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ABSTRACT Epidemiological evidence has suggested that
some pediatric leukemias may be initiated in utero and, for some
pairs of identical twins with concordant leukemia, this possibility
has been strongly endorsed by molecular studies of clonality.
Direct evidence for a prenatal origin can only be derived by
prospective or retrospective detection of leukemia-specific mo-
lecular abnormalities in fetal or newborn samples. We report a
PCR-based method that has been developed to scrutinize neo-
natal blood spots (Guthrie cards) for the presence of numerically
infrequent leukemic cells at birth in individuals who subse-
quently developed leukemia. We demonstrate that unique or
clonotypic MLL-AF4 genomic fusion sequences are present and
detectable in neonatal blood spots from individuals who were
diagnosed with acute lymphoblastic leukemia at ages 5 months
to 2 years and, therefore, have arisen during fetal hematopoiesis
in utero. This result provides unequivocal evidence for a prenatal
initiation of acute leukemia in young patients. The method
should be applicable to other fusion genes in children with
common subtypes of leukemia and will be of value in attempts to
unravel the natural history and etiology of this major subtype of
pediatric cancer.

Epidemiological evidence suggests that exposures or events that
occur prenatally or in infancy might play a role in the etiology of
pediatric acute leukemia, the most common type of childhood
cancer in developed countries (1-3). Being able to backtrack
leukemic clones to the time of such events would have a consid-
erable impact on our understanding of the natural history of the
disease and on the design and interpretation of epidemiological
studies. This requires access to both a leukemia-specific marker
and, retrospectively, appropriate biological material. The only
biological markers that can provide definitive identification of a
leukemic clone are clonotypic alterations in DNA that are present
in the leukemic cells at diagnosis, e.g., unique nonconstitutive
mutations or rearrangements of genes (4-6). These provide
specific and sensitive molecular markers for tracking the disease
clone with the significant caveat that the mutant DNA sequence
identified is not necessarily the initiating or first mutation in the
leukemia and, therefore, might be absent at early stages of clonal
evolution. The one readily available retrospective source of DNA
from leukemic children is the Guthrie card or blood spot taken
routinely by heel prick on most newborns (7, 8). Normally used
to detect evidence of inborn errors of metabolism, DNA from
these spots has been used to detect constitutive mutations (9-11)
and exogenous viral sequences (12, 13) using PCR but not, as far
as we are aware, for acquired molecular abnormalities in leuke-
mia or other cancers. We reasoned that blood spot DNA from
individuals who developed leukemia at a young age would enable
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us to test the idea that the leukemic clone with its acquired
molecular marker could have an in utero fetal origin and therefore
be present, albeit at a low level and in a clinically covert form, at
birth. To test this hypothesis, we chose the leukemia for which
there is both an appropriate marker and the best indirect evidence
for initiation in utero. This is infant acute lymphoblastic leukemia
with chromosome 11q23 translocations involving the MLL gene
(14). In these leukemias, the MLL (or ALL-1, HRX, and HTRX)
gene at 11923 fuses in-frame with any 1 of more than 20
alternative partner genes (15). The resultant product is a hybrid
protein with proposed altered transcriptional regulation proper-
ties (reviewed in refs. 16-18). The most frequent chromosomal
rearrangement in infant acute lymphoblastic leukemia is the
t(4;11) (q21;923); this generates a MLL-AF4 gene fusion, which
is believed to be the functional oncogene, as well as a reciprocal
AF4-MLL fusion (19). Studies on pairs of infant identical twins
with concordant leukemia indicated that in these cases, the
unique MLL gene rearrangement was nonconstitutive and ac-
quired during fetal hemopoiesis (20, 21). We now show directly
by retrospective testing that the clonotypic MLL-AF4 fusion gene
sequences of leukemic cells from young patients (5 months to 2
years of age) are present in their neonatal blood spots.

MATERIALS AND METHODS

DNA, Cell Samples, and Tissue Culture. Leukemic DNA
with the t(4;11) chromosome translocation (= MLL-AF4
fusion), confirmed by reverse transcription (RT)-PCR were
obtained from three patients at diagnosis, 5, 6, and 24 months
of age. RS4;11 (22) cells were grown at 37°C, 5% CO,/95% air
in RPMI 1640 medium supplemented with 10% fetal calf
serum (GIBCO), penicillin/streptomycin, and 4 mM L-
glutamine, and used in preliminary experiments to determine
the detection limits of the t(4;11) rearrangement. Guthrie
cards (S&S 2992 standard) were obtained by means of the
repositories in regional laboratories and were used for the
study with informed consent. Other than these three cases, no
other Guthrie cards from infants with MLL-AF4 fusions have
been tested. At the time of their use as a source of genomic
DNA in these experiments, the Guthrie cards had been stored
for a period of 3 years for patient 1, 4 years for patient 2, and
5 years and 2 months for patient 3.

