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ABSTRACT

Genomic imprinting (the functional difference between
homolecgous alleles dependent upon parent of origin) seems to
prlay an important role in some forms of cancer. Cytogenetic
polymorphism studies of t(9;22) chromosomes from patients
with chronic myelogenous leukemia have shown chromosomes 9
and 22 to be paternal and maternal in origin, respectively.
This has suggested a possible imprinting effect on reciprocal
translocations in hematological diseases (Haas et al. 1992).

Children with newly diagnosed acute lymphoblastic
leukemia (ALL) who were being treated at Pediatric Oncology
Group institutions across the United States, had diagnostic
bone marrow specimens submitted for cytogenetic analysis.
Patients positive for the t(1;19) (g23;pl3) were studied to
determine the possible involvement of genomic imprinting. The
parental origin of the derivative chromosomes 1 and 19 was
evaluated using chromosome microdissection and polymerase
chain reaction (CMPCR). DNA amplification for the highly
polymorphic dinucleotide repeat loci, D1S158, D1S103, D19S49,
D19S75 and APOC2, located on the derivative 19, was performed
on the microdissected translocated chromosomes. The poor
quality and quantity of the archived cytogenetic material
required the use of a nested primer approach to increase the
sensitivity and specificity of the amplification. In some
cases, random pre-amplification of the chromosomal DNA
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on the microdissected translocated chromosomes. The poor
quality and quantity of the archived cytogenetic material
required the use of a nested primer approach to increase the
sensitivity and specificity of the amplification. In some
cases, random pre-amplification of the chromosomal DNA
allowed for multiple 1loci specific amplifications from a
single microdissection experiment.

The allele detected on the microdissected chromosomes
was compared with parental alleles to assess the parent of
origin of the chromosomes involved in the translocation. The
ratio of paternal:maternal origin was 4:4 for chromosome 1
and 6:2 for chromosome 19. Evidence for a parental origin
bias could not be established with this limited data set.

The existence of parental origin bias 1is only an
indication of a possible imprinting effect, since the bias
could result from an unequal activity of the homologous
chromoscmes. Genomic imprinting may not be involved in the
formation of the t(1;19) chromosome found in childhood ALL.
The fact that 6 of 8 ALL patients with the t(1;19) have
paternal origin of chromosome 19 suggested that additional
studies and <clinical follow-up were Jjustified to help
establish an association between paternal origin of the

chromosome 19 and clinical outcome as the disease progressed.
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INTRODUCTION

Traditional Mendelian inheritance assumes paternally and
maternally inherited alleles of a gene are functionally
equivalent. The recently described phenomena of genomic
imprinting showed this was not always the case (Marx 1988;
Monk 1987, 1988; Soltzer 1988; Surani 1986; Hall 1990).
Genomic imprinting is a process whereby a specific gene shows
a reversible epigenetic modification which often results in
differential expression dependent upon parental origin. The
nature of the modification is largely unknown but must: 1)
involve the gene itself or the chromosomal region in which it
resides, 2) occur during gametogenesis or shortly after
fertilization, 3) be inheritable by somatic cells, 4) be
erased during early germline production in the organism
(Rainier and Feinberg 1994). DNA methylation at the CpG sites
has appeared to be the principal mechanism for imprinting
(Razin and Ceder 1994). The CpG residues can undergo de novo
methylation and demethylation at specific sites and the
resulting pattern be preserved through several cell
generations (Bird 1986; Ceder and Razin 1990). Genomic
imprinting has been shown to influence gene expression via a
gene dosage mechanism by selectively activating or
inactivating an allele from one parent. In recent years,

considerable evidence for genomic imprinting has accumulated.



Evidence for Genomic Imprinting

At the whole genome level, studies in mice indicated
that both parental complements were needed for normal
development (Cattanach and Kirk 1989). The paternal genome
appeared to be essential for development of the extra-
embryonic tissues and the maternal genome for development of
the embryo proper. Zygotes produced from two sperm pronuclei
(no maternal contribution) developed normal placentas but
lacked embryos; however, those produced from two oocyte
pronuclei (no paternal contribution) developed embryological
tissue without placentas. In each case, the normal genome
content was present but its usual biparental.source altered.
Similarly in humans, paternally derived diploid conceptions
resulted in complete hydatidiform moles (placental tumors),
whereas maternally derived diploid conceptions were ovarian
teratomas (embryonically derived tumors) (Austin and Hall
1992). Likewise triploid fetuses exhibited different
phenotypes dependent on whether the extra set of chromosomes
were maternal or paternal in origin (Reik 1989).

At the chromosome 1level, uniparental chromosomal
disomies in which both copies of a chromosome or chromosomal
segment were derived from one parent have been observed in
all segments of the mouse genome (Searle and Beechey 1978;
Cattanach 1986). Systematic experiments have demonstrated
that uniparental disomy for chromosomes 2, 6, 7, 11, and 17
were associated with different phenotypes according to parent

of origin (Searle et al. 1989). For some chromosomal regions,
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paternal disomy resulted in increased growth and maternal
disomy in deceased growth suggesting a direct relationship
between imprinting and regulation of cell growth (Barton et
al. 1991).

In humans, uniparental disomy (UPD), first suggested by
Engle (1980) then documented by Spence et al. (1988), has
defined possible areas under the influence of genomic
imprinting. The most compelling evidence for genomic
imprinting in humans through UPD has been the occurrence of
two dissimilar disorders, Prader-Willi syndrome (PWS) and
Angleman syndrome (AS) with a common chromosome 15 deletion
but different parent of origin (Xnoll et al. 1989). Although
both have been characterized by mental retardation, unusual
behavior, and growth disturbance, their phenotypes have been
markedly different (Smeets et al. 1992). PWS has been
reported in association with the absence of a critical region
(15g11-13) of the paternally derived chromosome 15, whereas
AS with the deleted maternal chromosome 15. Furthermore,
several PWS patients without deletions, were found to have
both chromosome 15 homologues derived from the mother
(Nicholls et al. 1989).

Another disorder, Beckwith-Wiedemann syndrome (BWS),
also may be associated with genomic imprinting, as suggested
by paternal uniparental disomy of 11pl5 (Viljoen and Ramesar
1992). The BWS has been characterized by multi-organ
overgrowth and predisposition to embryonal tumors such as

Wilms tumor of the kidney (Pettenati et al. 1986).
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Interestingly, the chromosomal segment on 1lp, sometimes
deleted in BWS, has been found to be homologous to the
imprinted mouse chromosome 7, where the insulin-like growth
factor II gene (Igf2) and the hl9 gene have been mapped.
Evidence for genomic imprinting at the gene level was
first derived from studies on transgenic mice. 1In
approximately 20% of the genes inserted into the host genome,
expression depended upon the sex of the parent from which it
was inherited, irrespective of the position at which they
were inserted (Swain et al. 1987; Reik et al. 1987; Surani et
al. 1988). Molecular evidence of imprinting has been reported
for mouse genes, Igf2, Igf2r, hl9, Snrpn, insulin 1 and 2,
Xist, and Mash2. Two closely linked imprinted genes, insulin-
like growth factor II (Igf2) and hl9, have been mapped to
chromosome 7. Surprisingly, each was imprinted in the
opposite sense, maternally for the Igf2 gene (DeChiara et al.
1991) and paternally in the case of the hl9 gene (Bartolomei
et al. 1991). A third imprinted gene, insulin-like growth
factor IT receptor (Igf2r), located in a region of chromosome
17, was found to be transcriptionally inactivated when
inherited from the father (Barlow et al. 1991). Leff et al.
(1992) found that the Snrpn gene, encoding a protein
component from the mRNA splicing machinery, was expressed
only by the paternal allele. While both alleles of the two
mouse insulin genes were active in embryonic pancreas, only
paternal alleles were active in the yolk sac suggesting a

tissue and developmental specific imprinting effect {Giddings
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et al. 1992). Xist and Mash2 genes have been found to be
involved in primary development of the extra-embryonic
tissues. Expression of Xist was found to occur first at the
4-cell embryo stage, prior to X-inactivation, only from the
paternal allele (Kay et al. 1994). The Mash2 gene, required
for trophoblast development, has been recently mapped within
the cluster of imprinted genes (Ins2, Igf2 and hl9) on distal
chromosome 7. The Mash2 paternal allele was found to be
initially expressed by groups of trophoblast cells in very
early post-implantation stages then completely repressed by 8
days post-coitum (Guillemot et al. 1995).

Analysis of homologous genes and chromosomal areas, as
those found imprinted in mouse, has revealed the existence of
imprinted genes in humans. The IGF2, H19, and SNRPN genes
were found to be imprinted in humans (Giannoukakis et al.
1993; Rainier et al. 1993; Glenn et al. 1993; Surani 1994).
Although, the IGF2R gene appeared not to be imprinted
(Kalscheur et al. 1993), subsequent data demonstrated
exclusive expression from the maternal allele which indicated
a functional polymorphism existed in the imprinting of the
IGF2R in humans (Xu et al. 1993). Recent evidence has
indicated that some genes involved in diabetes might also be
imprinted in humans (Haig 1994; Temple et al. 1995)

Imprinting In Human Malignancies

It has been well documented that many genetic

abnormalities, including point mutations, chromosome

rearrangements, chromosome deletions and amplifications were
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associated with cancer. Recently genomic imprinting has been
added to this 1list. By changing chromatin structure and
transcription activity, imprinting can be involved in tissue
and developmental specific gene regulations (Thomas and
Rothstein 1991). Parental-specific gene activation and
inactivation provide a mechanism that allows diploid cells to
selectively express only one allele of a specific gene. This
dosage dependent gene regulation may be disrupted by abnormal
imprinting activities which may lead to malignancies. For
example, both imprinting (inactivation) of a normally active
tumor suppressor gene and loss of imprinting (over-
expression) of an oncogene can lead to malignancies.

