromatin fragmentation that occurs
during the early stages of apoptosis.18 Apopto-
sis, or programmed cell death, is a genetically
conserved programme that is triggered by a
wide variety of stimuli (chemotherapeutic
agents, tumour necrosis factor á, and serum
deprivation) and can be described as a cell’s
active commitment to suicide, involving dis-
tinct cytoplasmic and nuclear events.19 20

Evaluation of a patient’s MLL gene status
often requires bone marrow samples to be
processed at reference laboratories, a proce-
dure that can easily lead to a 48 hour (or more)
delay in processing of the sample, especially if
samples are shipped over a weekend. Because
we have demonstrated recently that serum
deprivation can lead to apoptosis and site spe-
cific MLL cleavage of leukaemia cell lines,18 we
wondered whether an analogous phenomenon
could be observed in primary leukaemic
samples. In this report, we show that apoptotic
higher order chromatin fragmentation can
occur in heparinised bone marrow specimens
in a time dependent manner, generating a
pseudo-rearrangement of the MLL gene in

Southern blot analysis, and leading to potential
misclassification of the MLL gene status in
leukaemia patients.

Patients and methods
Between October 1996 and April 1997, pre-
treatment bone marrow samples were obtained
from six paediatric patients (RUPN (refers to
unique patient number) 89, 91, 92, 96, 97, and
99: four B cell precursor ALLs and two T cell
ALLs) admitted to Roswell Park Cancer
Institute (RPCI) or the Children’s Hospital of
BuValo. After informed consent for research
studies was obtained from the patient’s parents,
2.0 ml of bone marrow was aspirated in
unheparinised syringes, and transferred to
standard 10 ml plasma tubes (Becton Dickin-
son Labware, Franklin Lakes, New Jersey,
USA) containing 143 USP units of sodium
heparin. One third of each sample was proc-
essed immediately for DNA isolation. The
remaining two thirds were incubated at room
temperature (19°C) for 24 hours (all six
samples) and 48 hours (three samples) or 60
hours (three samples), respectively, before
genomic DNA was isolated using standard
procedures.17 Briefly, after separation of mono-
nuclear cells from the bone marrow sample by
Ficoll-Hypaque (Sigma, St Louis, Missouri,
USA) density centrifugation,DNAwas purified
by a previously described salting out proce-
dure,17 and analysed for MLL gene rearrange-
ments by Southern blot analysis. Aliquots of
10 µg of genomic DNA were subjected to
restriction enzyme digestion with either
BamHI, SstI, or HindIII (Life Technologies,
Grand Island, New York, USA), separated by
electrophoresis on 0.8% agarose gels, trans-
ferred on to nitrocellulose (Schleicher and
Schuell, Keene, New Hampshire, USA), and
immobilised by UV crosslinking. Southern
blots were hybridised to a 32P radiolabelled
0.7 kb MLL cDNA fragment encompassing
exons 5–7 and 9–11 (probe 0.7B from reference
21) at 42°C. Final washing conditions were
0.1% SDS/0.1× SSC (1× SSC = 0.15 MNaCl,
0.015 M sodium citrate) at 52°C. Autoradiog-
raphy of blots was performed for three days at
−70°C with an intensifying screen.
In addition, genomic DNAwas isolated from

cryopreserved leukaemia samples obtained
from 70 paediatric patients (RUPN 1–70; 54
ALLs, 16 AMLs) evaluated at RPCI between
1987 and 1994. This DNA was digested with
BamHI, size fractionated on 0.8% agarose gels,
Southern blotted, and hybridised to the 0.7B
MLL cDNA probe as described above.

Table 1 Clinical characteristics of leukemia patients demonstrating pseudo-rearrangements

Patient Age Sex Diagnosis
WBC
(×109/L)

Blasts in bone
marrow (%) Karyotype

RUPN 96 10 years Male B-precursor ALL 4.2 72 46; XY
RUPN 97 15 months Male B-precursor ALL 11.7 91 58; XY

+4, +6, +9, +10, +14, +18, +18,
+21,+21, +mar1, +mar2

RUPN 42 9 years Female B-ALL (L3) 13.0 92 Inadequate mitosis

RUPN refers to unique patient number; RUPN 96 was a relapsed patient; L3, phenotype as classified by the
French-American-British (FAB) scheme.
ALL, acute lymphoblasic leukaemia; WBC, peripheral white blood cell count at diagnosis (or relapse for RUPN 96).