Determination of Clonotypic Patient-Specific MLL-AF4 and
AF4-MLL Genomic-Fusion Sequences. Localization of the
MLL gene breakpoint region was carried out as described (23).
Essentially, high molecular weight genomic DNA was subject
to nested long-range PCR by using primers that span the fusion
site between MLL and the partner AF4 gene. Purified PCR
products were digested with restriction enzymes, end-labeled
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with fluorescent dUTP, repurified, and subjected to automatic
fluorescence-based analysis as described (24). After localiza-
tion, breakpoint regions were sequenced by direct Taq cycle-
sequencing by using primers selected on the basis of high
resolution restriction maps.

PCR. Reagents for PCR, including equipment and samples,
were kept physically isolated from potential sources of con-
tamination by the use of separate laboratories and laminar
flow hoods, filtered pipette tips, and Gilson pipettes previously
unexposed to sample material. PCR was performed in a
Perkin—-Elmer Gene Amp 9600 automated PCR processor.

Dilution Experiments. Cellular dilution experiments to de-
termine the PCR detection limit of the t(4;11) rearrangement
was performed by using the cell line RS4;11 diluted into blood
mononuclear cells from a healthy adult volunteer. The dilu-
tions contained cell mixtures of 10! to 107° RS4;11 cells.
DNA was extracted from each mixture by standard methods
and long-range PCR reactions were performed.

Amplification of the MLL-AF4 translocation region in the
RS4;11 cell line was performed by using a long-range PCR system
(Expand Long Template PCR system, Boehringer Mannheim)
under the following conditions: 1X final buffer (50 mM Tris-HCI,
pH 9.2/16 mM (NH4),S04/2.25 mM MgCl,), 12 pmol each of
27-mer oligonucleotide primers (see below), 500 uM final con-
centration ANTPS, and 2.5 units of 7aqg and Pwo enzyme mix, for
10 min at 92°C, 30 sec at 65°C, and 2 min at 68°C X 30 cycles,
followed by 7 min of extension at 68°C. Primers were designed
from published sequence data of the MLL gene and t(4;11)/
MLL-AF4 fusion region deposited in GenBank (25): (forward)
5'-TACACTTGTGTGAACTGTACTGAGCGG-3' and (re-
verse) 5'-GCTGTCCTCCATCTGAATTAATGGCTG-3'.

“Artificial” Guthrie Cards. Blood from a healthy volunteer
was taken and immediately placed on ice. No anticoagulating
agents were added. Serial dilutions of RS4;11 cells carrying the
MLL-AF4 rearrangement were added in PBSA for a final dilution
range of 107! to 107> RS4;11 cells. Thirty-three microliters of
each mixture was spotted onto filter paper to fill a 1-cm “Guthrie”
circle representing approximately 3.5 X 10* lymphocytes per
Guthrie spot. The cards were left to dry at room temperature and
away from light for 4 weeks prior to DNA amplification of the
genomic MLL-AF4 fusion sequence by long-range PCR.

PCR Analysis. To enhance the amplification efficiency of
genomic DNA from Guthrie card and artificial Guthrie card
specimens by eluting potential PCR contaminants, a proce-
dure developed by Makowski et al. was followed (26). Guthrie
pieces to be amplified were incubated in 0.5 ml ddH,O twice
for 30 min each, then dried in a vacuum dessicator prior to PCR
amplification reaction.

PCR amplification on diagnostic DNA and a segment or
tranche equivalent to approximately one-eighth of the blood
spot from Guthrie card samples was conducted in 0.6-ml
thin-walled PCR tubes at 50 ul final volume of the following:
1X buffer (60 mM KCL/15 mM Tris, pH 8.8/1.5 mM MgCl),
200 uM dNTPs, 12 pmol each of 5’ and 3’ oligonucleotide
primers, and 2.5 units of Amplitaq DNA polymerase (Perkin—
Elmer). Reactions were covered with 30 wl of mineral oil.