A major line of evidence for the possible effects of
genomic imprinting in malignancies came from the discovery of
preferential loss of chromosomes in embryonal tumors (Reik
and Surani 1989). These observations raised the possibility
that the different function of maternal and paternal alleles
caused by genomic imprinting could be a crucial event in the
genesis of recessive tumor syndromes. According to Knudson's
two hit hypothesis, two mutant alleles encoding a tumor
suppressor locus are produced with a mutation of one allele
occurring in the germline, followed by the somatic loss of
the second functional allele (Knudson 1971). Consequently,
the tumor tissues exhibited a loss of heterozygosity (LOH),
becoming homozygous for markers located on the chromosome
that carried the first mutation. In these heritable cases,

the chromosome retained in the tumor is derived from the
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affected or carrier parent. However in sporadic cases, most
of which are thought to be a consequence of both somatic
mutations occurring in a single somatic cell lineage, the
maternal and paternal allele would be expected to have an
equal chance of carrying the mutation. Investigations have
shown this expectation not to be the case. In most sporadic
cases of Wilms tumor (Schroeder et al. 1987; Pal et al.
1990), rhabdomyosarcoma (Scrable et al. 1989), retinoblastoma
(Dryja 1989; Leach et al. 1990), osteosarcoma (Toguchida et
al. 1989), acute myelogenous leukemia (Katz et al. 1992), and
neuroblastoma (Caron et al. 1993), the LOH involved a
specific parental allele. Except in the case of acute
myelogenous 1leukemia, all of the other cancers mentioned
above were associated with a preferential loss of the
maternal allele. These observations were consistent with the
unequal expression of parental alleles.

The first direct evidence for imprinting in cancer was
found in the abnormal expression of IGF2, a growth factor,
and H19, a possible tumor suppressor gene, in Wilms tumor
(WT). A loss of imprinting (LOI) of the IGF2 gene was
described as a possible cause of Wilms tumor (Rainier et al.
1993; Ogawa et al. 1993). In approximately 70% of WT not
undergoing LOH, both alleles of IGF2 were expressed; whereas,
in normal tissues, only the paternal allele was expressed,
indicating a LOI instead. Feinberg (1993) found a difference
in methylation of a DNA sequence upstream from the H19 gene

between the maternal and paternal alleles in normal tissue.
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However, in tumor tissue, the methylation pattern of the
maternal copy resembled that of the paternal copy. This
methylation pattern switch was accompanied by the activation
of the maternal IGF2 allele and the silencing of the maternal
H19 which, along with other genetic changes, could cause
tumorigenesis (Ezzell 1994). LOI of IGF2 and H19 have been
found commonly associated with choriocarcinoma and seemed to
be more frequent (50% in native tumor, 75% in tumor cell
lines) than in Wilms tumor (Hashimoto et al. 1995).

Additional evidence for imprinting in cancer comes from
hereditary cancer syndromes such as hereditary
paragangliomas. Pedigree analysis of hereditary
paragangliomas (glomus tumors) showed that the clinical
manifestation of the disease was determined by the sex of the
transmitting parent (van der May et al. 1989). Clinical
manifestations of the tumors were exclusively expressed
through the paternal line and affected females never
transmitted the disease phenotype, even at the subclinical
level as detected by magnetic resonance imaging (MRI) (van
Gils et al. 1992). This type of transmission pattern strongly
suggested genomic imprinting. The responsible gene has been
localized to 11g23-gter and the imprinting effect seemed to
be absolute (Heutink et al. 1992).

Imprinting in Leukemia

Data has appeared that indicate a possible role of

genomic imprinting in leukemia. Katz et al. (1992) found

possible evidence for genomic imprinting in childhood acute
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myeloblastic leukemia (AML) associated with monosomy 7.
Restriction fragment length polymorphism (RFLP) analysis from
loci on chromosome 7 of ten patients revealed five out of
five patients with myelodysplastic syndrome (MDS) and both
patients with de novo AML had loss of paternal alleles, while
one patient with monosomy 7 syndrome and two with
biphenotypic leukemia had loss of maternal alleles.

Parental Origin Bias in
Chronic Myeloid Leukemia

Recently, Haas et al. (1992) reported a possible
imprinting effect at the chromosome level. Their work showed
that in the translocation leading to the formation of the
Philadelphia chromosome (Ph), hallmark of chronic myeloid
leukemia (CML), the translocated chromosome 9 was exclusively
of paternal descent whereas chromosome 22 was of maternal
origin in eleven informative cases. Cytogenetic polymorphisms
were used to track the parental origin of the translocated
chromosomes. The differently sized centromeric
heterochromatin on chromosome 9 and the differently staining
nucleolar organizing region on the short arm of 22 were used
as markers. Comparison of markers between the parents’
chromosomes and the normal and translocated chromosomes in
patients allowed for recognition of the parental origin of
the normal and the translocated chromosomes 9 and 22.

Translocation at 9g34 and 22gll has resulted in the
reciprocal fusion of the BCR gene (breakpoint cluster region

on 22) with the ABL oncogene (homologue of Abelson leukemia
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virus on 9). Potential fusion transcripts were produced on
the Philadelphia chromosome between the 5’ portion of BCR and
the 3’ part of ABL. This fusion gene product has been
indicated in leukemic disease and the introduction of the
fusion gene alone can cause malignancy (Daley and Ben-Neriah
1991).

If both copies of the chromosomes 9 and 22 had an equal
chance for rearrangement, Haas et al. (1992) suggested the
observed pattern would result either from a selective
expansion of the clone with a particular parent of origin
translocation or from certain regions on one homologous
chromosome being more susceptible to rearrangement. The
latter might be explained by the presence of epigenetic
modification such as DNA methylation. Allele specific
methylation patterns such as those demonstrated in imprinting
(Driscoll et al. 1992; Bartolomei et al. 1993; Stéger et al.
1993; Nicholls 1994a), may cause one copy to be prone to a
higher mutation rate.

Subsequent molecular studies in CML (Riggins et al.
1994; Fioretos et al. 1994; Litz and Copenhaver 1994; Melo et
al. 1994) demonstrated biallelic expression from both the BCR
and ABL genes in peripheral blood indicating these genes were
not functionally imprinted in normal leukocytes. However,
these studies did not exclude the possibility that abnormal
imprinting played a role in the disease-specific selection of
the Ph chromosomes, with a specific parent of origin

arrangement. However, further molecular studies by Melo et
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al. (1995) failed to confirm the cytogenetic data (Haas et
al. 1992). Using BCR and ABL specific primers, long-range
reverse transcription PCR (RT/PCR) across the BCR/ABL
breakpoint was performed. Using an ABL gene polymorphism
within the PCR product, they determined in a group of 11 CML
patients, that 6 had paternal origin of the ABL gene and 5
had matermal origin.

The most simple explanation postulated for the
discrepancy between the cytogenetic and molecular data was an
unusually high frequency of yet unproved homologous mitotic
recombination events occurring between the centromere and the
translocation breakpoints. However, such somatic homologous
recombinations have been noted to be extremely rare events
and at best could be used to explain a deviation of the
nonrandom pattern (Haas 1995). In the cytogenetic study, the
patient selection criteria depended upon the presence of
informative cytogenetic markers on both chromosomes 9 and 22
(Haas et al. 1992). Likewise, the molecular study was based
upon the presence of a BstM restriction fragment length
polymorphism in the ABL gene which occurred at a frequency of
8.5% in both normal and leukemic individuals (Melo et al.
1995). Perhaps an ascertainment bias existed for both studies
which could have lead to the discordance of results. The
question still remains as to whether an imprinting phenomenon
can be used to explain the parental origin bias found for the

t(9;22) chromosome in CML (Haas 1995; Fioretos et al. 1995;

Litz 1995).
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Imprinting in Other Leukemia
Specific Translocations

Reciprocal translocations in hematological disorders is
one of the growing list of mutations possibly influenced by
genomic imprinting. The existence of parental origin bias is
a strong indication of genomic imprinting, since the bias
must result from an unequal activity of the homologous
chromosomes. Because translocations originate somatically
during the life of the individual, genomic imprinting might
be involved either in the formation of the translocation or
in its disease-specific selection. If genomic imprinting were
involved in the formation of the translocation, only one
parental origin combination (i.e., paternal 9 and maternal 22
in CML) should be observed. If genomic imprinting were
involved in the disease-specific selection, however, several
combinations may occur initially but only the one(s) related
with the tumorigenesis will be maintained as a clonal defect.
It is possible that more than one parental origin combination
is being selected in different patients with the same
translocation. In this case, the different parental origin
patterns may be responsible for the clinical heterogeneity.

The Possibility of Genomic Imprinting
in Childhood ALL Patients
with the t(1;19) (q23;p13)

The t(1:;19) (g23;pl3) chromosome has been found to be the

most common translocation in childhood acute lymphoblastic

leukemia, with an overall incidence of 5%-6% (Carroll et al.
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1984; Raimondi 1993). It has been closely associated with the
pre-B immunophenotype. Clinically, the presence of the
t(1l;19) has been correlated significantly with several
recognized prognostic features such as a positive
immunophenotype for cytoplasmic Ig, higher leukocyte counts,
and higher serum lactate dehydrogenase levels (Pui et al.
1990). As expected, the t(1;19) is associated with an
inferior outcome in patients treated on minimally or
moderately intensified protocols (Crist et al. 1990). This
rearrangement occurred in either a balanced,
t(1;19) (g23;pl3),or unbalanced, -19, +der(19)t(1;19) (g23;pl3)
form. In the unbalanced form, two normal chromosomes 1 were
always present and probably represented a duplication of the
normal homologue. Some leukemic cells contained both forms,
implying that the der(1) could be lost through clonal
evolution, without loss of the transformed phenotype.

As in the t(9;22) in CML, the t(1;19)in ALL has been
studied at the molecular level. The translocation has been
reported to produce a critical fusion of the 5' end of E2A
and the 3' end of the PBX1l genes (Mellentin et al., 1989;
Kamps et al. 1990; Nourse et al., 1990). E2A which encodes
the Ig enhancer binding factors E12 and E47, has been mapped
to 19p13, while PBX1l, a homeobox gene of unknown function, to
1gq23. The genomic breakpoints appeared to cluster in a
constant junction site resulting in the chimeric E2A-PBX1
transcript (Hunger et al. 1991). The hybrid E2A-PBX1 gene

product contributed to leukemic cell growth (Kamps et al.



14

1991), most 1likely through altering the transcriptional
properties of the PBX1 homeodomain protein (Lu, et al. 1994;
LeBrun and Cleary 1994).