Figure 1 Pseudo-rearrangements of the MLL gene in leukaemia patients. Partial
restriction map of the MLL gene. The breakpoint cluster region is bracketed. Exons are
shown as solid boxes. Chromosomal orientation from centromere (cen) to telomere (tel) is as
indicated. The point of site specific cleavage during apoptosis is indicated by a downward
arrow. The region covered by the 0.7B MLL cDNA probe is indicated. Restriction enzyme
sites are: B, BamHI; and H,Hind III.
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Results
We detected clear evidence of an MLL
pseudo-rearrangement in two patients (RUPN
96 and 97) after their bone marrow was
incubated ex vivo at room temperature for
48 or 60 hours, respectively. The patient
characteristics are given in table 1. Figure 1
displays a map of the MLL breakpoint cluster
region. Figure 2A shows the Southern blot
hybridisation pattern obtained in patient
RUPN 96 using the 0.7B MLL cDNA probe.
While only the germline 8.3 kb fragment is
detected in genomic DNA isolated immedi-
ately after the sample was obtained, after 60

hours ex vivo incubation at room temperature,
two additional, non-germline fragments of
6.8 kb and 1.5 kb are identified. These
discrete, non-germline bands can easily be
misinterpreted as rearranged fragments repre-
senting an MLL translocation breakpoint.
Figure 2B shows DNA from patient RUPN 97
whose bone marrow was incubated for 24 and
48 hours at room temperature. The 48 hour
time point clearly showed a pseudo-
rearrangement of the MLL gene as well.
DiVerent digests confirmed that the MLL
breakpoint cluster region is disrupted at the
same unique site previously described as the

Figure 2 (A) Southern blot hybridisation of BamHI
digested genomic DNA of patient RUPN 96 to the 0.7B
MLL cDNA probe. DNA was isolated from the patient’s
bone marrow immediately after the sample was obtained
(lane 1), after 24 hours (lane 2), and after 60 hours (lane
3). Genomic DNA from CEM, a cell line known to have a
germline MLL configuration, was used as a control (lane
4). Two bands (indicated by closed circles) in addition to
the 8.3 kb germline band are clearly seen at 6.8 kb and
1.5 kb in lane 3. Size standards are in kb. (B) Southern
blot hybridisation of genomic DNA isolated from bone
marrow of patient RUPN 97 immediately after the sample
was obtained (lanes 1 and 4) and after 48 hours ex vivo
incubation (lanes 2 and 5). Two diVerent restriction
enzyme digests are shown (BamHI, lanes 1–3; and
HindIII, lanes 4–6). Additional bands induced by ex vivo
incubation are visible in the 48 hour lanes and are
indicated by closed circles. Genomic DNA from the CEM
cell line was used as a control (lanes 3 and 6). Size
standards are in kb. (C) Southern blot hybridisation to
the 0.7B MLL cDNA probe of BamHI digested genomic
DNA obtained from cryopreserved leukaemic specimens.
In patient RUPN 42 (lane 2), two additional bands of
6.8 kb and 1.5 kb are visible (indicated by closed circles).
The control lane (lane 7) contains BamHI digested DNA
from the U937 cell line, known to have a germline MLL
configuration. Size standards are in kb.

MLL misclassification in leukaemia patients 87
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target for apoptotic higher order chromatin
fragmentation18 (see map in fig 1; additional
SstI digest not shown).
From October 1996 to April 1997, four

additional diagnostic bone marrow samples
(two B cell precursor ALLs, two T cell ALLs)
were screened for MLL pseudo-
rearrangements after 24 hours (all patients)
and 48 hours (two patients) or 60 hours (two
patients) incubation at room temperature. Two
patients showed no evidence of an MLL
pseudo-rearrangement, while two patients (one
B cell precursor ALL after 60 hours; one T cell
ALL after 48 hours) showed equivocal evi-
dence of a pseudo-rearrangement. These
patients could not be definitively scored as
positive owing to high background hybridisa-
tion signals (data not shown).
We also screened cryopreserved leukaemic

cells obtained at diagnosis from 70 paediatric
patients with acute leukaemia evaluated at
RPCI. One of these patients (RUPN 42), a 10
year old white girl with B cell ALL and L3
morphology, demonstrated an MLL pseudo-
rearrangement (table 1; fig 2C).

Discussion
In the present study, we report the ex vivo gen-
eration of an MLL pseudo-rearrangement in
leukaemic bone marrow samples, most likely
caused by the higher order chromatin fragmen-
tation that occurs during the early stages of
apoptosis. To understand the mechanism
which underlies these pseudo-rearrangements,
it is important to visualise the MLL locus in its
normal chromosomal context. Eukaryotic ge-
nomic DNA is organised in loops or groupings
of loops that are periodically attached to a
structure termed the nuclear scaVold.22 23 This
nuclear scaVold is a skeleton-like proteina-
ceous component with structural and func-
tional properties in the nucleus. During the
initial stages of apoptosis, nuclear DNA is
cleaved into large fragments of 50–300 kb. It
has been suggested that these fragments repre-
sent DNA loops cleaved at regions where the
DNA is attached to the nuclear scaVold24 25