For the amplification of patient-specific t(4;11) fusion se-
quences, oligonucleotides were designed from 300-400 bp of
patient-specific sequence data of each patient’s MLL-AF4
genomic fusion region or the reciprocal product AF4-MLL
genomic fusion region: patient 1, (forward) 5'-CCTCAC-
CCAAATTCCCTAAGTG-3" and (reverse) 5-CACAAG-
CAGGAACTAGGGTTTAG-3'; patient 2, (forward) 5'-
AGCAGACGACTTCCAAACCGC-3" and (reverse) 5'-
TCCTGACCTTGTGATCCGCCT-3'; patient 3 (forward) 5'-
GCATCTCCATTGCTCAAAGACA-3' and (reverse) 5'-
ATGCCCACTACTGGCACAGAGAA-3'".

Optimal thermocycling conditions were established for each
patient-specific pair of MLL-AF4 primers by using diagnostic
DNA.
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The N-RAS DNA sequence was amplified as an internal
control for Guthrie card DNA with N-RAS-specific primers:
(forward) 5'-CTGGTGTGAAATGACTGAGT-3" and (re-
verse) 5'-GGTGGGATCATATTCATCTA-3', and the fol-
lowing thermocycling conditions: denaturing, annealing, and
extension steps were performed for 1 min at 95°C, 1 min at
55°C, 1 min at 72°C for 30 cycles.

PCR products were routinely size-fractionated on agarose
gels with molecular weight DNA markers (Boehringer Mann-
heim) and visualized by ethidium bromide staining. To se-
quence Guthrie specimen MLL-AF4 or AF4-MLL PCR prod-
ucts, each 10 ul asymmetric PCR reaction contained 3 ul of
low-melt gel-purified PCR product, 4 ul of Dye terminator
Cycle Sequencing Ready reaction mix (Perkin-Elmer), 3.2 uM
of upstream or downstream primer, and was run through 30
cycles of 30 sec at 95°C, 30 sec at 55°C, and 1 min at 70°C.
Sequence reactions were carried out by using an Applied
Biosystems 373A automated DNA sequencer and further
analyzed by GENEWORKS 2.1 (IntelliGenetics).

RESULTS

Dilution Experiments with Leukemic Cells in Blood Spots.
The cell line RS4;11 carries a t(4;11) translocation in which the
MLL gene is fused with a partner gene, AF4, located at 4q21
(27). The break in MLL occurs in the small intron 7 and
genomic rearrangements can be detected in DNA by PCR by
using primers as previously defined (ref. 25, and see Materials
and Methods). Dilution experiments on the RS4;11 cell line
were used to establish the detection sensitivity of the t(4;11)
rearrangement by PCR. Analysis on DNA extracted from
serial dilutions of RS4;11 cells indicated a detection limit of
0.01 ng (=10 cells) (data not shown). To establish the detection
limit of the t(4;11) rearrangement in Guthrie card DNA, serial
dilutions of RS4;11 cells were artifically mixed with normal
blood, without coagulant, for a final dilution range of 107! to
1073, whereby 33 ul drops were immediately spotted onto
Guthrie filter paper. This volume filled the standard 1-cm
diameter circle used in clinics and hospitals and represented
approximately 3 X 10* cells. PCR amplification on these
artificial Guthrie specimens indicated a detection limit of the
MLL-AF4 breakpoint sequence at 10~ (1 leukemic cell in

M123456789

<—2.45kb

FiG. 1. Amplification of 2.45 kb product of MLL-AF4 rearrange-
ment from RS4;11 cell line DNA and RS4;11 “imitation” Guthrie
specimens by PCR. Lanes: M, DNA marker II; 1, no DNA control; 2,
100 ng positive control RS4;11 DNA; 3, 100 ng human placenta
negative control DNA; 4, 100 ng normal genomic negative control
DNA; 5-9, 10! through 107> dilutions of RS4;11 cells on imitation
Guthrie specimens.
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10,000 normal) (Fig. 1). These preliminary data obtained in
two repeat experiments indicate that MLL-AF4 fusion se-
quences were preserved after drying of cells on Guthrie cards
and could be detected at low copy number.