The chromosome 19 in the t(1;19) has regional homology
to mouse chromosome 7 which has been shown to be imprinted
(Searle et al, 1989). Translocations involved in this region
may result in the juxtaposition of two differently imprinted
domains, thus exerting different ‘position effects’ on the
adjacent genes depending on the domains involved. Altered
expression of these genes might be involved in particular

clinical and biological features of the disease such as the

cIg* immunophenotype and poor prognosis. Therefore, a
parental origin bias of the t(1;19) would be a strong
indication of a genomic imprinting effect in childhood ALL.
Methods for Parental Origin Studies

Use of cytogenetic polymorphisms has been one technique
for determining the parent of origin, but few chromosomes
exhibit informative polymorphisms and the analysis can
sometimes be erroneous. Because balanced translocations do
not cause a deletion or duplication of DNA, traditional
molecular approaches are not readily amenable for determining
parent of origin in most hematological diseases. Most
molecular techniques would be feasible only in those cases
with intragenic polymorphisms which would be altered by the
rearrangement. Long range PCR could be used if the sequence
of the genes involved in the translocation were known and

informative polymorphisms could be identified in close
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proximity to the breakpoints. Alternatively, the homologous
chromosomes involved in the translocation need to be
separated by either generating somatic cell hybrids (Kruse
and Patterson 1973) or by chromosome microdissection before
analysis for molecular polymorphisms (Knops et al. 1993).

Chromosome microdissection polymerase chain reaction
(CMPCR) with analysis of molecular polymorphisms such as
microsatellite repeats has provided the most direct and
simple approach for imprinting studies of leukemia specific
chromosome translocations. Since the first report by Liidecke
et al. (1989), a variety of chromosome microdissection
techniques have emerged (Kao 1990; Senger et al. 1990; Kao
and Yu 1991; Hadano et al. 1991; Hirota et al. 1992; Meltzer
et al. 1992). Many of these techniques involved
micromanipulation of the chromosome fragments into nanoliter
droplets for extraction, restriction enzyme digest and linker
ligation to a primer sequence which proved to be very
tedious. The chromosome microdissection PCR (CMPCR) technique
has allowed direct PCR amplification in prepared buffer of
specific DNA fragments from a minimal number of copies (Han
et al. 1991). CMPCR has been successfully used to map
specific band locations for several genes (Han et al. 1991;
Eipers et al. 1991; Lu et al. 1992, George et al. 1993;
George et al. 1995) from a single chromosome fragment.

Simple sequence tandem repeats known as microsatellites
have provided the best source of DNA polymorphisms because

they were found to be universally distributed in the human
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genome, to demonstrate a high degree of polymorphism, and to
be easily typed (Weber and May 1989). Microsatellites have
been found to consist of 10-50 copies of motifs from 1-6
base pairs that can occur in perfect tandem repetition, as
imperfect repeats or together with another repeat type.
Dinucleotide CA repeats were the most common and occurred
about every 30 kb (Hudson et al 1992). A large portion of
microsatellites have four or more alleles and a polymorphic
information content (PIC) greater than 0.70, making them
ideal genetic markers (Hearne et al. 1992). These repeats
have been amplified and analyzed from single sperm cells
(Hubert et al. 1992) as well as from microdissected
chromosomes (Spielvogel et al. 1992).

CMPCR in association with molecular analysis using
microsatellite repeats has provided a powerful new technique
to investigate cytogenetic abnormalities at the molecular
level. To determine if genomic imprinting occurred in other
hematological malignancies, the CMPCR technique was used to
investigate parental origin of recurring chromosome
rearrangements in the rare pre-B cell childhood acute
lymphoblastic leukemia (ALL). One of the more frequently
recurring reafrangements in this subgroup of childhood ALL,
the t(1;19)(g23;pl3), was studied by comparing the
polymorphisms found in microdissected translocated
chromosomes from cytogenetic preparations from bone marrow of
the patient with those found in the genomic DNA of their

parents. Information from these studies could provide an
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approach to understanding the role of imprinting in this

subgroup of childhood ALL.



MATERIALS AND METHODS
Patient Material
Children with newly diagnosed acute lymphoblastic
leukemia (ALL) who were being treated at Pediatric Oncology
Group institutions across the United States, had diagnostic
bone marrow specimens submitted to the Laboratory of Medical
Genetics at University o¢f Alabama at Birmingham for
cytogenetic analysis. Patients positive for the
£(1;19) (g23;pl13) (Figure 1), with or without other
chromosomal abnormalities, were studied. Table 1 lists the
karyotype interpretation of the nine patients involved in the
study.
Preparation of Metaphase Spreads from
Bone Marrow Specimens

Cell Culture

The GTG-banded metaphase chromosomes from bone marrow
were prepared by standard cytogenetic techniques (Barch
1991). Using sterile technique, duplicate cultures were
initiated using 10 ml. RPMI 1640 (Gibco) supplemented with
15% fetal bovine serum (Gibco), 1% L-glutamine (200 mM)
(Gibco), and ~0.3 ml bone marrow aspirate. Cultures were

incubated overnight at 37°C.

Cell Harvest

After the incubation period, the cultures were treated

with 0.05 ml Colcimid (10 ng/ml) (Gibco) for 2.5 hours at

18
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der(1) 1 der(19) 19

Figure 1. GTG banded chromosomes with the t(1;19) (g23;pl3).

Table 1

togenetic Diagnosis of the Patients with Childhood ALL.

e — " ———

PATIENT ABNORMAL KARYOQTYPE2
01gv 46,XY,-19,+der(19)t(1;19) (g23;pl13)
04RC 46,XX,t(1;19) (g23;p13)
07PH 47,XY,t(1;19) (g23;p13),+1i(1q)
100M 47,XY,t(1;19) (g23;pl3),del (13qg),+21
13¥YM 46,XX,-19,+der(19)t(1;19) (g23;pl3)
16HS 46,XY,-19,+der(19)t(1;19) (g23;p13)
19ME 46,XX,t(1;19) (g23;p13),t{(13qgl4aqg)c
22CC 46,XX,t(1;19) (g23;p13)
25AC 46 ,XY,-19,+der (19)t(1;19) (a23;pl3)

@ This diagnosis includes only the predominant abnormal cell
line. The complete cytogenetic diagnosis can be found in the
appendix.
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4°C. The cell culture suspensions were transferred to 15 ml
conical centrifuge tubes and centrifuged at 1500 rpm for 6
minutes. The supernatant was discarded and the cell pellet
resuspended. Twelve ml 0.075 KCl hypotonic solution was
added. After 20 minutes, the hypotonic action was stopped
with addition of 2 ml of 3:1 methanol:acetic acid fixative.
The fixative/hypotonic cell suspension was mixed and after 15
minutes, centrifuged at 1500 rpm for 6 minutes. The
supernatant was discarded, the cell pellet resuspended, and
12 ml 3:1 methanol:acetic acid fixative added. After 10
minutes, the cell suspension was centrifuged at 1500 rpm for
10 minutes. The cell pellet was washed three times with 4-5
ml fresh 3:1 methanol:acetic acid fixative.

Slide Preparation and Banding

After appropriate dilution in fresh fixative, several
drops of cell suspension were dropped onto clean wet
microscope slides, and metaphases spread by placing the slide
on a 56°C slide warmer to dry. The slides were aged at 90°C
for 30 minutes. GTG bands were obtained by pretreatment of
slides in 0.5 % trypsin/Hank's balanced salt solution without
Ca** and Mg** (HBSS) (Gibco) for 5-10 seconds then rinsed
twice in HBSS. The slides were stained using 4% Giemsa
(Harleco) in pH 6.8 Gurr's phosphate buffer (Gibco) for 3
minutes, then rinsed in distilled water and air dried. The
stained cytogenetic preparations were stored in moist

chambers until needed.
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Preparation of Genomic DNA
Patient and parental blood was requested from the
referring physicians. Most patients had both parents
available for study, but in some cases only maternal blood
was obtained. Approximately 10 ml of wvenous blood was
collected in EDTA wvacutainers and shipped overnight. Upon
receipt, the blood was frozen at -20°C until needed for

extraction of DNA.

DNA Extraction

DNA extraction was performed using a routine phenol-
chloroform procedure (Sambrook et al. 1989). The frozen blood
was thawed, transferred to a 50 ml Corex centrifuge tube and
mixed with an equal volume of phosphate buffered saline
(Gibco). The blood/PBS solution was centrifuged using a
Beckman model J 21B ultracentrifuge at 3500g for 15 minute.
The supernatant was discarded and the cell pellet
resuspended. Fifteen ml DNA extraction buffer (10 mM Tris-HCl
(pH 8.0); 0.1M EDTA (pH 8.0); 20 ng/ml pancreatic RNase A;
0.5% SDS) was added. Proteinase K (Sigma) was added to a
final concentration of 100 mg/ml. The mixture was incubated
with gentle agitation at 37°C.

After overnight incubation, three extractions with
phenol were performed by adding equal volumes of Tris
equilibrated phenol (pH 8.0) (USB), gently mixing and
separating by centrifugation at 5000g for 15 minutes. The
organic phase was removed and discarded and the agueous phase

phenol extracted two more times. After the third phenocl
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extraction, equal volumes of 24:1 chloroform:isocamyl alcohol
was added to the aqueous phase, mixed, and centrifuged at
5000g for 15 minutes. The aqueous phase was transferred to a
clean 50 ml plastic conical centrifuge tube.

The DNA was precipitated by adding 0.2 volumes of 10M
ammonium acetate and 2 volumes of 100% cold ethanol. Using a
glass hook, the DNA was transferred and resuspended in 500 nl
sterile water. The DNA was quantified using a Milton Roy 1201
spectrophotometer. The DNA was stored at -20°C until needed.

Microsatellite Repeat Loci and Primers

Microsatellite Repeat Loci

Microsatellite repeat loci were selected from those in
which primers were commercially available as Mappairsm™
(Research Genetics). Those loci located near the breakpoint
on the derivative 19 with the highest degree of polymorphism
available were used (Tables 2 and 3). The polymorphic
information content (PIC) provided a useful index of
informativeness for a marker. The PIC was calculated from
allele frequencies in the population and was related to the

mean repeat length (Hearne et al. 1992).

Primer Sets

A set of primers external to the published set of
primers for each microsatellite repeat loci were designed
using the OLIGO program. A nested primer approach, where two
rounds of PCR amplification were performed, was used to

increase the specificity of amplification from limited
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Table 2

Microsatellite Repeat Loci for Chromosome 1.

Locus Chromoscmal ILocation PICa Reference
D1s158 1g32-g41l 0.89 Overbeck et al. (1992)
D1S103 lg32-gter 0.80 Weber et al. (1920c)

4 Polymorphic information content.

Table 3

Microsatellite Repeat Loci for Chromosome 19.