(scaVold attachment regions). Figure 3
presents a model of higher order chromatin
fragmentation during the early stages of apop-
tosis in context with the MLL breakpoint clus-
ter region. Here, consistent with the above
described higher order chromatin fragmenta-
tion model, specific cleavage occurs at a unique
site,18 which maps to a previously identified
scaVold attachment region within the MLL
breakpoint cluster region.26 This site specific
cleavage leads to the production of non-
germline sized MLL fragments when digested
with restriction enzymes, generating a pseudo-
rearrangement of the MLL gene in Southern
blot analysis. This process has important
implications for the accuracy of MLL genotype
analysis and may have an impact on genotype
analysis by Southern blot at other loci as well.
Conceptually, these pseudo-rearrangements
may lead to misinterpretation of any Southern
blot assay that depends on identification of
non-germline fragments, such as triplet repeat
expansions or restriction fragment length poly-
morphism (RFLP) analysis.
Cytogenetic and molecular genetic analyses

are important variables in risk assessment
strategies of patients with haematological
malignancies, and are used with increasing fre-
quency for therapeutic stratification of such
patients.6 27 28 The MLL gene at chromosome
11q23 is frequently disrupted in haematologi-
cal malignancies, and MLL gene rearrange-
ments have been shown to confer a poor prog-
nosis in patients with ALL.6 13 14 16 Therefore, it
is clear that proper classification of a leukaemic
patient’s MLL gene status is an important
issue, because patients with MLL gene rear-
rangements may benefit from more intensive
therapy, including allogenic bone marrow
transplantation.5–7 Thus, recognition of an
MLL pseudo-rearrangement has important
clinical implications because this recognition
may avoid misclassification of patients into
high risk strata, and as a consequence prevent
their exposure to unnecessary hazards associ-
ated with the intensive therapy given to patients
with genuine MLL gene rearrangements. Fur-
thermore, the recognition of such MLL
pseudo-rearrangements will contribute to a less

Figure 3 Model for the generation of an MLL pseudo-rearrangement by the higher order
chromatin fragmentation associated with apoptosis. Discrete regions of genomic DNA,
including a portion of the MLL breakpoint cluster region,26 are attached to the nuclear
scaVold (upper panel). In response to an apoptotic stimulus, genomic DNA is initially
cleaved into large (50–300 kb) fragments.24 One of the genomic regions cleaved by this
process is the scaVold attachment region within the MLL breakpoint cluster region (lower
panel).When genomic DNA is extracted from a cell population containing cells undergoing
apoptosis and digested with BamHI, two fragments of 6.8 kb and 1.5 kb are generated, in
addition to the 8.3 kb germline fragment. One end of both the 6.8 kb and 1.5 kb fragments
is produced by the apoptosis induced cleavage, the other is produced by the BamHI
restriction enzyme. B, BamHI restriction site.
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biased evaluation of prognostic values of ALL
gene rearrangements in clinical studies, and
help to avoid misclassification bias in ongoing
epidemiological studies of the aetiology of leu-
kaemias with 11q23/MLL rearrangements.
Site specific MLL cleavage leading to the

described MLL pseudo-rearrangement is not
limited to ALL. While our preliminary series
includes B cell precursor ALL and B cell ALL
patients, recently, Macintyre et al reported
MLL gene rearrangements identical to the
MLL pseudo-rearrangements described here
in ∼ 5% of de novo AML patients of diverse
French–American–British classification.29

It is unclear whether pretreatment MLL
pseudo-rearrangements can occur in vivo, par-
ticularly in patients with a disease phenotype
susceptible to apoptosis. Obviously, if these
pseudo-rearrangements occur in vivo, even
optimally processed samples may contain
pseudo-rearrangements. In this regard, it is
notable that in our single institution series,
where leukaemic samples were generally proc-
essed and cryopreserved within four hours of
sample procurement, the only patient whose
cells demonstrated an MLL pseudo-
rearrangement was a B cell ALL patient, a dis-
ease group highly susceptible to apoptosis. At
present, the principal recommendations that
can be made in order to avoid misclassification
based on MLL pseudo-rearrangements are
that samples be processed rapidly, and that the
individuals interpreting these Southern blots
should be aware of the restriction fragment
pattern produced by MLL pseudo-
rearrangements.
In conclusion, we report that generation of a

pseudo-rearrangement of the MLL gene at
chromosome 11q23 can be induced solely
through ex vivo incubation of heparinised bone
marrow samples for 24–60 hours at room tem-
perature, simulating delays in sample process-
ing that may occur during shipment to
reference laboratories. We emphasise that the
unique MLL fragmentation pattern shown in
fig 1 does not represent an MLL translocation
breakpoint, but rather a pseudo-rearrangement
caused by apoptosis, and suggest that extreme
caution should be used in the interpretation of
any sample that demonstrates such a pseudo-
rearrangement. Furthermore, although we
have only demonstrated pseudo-
rearrangements of the MLL gene, it is possible
that other loci may also show pseudo-
rearrangements, leading to misclassification
and suboptimal therapy.
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