PCR on Diagnostic DNA. Unlike that in RS4;11 cells, breaks
in the majority of patients with MLL gene fusions occur in the
relatively large intron 6 (1.4 kb) or 8 (3.5 kb), as well as in
intronic regions of the partner gene (28). A consequence is that
the resultant genomic fusions are likely to fall within very large
regions with respect to flanking coding sequences and will be
difficult to detect even by long-range PCR, especially if present
at low copy number. This difficulty is circumvented in the
analysis of low leukemic cell numbers in treated patients (i.e.,
minimal residual disease) by RT-PCR analysis of cDNA in
which the large intronic sequences are deleted (29). We were
unable to detect MLL-AF4 fusion sequences by RT-PCR in
cDNA prepared from artificial Guthrie cards containing
RS4;11 cells (data not shown), although B-hemoglobin cDNA
was detectable as previously reported (30). We therefore had
to obtain genomic sequence information on the MLL-AF4
fusion in diagnostic leukemic cell DNA prior to PCR analysis
of the same patients’ Guthrie card. For direct sequencing of
diagnostic leukemic DNA across the fusion site, we have used
a rapid new technique (23) that incorporates long-range PCR,
fluorescent end-labeling of restriction digest fragments, and

A M12345678910111213 M

B M1 23 4567891011 M

- 297bp

~— 297bp
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automatic fluorescence-based analysis. Appropriate intron
sequences relatively close to and on either side of the MLL-
AF4 junction or the reciprocal AF4-MLL junction were then
identified and used to design clonotypic or patient-specific
primers for short-range genomic amplification by PCR of
Guthrie card DNA.

Dilution experiments on diagnostic DNA with clonotypic
primers of patients 1 and 2 resulted in a reproducible PCR
detection limit of the MLL-AF4 fusion sequence at 10 and 100
pg of DNA, respectively (Fig. 2.4-C), and detection for patient
3 of 1-10 pg (Fig. 2D). PCR amplification of diagnostic DNA
from an individual patient by using specific primers from the
other patients gave no amplification product (Fig. 2).

PCR on Guthrie Specimens. PCR was performed on Guth-
rie spot slices as described. For all three patients tested, an
amplified product of the same base-pair size as in the diag-
nostic DNA sample was detectable in Guthrie card blood spot
DNA (Fig. 2). These data were confirmed in two or three
independent experiments for each patient sample with sepa-
rate slices of the blood spot. In total, 4 of 4 slices were positive
for patient 1, 3 of 3 were positive for patient 2, and 4 of 6 were
positive for patient 3. The absence of any product in the
negative controls—no DNA, 100 ng human placenta DNA,
and normal (nonleukemic) Guthrie specimens, indicated that
no cross contamination occurred (Fig. 2). N-RAS was ampli-

C

M1234567891011 M

-— 323bp

M12345678 9101112131415

-—333bp

F1G. 2. (A4) PCR amplification of 297-bp-specific MLL-AF4 breakpoint region from diagnostic patient 1 leukemic DNA dilutions and two
one-eighth segments of Guthrie spot. Lanes: M, DNA marker VI; 1, no DNA control; 2, 100 ng human placenta; 3, 100 ng patient 1 DNA with
nonspecific primers; 4-10, patient 1 diagnostic DNA dilutions 100 ng-10 pg; 11, one-eighth segment patient 1 Guthrie; 12, “normal” Guthrie
negative control; 13, one-eighth segment patient 1 Guthrie; M, DNA marker. (B) PCR on diagnostic DNA and third and fourth pieces of Guthrie
spot from patient 1. Lanes: M, DNA marker VI; 1, no DNA control; 2, 100 ng human placenta negative control; 3 and 4, negative control one-eighth
segments of normal Guthries 1 and 2; 5, third one-eighth segment of patient 1 Guthrie; 6 and 7, negative control normal Guthries 3 and 4; 8, fourth
one-eighth segment of patient 1 Guthrie; 9 and 10, negative control normal Guthries 5 and 6; 11, patient 1 diagnostic DNA; M, DNA marker VI.
(C) PCR amplification of specific 323-bp product of the AF4-MLL breakpoint region from patient 2 diagnostic DNA and two segments of Guthrie
spot. Lanes: M, DNA marker VI; 1, no DNA control; 2, 100 ng patient 2 DNA with nonspecific primers; 3-6, patient 2 DNA 100 ng-0.1 ng; 7,
100 ng human placenta negative control; 8, one-eighth segment patient 2 Guthrie; 9 and 10, one-eighth segments of normal, negative control
Guthries; 11, one-eighth segment of patient 2 Guthrie; M, DNA marker VI. (D) PCR amplification of 333-bp product specific to patient 3 AF4-MLL
breakpoint region from diagnostic DNA and four one-eighth segments of Guthrie spot. Lanes: M, DNA marker VI; 1, no DNA control; 2, 100
ng human placenta negative control; 3—6, patient 3 diagnostic DNA 10 ng-10 pg; 7, patient 3 DNA with nonspecific primers; 8 and 9, one-eighth
segments of negative control normal Guthries; 10-15, six one-eighth segments of patient 3 Guthrie spot.
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fied as a control for intact DNA and successful PCR (data not
shown). To verify that the breakpoint fusion sequence ampli-
fied from the patients’ blood spot was identical to that of their
diagnostic leukemic DNA, PCR products amplified from
blood spot DNA were purified and sequenced as described.
The MLL-AF4 or AF4-MLL fusion sequence from each pa-
tients’ Guthrie spot DNA was verified by both strands as
identical to that of their respective diagnostic leukemic DNA