Locus Chromosomal Location PIC2 Reference
D19549 19g12-gli3.1 0.74 Weber et al. (1990Db)
D19S75 19gl12-gl3.1 0.64 Weber et al. (1990a)
APOC2 19g13.1 0.85 Weber and May (1989)

2 Polymorphic information content.
numbers of starting templates when working with
microdissected chromosome fragments. Fully nested primer sets
for D1S158, D1S103, D19S49, and D19S75 were designed (Figure
2) while hemi-nested primers were used for APOC2 (Figure 3).
Primer sequences and product size for external (primer 1 and
2) and internal (primer 3 and 4) are found in Table 4.
Polymerase Chain Reaction (PCR)

Optimal PCR conditions were obtained on genomic DNA in a
series of reactions varying the magnesium chloride
concentration from 1.0 mM to 3.0 mM and the temperature from

45°C to 65°C. The reactions were performed in a final volume

of 25pl1 of 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl,, 50 mM KCJl,
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0.1 mg/ml gelatin, 0.2 mM each dATP, d4dGTP, dTTP, dCTP buffer
with 100 ng genomic DNA, 1.0 ng/pl final concentration of
primers and 2U Tag polymerase (Boehringer Mannheim). Thirty
PCR cycles of 94°C denaturation for 1 minute, optimal
annealing temperature for 2 minutes, and 72°C extension for 2
minutes was performed, with a final extension of 72°C for 8
minutes using a MJResearch Mini Cycler. The product was
detected by electrophoresing in a 1% agarose gel with
ethidium bromide in Tris~Borate-EDTA buffer (TBE).

Allele detection reactions were performed on genomic DNA
from the patients and their parents to determine which loci
were informative. The reactions were performed in a final
volume of 25 pl 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl,, 50 mM
KCl, 0.1 mg/ml gelatin, 0.2 mM each 4ATP, dGTP, dTTP, dCTP

buffer with 100 ng genomic DNA, 1.0 ng/pl final concentration

1 32p, 3 repeat region
5' E— 3’

Figure 2. Fully nested PCR primers for the amplification of
dinucleotide repeat loci. Primers 1 and 2 were used for the
first round amplification, and 3 and 4 were used in the
second round reaction for detection. Primer 3 was end-labeled

with y32P-ATP.
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w

repeat region
5 A 3

n— % 32P o—

Figure 3. Hemi-nested PCR primers for the amplification of
dinucleotide repeat loci. Primers 2 and 3 were used for the
first round amplification, and 3 and 4 were used in the
second round reaction for detection. Primer 4 was end-labeled

with y32P-ATP.

Table 4

Primer Sequences and Average Product Size for Dinucleotide
Repeat Loci.

PRIMER SET SEQUENCE SIZE®

D18158 externalb 5' TCTTTGTTCTTTGTTTCTTG 3 340
5+ TCAAAGAAGAGAAGATAACC 3!

D1S158 internalC® 5+ GGGCCTTCTTATATTGCTTC 3 150
5' GGAAAGACTGGACCAAAGAG 3

D1S103 externalk 5' ATCTCTCAGCTATTACAAGG 3 203
5' TGACAGTGATTTTAGTTGGT 3

D1S103 internalc 5' ACGAACATTCTACAAGTTAC 3 85
5' TTTCAGAGAAACTGACCTGT 3

D19S49 externalb 5' GCTCTCGGACCATAACAAGT 3 220
5* TCACCTCAGCCTCCCAAAGT 3

D19S49 internalc 5' ACTCATGAAGGTGACAGTTC 3¢ 120
5' GITGTTGTTGACCTATTGCAT 3

D19S75 externalb 5' ATCAGCTTCCCTTTGCTCCC 3 240
5+ ATCTGTTATTTTAGCAAGCA 3

D19875 internalC 5+ ATTATTCCATCTAAAAGCGAA 3 143
5 TTCCCTTTGCTCCCCAAACG 3

APOC2 externald 5' AGCCCGTGTTGGAACCATGA 3 202
5' GTGATTTGTGGAGTGTGGTG 3

APOC2 internald 5' GCTTGAGCCCAGGAGTTTGA 3 136

a8 product size is listed in base pairs (bp), P the external
primer sets were used for the first round of amplification,

€ the internal primer sets were used for the second round of

amplification, 9 locus APOC2 was amplified using a single
internal primer in conjunction with one external primer.
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internal primers 3 and 4 and 2U Tag polymerase (Boehringer
Mannheim). Primer 3 (100 ng) was end-labeled in 20 pl 70 mM
Tris-HC1 (pH 7.6); 10 mM MgClz; 5 mM DTT with 66uM yY-32P-ATP
(6000 Ci/mmol) (Amersham) using T4 polynucleotide kinase (New
England Biolabs) at 37°C for 1 hour. Thirty PCR cycles of
94°C denaturation for 1 minute; optimum annealing temperature
for 2 minutes, and 72°C extension for 2 minutes was
performed, with a final extension of 72°C for 8 minutes using
a MJResearch Mini Cycler.
Polyacrylamide Gel Electrophoresis

The products were electrophoresed on a 60 cm IBI
BaseRunner 100 (Kodak) using a 6% sequencing gel (Sequegel-
6™, National Diagnostics) in TBE buffer (USB) at 50 W for
2.5-4 hours. A ¢X174/Hindf marker was y 32P end-labeled in 20
ul 70 mM Tris-HCl (pH 7.6); 10 mM MgCl,; 5 mM DTT with 66 M
Y 32P-ATP (6000 Ci/mmol) (Amersham) using T4 polynucleotide
kinase (New England Biolabs) at 37°C for 1 hour and
electrophoresed with the products as a size control. The gel
was transferred to blotting paper and exposed to X-ray film
(Kodak) for 4-24 hours depending upon the intensity of the
signal.

Chromosome Microdissection

Microdissection 6f the bone marrow chromosomes was
performed on a Olympus BH2 light microscope using a long
working distance objective. The slides were scanned under
250X magnification and appropriate metaphases chosen for

microdissection. Metaphases were examined and the
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translocation chromosomes identified under 1000X
magnification. Chromosome microdissection was then performed
under 625X magnification.

Chromosome microdissection was accomplished with
borosilicate glass needles pulled to a tip diameter of 0.5 um
or less using a Kopf Model 2D pipette puller. The
micromanipulator (Narishige) was used to position the glass
needles below the chromosome. Immediately after positioning,
the needle was driven upward along the chromosome axis from
one terminus to the other to scrape the chromosome off the
surface of the slide. Then, the needle was immediately lifted
with the chromosome adhering to the tip (Figure 4). Usually 2
to 10 chromosomes were microdissected individually and each
chromosome carefully transferred by immersion of the needle
tip directly into 25 ul sterile PCR buffer.

The der(19) was microdissected for PCR analysis of
microsatellite repeat loci in all patients studied. In the
event the translocation was balanced, the normal 1 and/or 19
were microdissected. Similarly, the normal 19 was
microdissected if the translocation was unbalanced.

PCR from Microdissected Chromosomes

The first round of amplification was performed in 10 mM
Tris-HCl, pH 8.3, 1.5 mM MgCly, 50 mM KC1l, 0.1 mg/ml gelatin,
0.2 mM each dATP, dGTP, d4dTTP, dCTP buffer containing 0.1
ng/ul of external primers (1 and 2) specific for one of the

five microsatellite repeat loci (D1S158, D1S103, D19s49,
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Figure 4. Example of chromosome microdissection of der(19)
from a bone marrow metaphase spread. The arrow indicates the
der (19) to be cut. a) der(l9) before dissection, b) needle
in position for cutting, c¢) partially cut chromosome, d)
after cutting, chromosome has been transferred into PCR
buffer.
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D19S75, APOC2). After 10 minutes at 100°C, 2 U Taqg polymerase
(Boehringer Mannheim) was added and 5 PCR cycles of 94°C
denaturation for 1 minute, a programmed ramp of +4°C over 4
minutes, and 72°C extension for 2 minutes were performed. The
ramping step began at 47°C for D1S158, 51°%C for D1S103, 52°C
for D19S49 and D19S75, and 56°C for APOC2. Then, 45 PCR
cycles of 94°C denaturation for 1 minute, 52°% annealing for
D1S158, 54°%C annealing for D1S103, 55°C annealing for D19S49
and D19S75, and 60°C annealing for APOC2, then 3 minutes 72°C
extension for 2 minutes was performed.

A second round amplification was performed using
internal primers 3 and 4 (primer 3 was 5' end-labeled with ¥
32p) . Twenty-five ul PCR buffer (as above) with 0.2 ng/ul
internal primers was sterilely transferred into the first
round reaction tube. Fifty PCR cycles of 94°C denaturation
for 1 minute, 55°C annealing for 2 minute, and 729 extension
for 3 minutes were performed.

Amplification Using Nonspecific Primers

Alternatively, the microdissected chromosomes were
preamplified using one of several nonspecific primers. At
lower annealing temperatures, nonspecific primers annealled
at random sites along the original template (the
microdissected chromosomes), and subsequent extension
increased the original copy number of the target DNA. Three
random amplification technigques, R-1, R-2, and R-3, used

different primers with specific conditions.



30

R-1 Technigue

In this technique, multiple copies of the chromosomal
DNA were produced with fifty rounds of primer extension
reactions using a collection of 15-base oligonucleotides in
which any one of the four bases could be present in any
position (Zhang et al. 1992). The chromosomes were cut into
an alkaline buffer (200 mM KOH; 50 mM dithiothreitol) then
neutralized with an equal volume of 900 mM Tris-HCl, pH 8.3,
300 mM KC1l, and 200 mM HC1. Fifty ul K+ free PCR buffer (2.5
mM MgCl,; 10 mM Tris-HC1l, pH 8.3; 0.1 mg/ml gelatin) with 0.2
mM each dNTP, 50 ng/ul random primer and 5 U Tag polymerase
(Perkin-Elmer/Cetus) was added. Fifty PCR cycles of 94°C
denaturation for 1 minute; 37°C annealing for 2 minutes, then
a programmed ramp of 10 second/degree to 55°%C, and extension
at 55°C for 4 minutes were performed.

R-2 Technique

In this technique, the universal oligonucleotide 5'-
CCGACTCGANNNNNNNATGTGG-3' was used to produce multiple copies
of the original chromosome after relaxation of the DNA with
topoisomerase I (Guan et al. 1993). The reaction buffer (40
mM Tris-HCl, pH 7.5; 20 mM MgCl,;, 50 mM NaCl; 0.2 mM each
dNTP; 36 ng/ul universal primer) was first purified with a
Micron 30 (Amicon). The chromosomes were transferred into 5
ul of purified buffer and one unit of topoisomerase I
(Promega) added before incubation at 37°C for 30 minutes. An

initial eight cycles of primer extensions were performed
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using T7 polymerase (Sequenase, Version 2.0, USB) which
functioned better at lower temperatures than Taq polymerase.
The chromosomal DNA was denatured at 94°C for 1 minute, then
0.3 U T7 polymerase (Sequenase Version 2.0, USB) was added,
followed by primer annealing at 30° for 2 minutes and
extension at 37°C for 2 minutes. After this initial primer
extension, conventional PCR was performed in the same
reaction tube. Fifty nl PCR reaction mixture (10 mM Tris-HC1,
pH 8.3; 1.5 mM MgCl,, 50 mM KCl; 0.1 mg/ml gelatin, 0.2 mM
each dNTP and 2 U Taqg polymerase (Perkin-Elmer/Cetus) was
added. After 3 minutes at 95°%C, 40-50 PCR cycles of 94°C
denaturation for 1 minute, 56°C annealing for 2 minute, and
72°C extension for 3 minutes were performed.

R-3 Technique

A variation of the previous procedure also was used to
randomly amplify the chromosomal DNA by first annealing the

universal primer A, 5'-TGGTAGCTCTGATCANNNNN-3' at low

temperature and extending with T7 polymerase then targeting
the 5' end of the universal primer A with 5'-

AGAGTTGGTAGCTCTTGATC-3* (primer B) during the conventional

PCR cycling (Bohlander et al. 1992). The microdissected
chromosomes were transferred into 5ul buffer A containing 40
mM Tris-HC1l, pH 7.5; 2.0 mM MgCl,, 50 mM NaCl; 0.2 mM each
dNTP, and 50 ng/pl primer A. After denaturation at 96°C and
cooling to 4° for primer annealing, one unit of Tag

polymerase (Boehringer Mannheim) was added in 2.5 npl of
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buffer A and the temperature ramped to 37°C over an 8 minute
interval then held at 37°C for 8 minutes. After a second
round of low temperature amplification, conventional PCR was
carried out by adding 90 ul of buffer B (10 mM Tris-HC1l, pH
8.3; 1.5 mM MgCl,, 50 mM KCl; 0.1 mg/ml gelatin, 0.2 mM each
dNTP, 50 ng/ul primer B) to the same reaction tube. Five low
stringency PCR cycles with denaturation at 94°C for 1 minute,
annealing at 429 for 5 minutes, a ramp to 72° over §
minutes, and extension at 72°C for 5 minutes were followed by
33 PCR cycles of 94°C denaturation for 1 minute, 56°C
annealing for 1 minute and, 74°C extension for 2 minutes.

Loci Specific Amplification
After Preamplification

After preamplification of chromosomal DNA, a small
aliquot of the reaction mixture was removed for amplification
with the nested loci specific primers as described above. If
loci specific product was not obtained the preamplified
products from all the reactions were combined, the oil
removed with equal wvolumes of chloroform, and then
precipitated using 0.1 volumes of 10 N ammonium acetate and 2
volumes of cold 100% ethanol. The DNA was resuspended in a
small volume of sterile water (usually 2-5pl). The
concentrated preamplified products were again used for
amplification with the nested loci specific primers.

All PCR reactions were performed with at least one
negative control containing all reaction reagents except

template (genomic DNA, microdissected chromosomal DNA or
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preamplified chromosomal DNA). The negative control from the
preamplification procedure was also used as template for
amplification with the nested loci specific primers.
Generally, positive controls using genomic DNA were not done
because of the possibility for cross contamination of genomic
DNA with microdissected chromosomal DNA. If a signal similar
to the chromosomal DNA experimental reaction was detected in
the negative control, the results were not used.

Polyacrylamide Gel Electrophoresis
Analysis of Chromosomal DNA

The PCR reaction mixture (3-4 ul) was electrophoresed on
a 30 cm IBI BaseRunner 100 (Kodak) using a 6% sequencing gel
(Sequegel-6™, National Diagnostics) in TBE buffer (USB) at
35W for 1 hour to determine if a product amplified from the
chromosomal DNA was present. A y 32P end-labeled ¢X174/Hindf
marker was electrophoresed with the products as a size
control. The gel was transferred to blotting paper and
exposed to X-ray film (Kodak) for 4-24 hours, depending on
the intensity of the signal.

If a signal was present within the proper size range for
a particular loci with no similar signal in negative
controls, the product was electrophoresed beside the
detection reaction products from patient and parental genomic
DNA. The allele amplified from the microdissected chromosome
was compared to the two alleles detected in the patient and
then traced back to the original parental allele to determine

the parent of origin for that chromosome.
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Determining Optimum PCR Conditions
for Nested Primer Sets

The primer sets were used with various magnesium
concentrations, annealing temperatures and Taq polymerases to
amplify small qguantities of genomic DNA in order to obtain
optimal PCR conditions. For most primers, optimal magnesium
concentration was 1.5 mM using Boehringer Mannheim Tag
polymerase. Perkin-Elmer Cetus Tag polymerase along with
PerfectMatch® (Promega) was utilized to obtain optimal
results for the APOC2 locus with 1.5 mM MgCl,. The optimal
annealing temperatures for each primer set are listed in
Table 5.

Two primer sets, D1S158 and D19S49, proved to be very
effective in achieving a distinct product without significant
background amplification. Occasionally, additional rounds of
amplification (10-15) were needed to produce adequate product
using primer sets for the remaining loci (D1S103, D19S75, and
APOC2) .

Numerous attempts to establish consistent amplification
from chromosomal DNA microdissected from standard leukocyte
cytogenetic preparations were unsuccessful. Leukocyte
cytogenetic preparations were used because of the better
quality and quantity of metaphases than those from bone

marrow cytogenetic preparations. Nevertheless, amplification

34
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Table 5

Optimum Annealing Temperatures for the Nested Sets of Primers
used in the Analysis of the t(1;19) Chromosome.

Loci External Internal
Dislis8a.......... 520°C 559°C
D1si03a. . ........ 54°C 56°C
D19S49b. .. ... .... 55¢C 55°C
D19875P.......... 55¢°C 56°C
APOC2b. . .. ....... 60°C 62°C

@ Located on chromosome 1 P Located on chromosome 19.
was achieved sporadically at best. Therefore, attempts to
achieve consistency were abandoned. Microdissected
chromosomal DNA from patient bone marrow preparations were
amplified using conditions optimized on genomic DNA with
results occurring irregularly.
Determination of Informative Loci

The dinucleotideé repeat loci were considered informative
if the 2 alleles of the patient were heterozygous and parents
did not share the same set of alleles. Informative loci for
chromosomes 1 and 19 were ascertained by analysis of genomic
DNA from the patient and both parents. For patient 13YM and
25AC only maternal blood was available. At least one
informative loci for each chromosome was detected for all
families involved in the study. Table 6 shows the informative

status of the families for the five loci used in the study.
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Table 6

Informative Status for Microsatellite Repeat Loci from
Chromosomes 1 and 19 in All Families Studied.

Chromosome 1 Chromosome 19
Patient D15S158 D1S103 D19S49 APOC2 D19S75

01dv........ INF INF INF INF INF
O4RC........ INF NI NI INF INF
O07PH........ INF INF NI INF UND
100M........ INF INF INF NI NT

I3yM... ... .. INF INF INF NT UND
16HS........ INF UND INF UND UND
19ME........ INF NI INF INF UND
22CC........ INF NI NI UND INF
25AC. . ... .. INF UND INF UND NI

INF: informative; NI: not informative; UND: undetermined

For the two most effective loci, D1S158 was informative
for all families studied while D19S49 was informative for
~70%. D1S103, APOC2, and D19S75 were undetermined for some
families because the analysis was successfully completed with
other loci.

Analysis of D19S49 and D1S158 from 01JV and 04RC are
shown in Figure 5 and 6. D19S49 was highly informative for
01JV but uninformative for 04RC who was homozygous for the
parental upper allele. D1S158 was highly informative for 04RC
with several base pairs separating the two patient alleles.

Although informative, the two alleles for 01JV were only 2
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Figure 5. Informative status of patients 01JV and 04RC for
locus D19S49 located on chromosome 19. Lanes 1, 2, and 3,
Patient 01JV, his mother and father, respectively. Lanes
4, 5, and 6, Patient O04RC, her mother and father,
respectively. As the results indicate, 01JV was
informative for the D19S49 locus, since he inherited
allele 1 from his mother and allele 4 from his father.
04RC, on the other hand, was not informative since she
inherited allele 2 from both her mother and father.
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Figure 6. Informative status of patients 01JV and 04RC for
locus D1S158 located on chromosome 1. Lanes 1,2, and 3,
Patient 01JV, his mother and father, respectively. Lanes
4, 5, and 6, Patient 04RC, her mother and father,
respectively. As the results indicated, 01JV, was
informative for the D1S158 locus, although the alleles he
inherited (allele 5 from his mother and allele 6 from his
father) had minimal separation (2 base pairs). On the
other hand, the D1S158 locus for 04RC, was more useful
since alleles 4 and 6 had a higher degree of separation.
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base pairs different and therefore, not as useful. Highly
informative loci were detected in all families except 19ME
(chromosome 1), O04RC (chromosome 19), 25AC (chromosome
19) ,and 07PH (chromosome 19) where the informative loci used
for analysis had a 2 to 4 base pair difference between the
patient's alleles.

Results of Aamplification of

Microsatellite Repeat Loci

from Chromosomal DNA

Amplification of microsatellite repeat 1loci from
chromosomal DNA was achieved sporadically. Numerous attempts
on all patient samples were performed using both direct
amplification of repeat loci and preamplification (using
random primers) prior to amplification of repeat loci. Table
7 shows those microsatellite repeat 1loci successfully
amplified from microdissected chromosomal DNA. Since the
translocation is clonal in origin and would involve a single
translocation event, only one allele was amplified from the
microdissected chromosomes. The products generated were used
for parental origin analysis.