(Fig. 3).

DISCUSSION

The detection of leukemic gene fusion sequences in DNA by
retrospective screening of neonatal blood spots is a novel
finding anticipated from earlier studies with four pairs of
identical twin infants (2-10 months of age) with leukemia,
whose malignant cells had the same acquired rearrangement of
the MLL gene (20, 21). It was argued that the sharing of a
unique nonconstitutive gene rearrangement by the leukemic
cells of two identical twins was only possible if the abnormality
arose in a single cell in one fetus, the clonal progeny of which

MLL 57
1 TCTGRAT TTTGTTTGAG
i
aF4 5
TATAGAAGT TTTAAAATAG TGACAGGCAG GTTTTTTAGA GCA
AR
TARACCAGCA GCCTGAGGGC TAGGTTGGGC CTGCAGACAA ATTATTTTGT
TTGGCCTGTA GGGCTTGTTT TCTTTCTTTC TCCCTACCAC CCCCCACACT
CCCCCACACT
BCARGGT 3 MLL
AF4 5  TTGCATCTCCAT TGCTCAAAGC ACGCCATCCA CCATATGCTT TTACATAATG
ATTCCTAC CTGGAAAYGA

AGTGACCTTT CTCTCTCCAC AGGAGGATTG TGAAGCAGAA AATGTGTGGG

AGATGGGAGG CTTAGGAATC TTGACTTCTG TTCCTATAAC ACCCAGGGTG

GTTTGCTTTC TCTGTGCCAGC TAGTGGGCAT

F1G. 3. Sequence of three patients (labeled 1, 2, and 3) diagnostic
leukemic DNA (unshaded upper) and the (identical) MLL-AF4 or
AF4-MLL fusion sequence from Guthrie DNA (shaded lower). Pa-
tient-specific oligonucleotide primers were derived from underlined
sequence. (¥), MLL-AF4 or AF4-MLL breakpoint fusion for each
patient.
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then colonized the other twin in utero via intraplacental
anastomoses. If this interpretation is correct, then fetal blood
and presumably neonatal blood would be expected to contain
leukemic cells. It could be argued, however, that the selection
of concordant leukemias in twins biased analysis of MLL gene
fusions to those that must have originated before birth in utero.
It was therefore theoretically possible that a prenatal origin did
not hold true for discordant twin leukemias (i.e., leukemia in
one twin only of an identical pair) or in nontwinned infants,
i.e., most patients. The present study removes this doubt by
providing direct molecular evidence that the patient and
clone-specific MLL-AF4 (or AF4-MLL) gene fusion sequence
in each of three patients tested was already present at birth.