In patients with unbalanced karyotypes (01JV, 13YM,
16HS, and 25AC), the normal homologue for chromosome 1 was
not microdissected and amplified (ND). If results were
obtained from the der(19), then the normal homologues were
not microdissected and amplified (ND), or were classified as
unsuccessful because attempts to amplify were discontinued
(UNS). Amplification from patient 22CC was unsuccessful due

to limited amount of chromosomal DNA available for analysis.
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Table 7

Microsatellite Repeat Loci Successfully Amplified from
Chromosomal DNA.

Chromosome 1 Chromosome 19
Patient der (19) normal 1 der(i9) normal 19

01JV.......... D1s103b ND D19549 D19549
O4RC.......... D1S158 D1S103 APOC22 UNS
O7PH.......... D1s103¢ ND APOC2¢ ND
100M.......... D1s158bk ND D19s49b ND
13YM.......... D1S158 ND D19849b UNS
16HS.......... D1S1582 ND D19S49b UNS
19ME.......... D1S158 UNS D19S49 UNS
22CC.vvvnnn... UNS UNS UNS UNS
25AC. . ........ D1S158 ND D19549 D19S49

ND:not done; UNS:unsuccessful amplification, 2 from pre-
amplified product using R-1 technique, P from pre-amplified
product using R- 2 technique, © combination of the two.
Four previously banded slides were received from the
referring clinical laboratory but did not vield sufficient
numbers of metaphases for the numerous attempts required to
obtain results.

In one case, 10JM, the chromosome morphology was so poor
the normal homologues of the translocation were mostly

unidentifiable; therefore, only the der(19) was

microdissected and amplified.
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Direct Amplification from Chromosomal DNA

Of the 19 total loci specific amplifications, ten (53%)
were successful using the microdissected chromosomal DNA
directly as the template. The microdissected der(19)
chromosomes from four patients (04RC, 13YM, 19ME, and 25AC)
were directly amplified using D1S158 primer sets, and from
three patients (01JV, 19ME, and 25AC) using D19S49 primer
sets. In addition, the normal 1 homologue from 04RC and the
normal 19 homologues from 01JV and 25AC were directly
amplified using D1S103 and D19S49 primer sets.

Preamplification Using Nonspecific Primers

Preamplified chromosomal DNA products served as a
template for almost half (9/19) of the loci successfully
amplified. The products generated from the R-2 technique
produced results for 5 loci, D1S103 on 01JV, D1S158 and
D19S49 on 10JM, D19S49 on 13YM, and D19S49 on 16HS.
Amplification from D1S158 on 16HS and APOC2 on 04RC were from
products generated by a collection of random 15-base
oligonucleotides as primers (R-1 technique). Amplification
from D1S103 and APOC2 on 07PH resulted from combining
preamplified chromosomal DNA products from all three
techniques( R-1, R-2, and R-3).

In general, amplification across dinucleotide repeats
from microdissected chromosomal DNA was inconsistent, most
likely due to the nature of DNA subjected to cytogenetic
procedures such as acid fixation of the cells. Fortunately,

results were obtained with persistence and numerous attempts.
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Direct amplification from microdissected chromosomal DNA
performed best for those loci that initially gave a strong
signal on genomic DNA (i.e., D1S158 and D19S49).
Preamplification of the microdissected chromosomal DNA
increased the original template copy number providing a
better possibility for successful amplification from some
primers (i.e., D1S103). Preamplification also allowed for
amplification of different loci from the same microdissected
chromosome at various times as was done for patient 07PH. A
preamplified product was used to obtain results first from
D1S103. After optimizing conditions for the APOC2 primers,
the original preamplified product was used to obtain results
from the APOC2 locus.

Analysis of Parental Origin
of the t(1;19) Chromosome

Upon successful amplification of a specific locus, the
product was electrophoresed next to detection reaction
products from patient and parental genomic DNA. By comparing
the allelic status with those amplified from genomic DNA, the
parental origin of the translocated chromosome was
determined.

Parental origin analysis of the t(1;19) for patient 01JV
indicated chromosome 1 was maternal in origin while
chromosome 19 was paternal in origin (Figure 7). The paternal
genotype for locus D1S103 was 1/4, and the maternal was 2/3.
Patient 01JV inherited the maternal 2 allele and the paternal
4 allele. The allele amplified from the microdissected

der (19) was within the size range of the patient’s maternally
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inherited 2 allele. Therefore, the chromosome 1 involved in
the translocation was maternal in origin. Likewise, for locus
D19sS49 (Figure 8), the paternal genotype was 2/4, the
maternal genotype 1/3 and the patient genotype 1/4, with
allele 1 maternally derived and allele 4 paternally derived.
The allele amplified from the der(19) was the paternal 4
allele indicating paternal origin for chromosome 19. The
normal 19 from 01JV was also analyzed using locus D19S49
(Figure 9). As expected, the maternal 1 allele was amplified
from the normal 19 homologue confirming the paternal origin
of the 19 involved in the translocation.

Autoradiographs showing parental origin of the der(19)
in the remaining 7 patients are shown in Figures 10 through
25. As with patient 01Jv, the allele detected in the
microdissected der(19) was compared with the patient alleles
to determine parental origin of chromosomes 1 and 19. For
patient 04RC the normal 1 homologue (Figure 12) and for
patient 25AC the normal 19 homologue (Figure 25) were
analyzed and confirmatory results found.

The "stutter" or "shadow" bands normally seen from
slipped-strand pairing were a problem when wusing nested
primers across dinucleotide repeats. Because the final PCR
pfoduct was so dependent upon the first few cycles of the
reaction, stutter bands amplified in the secondary
amplification produced stronger signals as seen in Figure 12.
Therefore, highly informative loci with the patient alleles

separated by more than 2 repeats were best for analysis.
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Figure 7. Maternal origin of the chromosome 1 involved in the
£(1;19) for patient 01JV. The autoradiograph from D1S103
showed allele 2 detected on the der(19) corresponded to
the maternally derived allele. Lane 1, Microdissected
chromosome der(19). Lane 2, Genomic DNA from patient
01Jv. Lane 3, Maternal genomic DNA. Lane 4, Paternal

genomic DNA.

Figure 8. Paternal origin of the chromosome 19 involved in
the t(1:;19) for patient 01JV. The autoradiograph from
D19S49 showed allele 3 detected on the der(19)
corresponded to the paternally derived allele Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 01JV. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.
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Figure 9. Maternal origin of the normal chromosome 19
homologue for patient 01JV. The autoradiograph from
D19S49 showed allele 1 detected on the normal 19
corresponded to the maternally derived allele. This
result confirmed the paternal origin of the chromosome 19
involved in the t(1;19).Lane 1, Microdissected chromosome
19. Lane 2, Genomic DNA from patient 01JV. Lane 3,
Maternal genomic DNA. Lane 4, Paternal genomic DNA.



49



50

Figure 10. Maternal origin of the chromosome 1 involved in
the t(1;19) for patient 04RC. The autoradiograph from
D15158 showed allele 2 detected on the der(19)
corresponded to the maternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 04RC. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.

Figure 11. Paternal origin of the chromosome 19 involved in
the t(1;19) for patient 04RC. The autoradiograph from
APOC2 showed allele 1 detected on the der(19)
corresponded to the paternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient C04RC. IL.ane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.



51

Alleles

23 4

(6 ep «

<«

<2

L k|

Q
&
i)
[0}
o
[1}]
O]

Alleles

¢1

(61) s0p —

<42

L k!

]
&
H)
o
]
[}
O



52

Figure 12. Paternal origin of the normal chromosome 1
homologue for patient O04RC. The autoradiograph from
D18103 showed allele 1 detected on the normal chromosome
1 corresponded to the paternally derived allele. This
result confirmed the maternal origin of the chromosome 1
involved in the t(1;19). Lane 1, Microdissected
chromosome 1. Lane 2, Genomic DNA from patient 04RC. Lane
3, Maternal genomic DNA. Lane 4, Paternal genomic DNA.
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Figure 13. Paternal origin of the chromosome 1 involved in
the t(1;19) for patient 07PH. The autoradiograph from
D1S103 showed allele 2 detected on the der(19)
corresponded to the paternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 07PH. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.

Figure 14. Paternal origin of the chromosome 19 involved in
the t(1;19) for patient 07PH. The autoradiograph from
APOC2 showed allele 2 detected on the der(19)
corresponded to the paternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 07PH. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.
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Figure 15. Maternal origin of the chromosome 1 involved in
the t(1;19) for patient 10JM. The autoradiograph from
D1S158 showed allele 3 detected on the der(1l9)
corresponded to the maternally derived allele. Lane 1,
Microdissected chromosome der({(19). Lane 2, Genomic DNA
from patient 10JM. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.

Figure 16. Maternal origin of the chromosome 19 involved in
the t(1;19) for patient 10JM. The autoradiograph £from
D19S49 showed allele 2 detected on the der(19)
corresponded to the maternally derived allele. Lane 1,
Microdissected chromosome der{(19). Lane 2, Genomic DNA
from patient 10JM. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.
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Figqure 17. Paternal origin of the chromosome 1 involved in
the t(1;19) for patient 13YM. The autoradiograph from
D1sS158 showed allele 1 detected on the der(19)
corresponded to the paternally derived allele. Because
the paternal genomic DNA was unavailable, the patient's
allele 1 was assumed to be paternally derived since
allele 3 was maternally derived. Lane 1, Microdissected
chromosome der(19). Lane 2, Maternal genomic DNA. Lane 3,

Genomic DNA from patient 13YM.

Figure 18. Paternal origin of the chromosome 19 involved in
the t(1:19) for patient 13YM. The autoradiograph from
D19S49 showed allele 1 detected on the der(19)
corresponded to the paternally derived allele. Because
the paternal genomic DNA was unavailable, the patient's
allele 1 was assumed to be paternally derived since
allele 3 was maternally derived. Lane 1, Microdissected
chromosome der(19). Lane 2, Maternal genomic DNA. Lane 3,

genomic DNA from patient 13YM.
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Figure 19. Paternal origin of the chromosome 1 involved in
the t(1;19) for patient 16HS. The autoradiograph from
D1S103 showed allele 2 detected on the der(19)
corresponded to the paternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 16HS. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.

Figure 20. Paternal origin of the chromosome 19 involved in
the t(1;19) for patient 16HS. The autoradiograph from
D19S49 showed allele 3 detected on the der(19)
corresponded to the paternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 16HS. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.
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Figure 21. Maternal origin of the chromosome 1 involved in
the t(1;19) for patient 19ME. The autoradiograph from
D1S158 showed allele 2 detected on the der(19)
corresponded to the maternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 19ME. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.