In two of the selected cases the leukemia required 5 to 6
postnatal months for clinical manifestation, which is the
average age at presentation for infant ALL with MLL-AF4
gene fusions. A small proportion of patients with ALL 1-2
years of age have MLL-AF4 and an even smaller number with
MLL-AF4 are between 2 and 15 years of age (31). Our third
case (patient 3) therefore represents the tail end of the age
distribution of incidence for this biological subset of leukemias
and is particularly instructive, because it illustrates the fact that
leukemias with a fetal origin are not necessarily only those that
develop and are diagnosed in the first year of life. The later age
of diagnosis in this case might be associated with later onset in
the fetus and/or a lower clone size at birth. We have not
attempted to accurately quantify the numbers of cells in each
blood spot that have the leukemic molecular marker but we can
make some approximate estimates. The sensitivity of the assay
varied with each patient-specific fusion gene sequence and
primer pair. Dilution experiments with diagnostic DNA indi-
cated that 10 pg of DNA, or as few as 1-10 cells per segment
(~one-eighth of blood spot or ~4 ul of blood) could be
detected. The intensity of the PCR amplified bands in these
cases, when compared with those in the limiting dilution
analysis of diagnostic material, although at best only a crude
quantitative estimate, suggests that the number of MLL-AF4
fusion gene copies retrievable from the Guthrie specimens was
probably around 20 per slice (or 200 per spot) for patients 1
and 2, but only 1 or 2 (10-20 per spot) in patient 3. This
estimate, if correct, would accord with the observation that
some sections (2 of 6) of the blood spot from patient 3 scored
negative for the MLL-AF4 sequence. It is of interest that in this
small series of patient samples, the case with the longest
latency (patient 3) had the fewest detectable leukemic cells in
neonatal blood spot. If we assume blood counts were normal
at birth in these three patients, then with approximately 4 X
10* mononuclear cells per blood spot, these estimated values
of leukemic cell numbers translate into a leukemic burden at
birth of between 1 in 4,000 and 1 in 200 cells. In future studies
it will be of interest to evaluate more systematically the
relationship between fusion gene frequency and the interval
from birth to clinical diagnosis. However, there may not be a
simple linear relationship between these two variables either as
indicated by serial PCR monitoring of minimal residual disease
in treated patients with ALL (32).

Leukemias associated with MLL gene fusions have some
unusual features. Most pediatric leukemias with MLL gene
fusions clearly have a remarkably short latency (less than 1 year
in most cases, though clearly more than 2 years in the case of
our patient 3). MLL gene fusions are also associated with
secondary leukemias of pediatric and adult patients previously
treated with the topoisomerase II inhibitors etoposide (VP-
16), teniposide (VP-26), or anthracyclines (33, 34). In addition,
in these cases latency is short (1-3 years) compared with that
recorded for other types of leukemogenic exposures and
leukemic subtypes (3, 35). There is also a very high rate of
concordance of leukemia in infant identical twins (36), most of
which will have MLL fusion genes. The actual concordance
rate is unknown; it is usually quoted as around 25% (or 1in 4),
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but might approximate to 100% for those (=60%) monozy-
gotic twins that share a single, monochorionic placenta (36).
Collectively, these data suggest that the presence of an in-
frame MLL fusion gene in an “appropriate” cell type may be
sufficient for the development of clinical acute leukemia.
However, pediatric patients with translocations involving the
MLL gene at diagnosis often have additional genetic abnor-
malities (37, 38), and although these may represent diverse
secondary events, they might contribute critically to the patho-
genesis of disease. It is therefore possible that MLL gene
fusions arise more frequently in fetal development than the
subsequent incidence rate of pediatric leukemia would indi-
cate. It follows that it will be important to evaluate the
frequency with which MLL-AF4 or other MLL gene fusions
are present in unselected newborn blood samples. This cannot
be done by scrutinizing Guthrie card blood spots with clono-
typic primer-based PCR as in this study, but is possible by
RT-PCR screening of cDNA prepared from cord blood and by
using generic primers. Such a study has been initiated.

An important aspect of this study is the potential it provides
to evaluate the natural history of leukemia in children with the
common form of B cell precursor or common ALL, which
peaks at 2—4 years of age and is the major subtype of pediatric
leukemia and cancer. It has been suggested that some of these
cases could also be initiated in utero, but involve postnatal
exposures to infection (3, 36); the evidence is, however, largely
epidemiological and indirect. Molecular studies on identical
twins who developed T cell malignancy at 9 or 10 years of age
provides compelling evidence that a fetal origin coupled with
protracted latency is possible (39). Clonotypic molecular
markers now exist for the common forms of childhood acute
leukemia (40, 41), and it should be possible to tackle this
important question by a similar analysis of Guthrie card
neonatal blood spots. It is important in this respect to note that
the blood spots in which we have been able to identify leukemia
fusion gene sequences had been stored for up to 5 years before
use in this study.

Finally, our data reinforces the notion that exposures of
pregnant mothers and their unborn fetuses are critical, time-
constrained events in the etiology of acute leukemias in young
children or infants (1, 3). Candidate exposures, particularly
with natural or medicinal inhibitors of topoisomerase II (3, 42)
are being assessed in ongoing case/control epidemiological
studies.
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