Figure 22. Paternal origin of the chromosome 19 involved in
the t(1;19) for patient 19ME. The autoradiograph from
D19S49 showed allele 2 detected on the der(19)
corresponded to the paternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 19ME. Lane 3, Maternal genomic DNA. Lane 4,
Paternal genomic DNA.
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Figure 23. Paternal origin of the chromosome 1 involved in
the t(1;19) for patient 25AC. The autoradiograph from
D1S158 showed allele 3 detected on the der(19)
corresponded to the paternally derived allele. Because
the paternal genomic DNA was unavailable, the patient's
allele 3 was assumed to be paternally derived since
allele 1 was maternally derived. Lane 1, Microdissected
chromosome der(19). Lane 2, Genomic DNA from patient

25AC. Lane 3, Matermal genomic DNA.

Figure 24. Maternal origin of the chromosome 19 involved in
the t(1;19) for patient 25AC. The autoradiograph from
D19S49 showed allele 2 detected on the der(19)
corresponded to the maternally derived allele. Lane 1,
Microdissected chromosome der(19). Lane 2, Genomic DNA
from patient 25AC. Lane 3, Maternal genomic DNA.
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Figure 25. Paternal origin of the normal chromosome 19
homologue for patient 25AC. The autoradiograph from
D19549 showed allele 3 detected on the normal 19
corresponded to the paternally derived allele. Because
the paternal genomic DNA was unavailable, the patient's
allele 3 was assumed to be paternally derived since
allele 2 was maternally derived. This result confirmed
the maternal origin of the chromosome 19 involved in the
£(1:19). Lane 1, Microdissected chromosome der(19). Lane
2, Genomic DNA from patient 25AC. Lane 3, Maternal
genomic DNA.
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There were four possible parental origin combinations
for t(1;19) (Figure 26). The translocated chromosome could

have been formed by paternal 1 (Pl1) and paternal 19 (P19),

P1 M1 P19 M19

PIP19 PIM19 MIP19 MIMI9

Figure 26. Four possible parental origin combinations for the
t(1;19) chromosome. P: paternal. M: maternal.

maternal 1(M1l) and maternal 19 (M19), Pl and M19, or M1 and
P19. On the basis of the observation that a genomic
imprinting effect 1is a qualitative event rather than a
quantitative one the null hypothesis was: all four
combinations had an equal probability to be represented in
the translocation (HQ: P1=P2=P3=P4=1/4). The alternative
hypothesis was: one of the combinations has a probability of
close to 1 (Ha: Py =1, i =1,2,3,4). Since genomic imprinting
has Dbeen considered to be a qualitative phenomenon,
observation of even one conflicting result would favor the
null hypothesis and exclude a genomic imprinting influence on
the translccation. However, to reject the null hypothesis,
all cases studied should have the same parental origin for

one or both chromosomes.
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The final results for the eight patients studied are
shown in Table 8. One particular combination of the two
chromosomes was not found. Instead, all the ©possible
combinations occurred at least once. Parental origin of the
chromosome 1 involved in the t(1;19) translocation appeared
random. Four patients had translocations with maternally
derived chromosomes 1, and 4 with paternally derived
chromosomes 1. Therefore, a parental origin bias was not
observed for the chromosome 1. However, 6 of the 8
chromosomes 19 were paternally derived and only 2 maternally
derived (Table 9). Using the binomial expansion to predict
the probability of coincidence of random events where p
(paternal origin) = g (maternal origin) = 1/2, the
probability of the 6:2 combination occurring at random in
this sample was p = 28/256 (~0.1 or 10%). In other words,
there was a reasonable chance that this trend of paternal
origin for chromosome 19 has occurred at random, so
conclusive evidence for a paternal origin bias was not
established. Furthermore, 2 chromosomes 19 were maternally
derived, so two conflicting results have been observed. In
this case, the original null hypothesis was not rejected, and
the t(1;19) in childhood ALL was not influenced by genomic

imprinting.
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TABLE 8

Parental Origin of Chromosomes Involved in the t(1i;19).

Patient Chromosome 1 Chromosome 19
01aV.......... maternal paternal
O4RC.......... maternal paternal
O7PH.......... paternal paternal
I0OM.......... maternal maternal
13YM.......... paternal paternal
16HS.......... paternal paternal
19ME.......... maternal paternal
25AC. . . vua... paternal maternal
Table 9

Parent of Origin Bias of Chromosomes 1 and 19 Involved in the

£(1;19).

Chromosome 1 Chromosome 19

Maternal Origin 4 2

Paternal Origin 4 6




DISCUSSION
Chromosome Microdissection PCR (CMPCR)
as a Method of Choice for
Parental Origin Studies

The prerequisite for parental origin studies is to be
able to analyze polymorphic markers that are only associated
with the translocated homologues. This requires a physical
separation of a normal homologue from its derivative
homologue. This separation, however, is impossible for
traditional molecular methods such as Southern-blot or
quantitative PCR, because once DNA is extracted from a bone
marrow sample, it would not be possible to recognize which
allele is associated with the normal or the derivative
homologue. The markers must also be polymorphic so that
maternal and paternal alleles can be distinguished.
Cytogenetic polymorphisms as markers are not, in general,
very informative and this type of analysis can be subjective.

Chromosome microdissection  PCR, as a molecular-
cytogenetic method, provides the most direct and simple
approach for parental origin studies of somatic
translocations. The advantage of chromosome microdissection
is that it allows for the isolation of aberrant chromosomes
from the normal homologues for separate molecular analysis.
Alternative molecular methods include isolation of
translocation products into somatic cell hybrids before

molecular analysis and long range PCR across the
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translocation breakpoints. The production of somatic cell
lines containing only the translocated homologue of interest
can be time consuming and costly for studying multiple
patients. Recently, long range PCR has enabled amplification
across stretches of DNA greater than 30 kb in length (Barnes
1994) and has been used to study the parental origin of the
chromosome 9 involved in the t(9;22) in CML (Melo et al.
1994). Long range amplification across the breakpoints of
translocations can only be useful if: 1) the breakpoints
cluster within the 1limits of long range PCR, 2) genomic
sequences flanking the breakpoints have been determined, and
3) an informative polymorphism is located within the PCR
product. Only the CMPCR approach allows for analysis of a
highly polymorphic marker from separate homologues.

In addition, the CMPCR technique provided a more
objective method for parental origin studies of the t(1;19).
The analysis wusing highly polymorphic dinucleotide repeat
loci avoided problems such as subjectivity associated with
cytogenetic polymorphisms and relatively low informativeness
of restriction site polymorphisms. Because of the high
polymorphic information content (PIC) of dinucleotide repeat
loci, patient selection for the t(1;19) study was independent
of the presence or absence of a specific polymorphism and
results were obtained on all patients with sufficient
cytogenetic material using only a few loci (2 from chromosome
1 and 3 from chromosome 19). The CMPCR method using

dinucleotide repeat loci was the best approach for parental
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origin analysis of a rare translocation, such as the t(1;19),
with limited number of patients. At the same time, the
technique allowed for analysis of an unbiased sample since
the first available t(1;19) patients were all included.

Technical Difficulties of CMPCR

The quality and quantity of the cytogenetic material
from ALL patients presents some difficulties in using the
CMPCR technique for the parental origin studies of the
t(1:;19). Generally, the ALL bone marrow samples have a low
mitotic index and poor chromosome morphology. Storage of the
cell pellet for extended periods of time further reduces the
ability to obtain well spread metaphases and adequate banding
of the chromosomes. This poor morphology and low mitotic
index makes it necessary to scan numerous slides to obtain a
few chromosomes for microdissection.

In addition, the quality of microdissected chromosomal
DNA is effected by exposure to acid fixation during the
cytogenetic preparation. The chromosomal DNA exposed to acid
fixative will become depurinated at a frequency as high as 1
in 100 base pairs and the depurination is time dependent.
Therefore the longer the cell pellet is stored, the higher
the frequencies of depurination sites (Wahl et al. 1979;
Brown and Greenfield 1987). These apurinic sites can cause an
infidelity of the polymerase and termination of synthesis
(Schaaper et al. 1983). Minimizing exposure of chromosomal
DNA to acid fixative should decrease the 1likelihood of

depurination. Slides used for microdissection should be
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prepared from the cell pellet within a few hours of initial
exposure to acid fixative. Unfortunately, the t(1;19) patient
material consisted mainly of archived cell pellet, so
minimizing exposure to acid fixative was not an option.

Difficulties achieving consistent amplification with the
CMPCR method was most likely due to a combination of the
factors described above. Low copy number of the original
template and degradation of the chrqmosomal DNA decreased the
chance that the specific stretch of target DNA would be
intact and successfully amplified during the initial attempt.

Improvement of the CMPCR Technique

Great effort had been made to develop a more sensitive
and consistent method for amplification of microdissected
chromosomal DNA. Several techniques have been tried,
including the use of nested and hemi-nested primers sets and
random preamplification of the target DNA before 1loci
specific amplification.

The use of nested primer sets for the dinucleotide
repeat loci allowed for two rounds of PCR amplification which
increased the sensitivity as well as specificity. The
annealing temperature of the primer set in the first round
was lowered to assure annealing to the limited number of
templates. Then, the annealing temperature of the primer set
in the second round was increased to obtain amplification
only from the specific locus. Therefore, background
amplification from the first set of primers would not be

amplified when a new set of primers was used.
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However, non-specific product in the second round of
amplification was frequently a problem even with nested and
hemi-nested primer sets.

Pre-amplification of the der(19) did account for
successful loci specific amplification in almost half of the
patient samples. This allowed for multiple loci specific
amplifications from a single microdissection experiment. None
of the three pre-amplification techniques tried were
successful consistently. Perhaps, pre-amplification using
primers with 3’ sequences found at a high frequency in the
human genome might provide a more powerful technique for
randomly amplifying microdissected chromosomal DNA (Han et
al. 1994a, 1994b). These primers have been used to randomly
amplify genomic DNA. Subsequent fluorescence in situ
hybridization of the product to metaphase chromosomes found
them to produce better coverage of the DNA than pPrimers using
3' random sequences (Han personal communication).

Parental Origin of the t(1;19) Chromosome
with Childhood ALL

Eight children with pre-B cell ALL were evaluated for
parental origin of the chromosomes involved in the
t(1;19) (g23;p13) to determine if a genomic imprinting effect
existed. Parental origin for chromosome 1 was random, with 4
maternal origin and 4 paternal origin. Therefore, a parental
origin bias does not exist for chromosome 1. For chromosome
19, 6 of the 8 patients were paternal in origin. These

results represented a preferential (but not exclusive)
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participation of the paternal chromosome 19 in the
translocation. Therefore, conclusive evidence for a parental
origin bias for chromosome 19 was not established.

Parental origin studies only suggested the possibility
of genomic imprinting, because an imprinting effect might
best explain the bias. By definition, genomic imprinting is a
cause and effect process, whereby the original imprint occurs
in the gamete with secondary epigenetic modification
occurring post-zygotically causing a functional difference in
the embryo and adult. Parent-specific monocallelic expression,
since it is one of the crucial hallmarks of imprinted genes,
has been the functional difference studied most frequently.
The classical concept of genomic imprinting implied that the
two imprinted alleles were mutually exclusive in gene
expression, where one would be actively transcribed while the
other transcriptionally silenced. In a similar way, genomic
imprinting may bave influenced the formation of a somatic
translocation with a specific parental origin by causing
certain regions on one homologous chromosome to be more
susceptible to a rearrangement. Actively transcribed genes
are located in less condensed or ‘'open’ regions of chromatin
and these open regions of DNA are unusually accessible to
damage (Alberts ed. 1989). If the accessibility of the DNA
were unequal because of differential activity, genomic
imprinting could have influenced the parental origin of the
translocated chromosome by making one of the homologues more

accessible. Conversely, the genomic imprint, causing



77
inactivity and a more condensed chromatin arrangement, might
have influenced the parental origin by stabilizing one
homologue making it inaccessible to a translocation event.
Since an exclusive parental origin bias was not found for the
t(1;19) chromosome, an imprinting effect in this particular
subtype of childhood ALL seems unlikely.

An alternative explanation would be that a genomic
imprinting effect does exist for chromosome 19 in childhood
ALL but the 2 patients, 10JM and 25AC with matermnal
chromosome 19 origin, were different from the rest of the
study group. The disparity detected in patients 10JM and 25AC
might be explained by genetic heterogeneity seen among
childhood ALL patients with the t(1;19). At the cellular
level, cases of cytoplasmic Igu heavy chain negative (cIg-)
pre-B cell ALL with the t{(1;19) have different translocation
breakpoints than those in cIg+ cases (Privitera et al. 1992).
Patients 10JM and 25AC were not immunologically different
from the rest of the study group. Molecular variants of the
t(1;19) have also been identified within the subgroup of cIg+
patients (Privitera et al. 1994) . Therefore, further
molecular analysis of the junction site of the translocation
in these two patients might reveal a different rearrangement
than those usually found in this subgroup.

Genomic imprinting does not appear to be directly
involved in either the unidirectional formation of the
t(1;19) chromosome or the disease-specific selection of one

particular combination of chromosomes. Perhaps some mechanism
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like one involved with the preferential loss of the maternal
alleles in sporadic recessive tumor syndromes might be
involved in a preferential expansion of those clones
involving the paternal chromosome 19. Both combinations might
have occurred initially but only the one involving chromosome
19 would be preferentially maintained as a clonal defect.
Similar to the paternal genome producing excessive cell
proliferation in complete hydatidiform moles (Austin and Hall
1992), the paternal chromosome 19 may have a greater effect
on the malignant processes in childhood ALL.

It is also possible that more than one parental origin
combination is being selected in different patients with the
same translocation. In this case, the different parental
origin pattern might be responsible for the clinical
heterogeneity. Since all possible chromosomal combinations
were found (MatlPatl9, MatliMatl9, PatlMat19, PatlPatl9), it
is unlikely that one specific combination of both chromosomes
1 and 19 could be correlated to specific clinical difference
with such a small sample size. The trend of paternal origin
for chromosome 19 (6 out of 8) might necessitate future study
of a larger sample size to help establish an association
between paternal origin of the chromosome 19 and clinical
outcome as the disease progresses.

At the molecular level, the t(1;19) rearrangement in
childhood ALL produces a hybrid E2A-PBX1 gene product with
known oncogenic potential (Hunger et al. 1991; Kamps et al.

1991) and a mechanism of transformation has been suggested
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(Lu et al. 1994; LeBrun and Cleary 1994). The identification
of this fusion protein with oncogenic potential provides
information about the initial transformation event in this
specific childhood ALL. However, pursuing the possibility of
a genomic imprinting effect in childhood ALL with the t(1;19)
as well as other commonly recurring chromosome
rearrangements, a much broader molecular area might be
correlated with the disease state. Recent studies have
indicated that the genomic imprinting process includes a
complex involvement of both specific genes as well as
chromosomal domains (Kitsberg et al. 1993; Nicholls 199%4a;
Knoll et al. 1994; LaSalle and Lalande, 1995; Neumann et al.
1995). As in some cases of the Beckwith-Wiedemann syndrome,
when the maternally derived IGF2 gene (transcriptionally
repressed) was translocated to another chromosome, large
amounts of IGF2 were produced because the imprinted gene was
translocated away from the domain responsible for the imprint
(Hochberg et al. 1994). The genes involved directly in the
£(1;19) rearrangement might not be under imprinting control;
the effect of aberrant imprinting resulting from
juxtaposition of two differently imprinted domains exerting
‘position effects’ on the adjacent genes may help explain
variables involved in disease progression and remission.
The issue of imprinting has evolved into a complex one
as more data has become available about the nature of
imprinted genes. Most of the genes in mouse and humans

unequivocally accepted to be imprinted have been found to be
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widely expressed and have showed monoallelic expression in
the majority of tissues (DeChiara et al. 1991; Bartolomei et
al. 1991; Leff et al. 1992; Giannoukakis et al. 1993; Rainier
et al. 1993; Glenn et al. 1993; Surani 1994). Differential
methylation of DNA has been correlated with imprinting for
all genes thus far analyzed and most likely has caused the
differential transcription of the alleles (Razin and Ceder
1994). However, the correlation has not appeared to be a
simple CpG methylation/transcriptional repression model. In
some imprinted genes, DNA methylation has been associated
with the transcriptionally silenced allele, while in others
with the active allele (Li et al. 1993; Surani 1993). Some
imprinted genes have even shown a tissue and developmental
specific expression of the single allele (Davies 1994; Vu and
Hoffman 1994; Jinno et al. 1994).

Genomic imprinting is a complicated process involving
both 1local and regional imprinting factors such as DNA
methylation, chromatin compaction, and other DNA sequence
characteristics (Razin and Ceder 1994; Surani 1994; Rainier
and Feinberg 1994; Karpen 1994; Neumann et al. 1995). These
factors have effected gene expression, DNA replication
patterns and quite possibly the formation of recurrent
somatic translocations in a specific parent of origin manner
(Kitsberg et al. 1993; LaSalle and Lalande 1995; Haas 1995).

It remains uncertain whether a correlation between imprinting
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and wunidirectional translocation events in hematological
malignancies exists (Melo et al. 1995; Haas 1995; Fioretos et
al. 1995; Litz 1995).

Since an imprinting effect in the pre-B cell childhood
ALL with the t(1;19) seems unlikely, similar investigations
of other common recurring chromosome rearrangements found in
leukemias may lead to a better understanding of the
relationship between genomic imprinting and parental origin
of somatic translocations. The study of imprinted genes or
chromosomal regions involved in hematological malignancies
should further the understanding of the molecular pathology
of specific patient subgroups and help provide new
information in clinical applications to improve diagnosis,

treatment, and prognosis of the disease.



SUMMARY

The concept of genomic imprinting has changed ocur view
of classical inheritance patterns by suggesting that two
alleles with different parental origin may be differentially
expressed. Increasing evidence, including parental origin
bias of chromosomes involved in leukemia specific
translocations, has suggested the involvement of genomic
imprinting in the tumorigenic process.

Genomic imprinting has been previously described in
other human diseases, but not before in childhood leukemia.
Access to patients from across the United States through the
Pediatric Oncology Group provided an opportunity to study
this phenomenon in a rare type of childhood 1leukemia. The
existence of parental origin bias of specific translocations
found in hematological malignancies is a strong indication of
genomic imprinting, since the bias must result from an
unequal activity of the homologous chromosomes. Because these
translocations originate somatically during the 1life of the
individual, genomic imprinting might be involved either in
the formation of the translocation or in its disease-specific
selection.

A direct and simple approach for studying the parental
origin of the translocated 1 and 19 chromoscmes in this

subgroup of childhood ALL patients was developed using a
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molecular cytogenetic method, chromosome microdissection-PCR
(CMPCR) . The advantage of chromosome microdissection is that
it allows for the isolation of aberrant chromosomes from the
normal homologues for separate molecular analysis of highly
polymorphic markers. Nested and hemi-nested primer sets were
used to PCR amplify highly polymorphic dinucleotide loci,
D1S158, D1S103, D19S49, D19S75 and APOC2, located on the
derivative 19. Both direct PCR amplification from
microdissected chromosomes as well as PCR amplification from
product generated using several pre-amplification techniques
were successful. The allele detected on the microdissected
chromosomes was compared with parental alleles to assess the
parent of origin of the chromosomes involved in the
translocation.

Eight patients with the t(1;19) (g23;pl13) in association
with pre-B cell childhood acute lymphoblastic leukemia (ALL)
were successfully studied. The ratio of paternal:maternal
origin was 4:4 for chromosome 1 and 6:2 for chromosome 19.
Evidence for a parental origin bias could not be established
with this limited data set. The fact that 6 of 8 ALL patients
with the t(1;19) have paternal origin of chromosome 19
suggested that additional studies and clinical follow-up were
justified to help establish an association between paternal
origin of the chromosome 19 and c¢linical outcome as the
disease progresses.

Although genomic imprinting may not be involved in the

formation of the t(1;19) chromosome found in this subgroup of
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childhood ALL, application of our well established CMPCR
procedure to study parental origin bias in other commonly
recurring chromosome rearrangements might reveal a genomic
imprinting effect in different subgroups. Genomic imprinting
is a new frontier in cancer research. As more data about the
precise mechanism of genomic imprinting becomes available,
the relationship between a parental origin bias of somatic
translocations and genomic imprinting may become apparent.
Correlation of this information with clinical progression and
outcome may help to improve the diagnosis and treatment of

patients with hematological malignancies.
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