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Abstract

We have designed a single polymerase chain reaction (PCR) primer
pair that detects the MLL/AF-4 fusion mRNA encoded by the derivative 11
chromosome from t(4;ll)(q21;q23) leukemia cells using the reverse Iran-

scriptase PCR technique. PCR amplification was possible in seven of seven
cells studied. Sequencing of the amplified products showed three different
breakpoints on Hq23 and three on 4q21, resulting in six unique fusion
sequences. All fusion sequences maintained an open reading frame. The
areas of the MLL and AF-4 genes that are conserved in all derivative 11

fusion RNAs and therefore likely to contribute to the function of the
oncogenic fusion protein are centromeric regions of MLL through exon 6
(retaining the AT hook motif) and telomeric regions of AF-4 beginning at
codon 491 (containing nuclear localization and GTP-binding motifs). A

single primer pair was able to detect the derivative 11 fusion transcript in
seven of seven cases of t(4;ll) acute leukemia tested. Given the variability
shown in specific fusion sequences, studies correlating differential exon
usage with clinical parameters will require different fusion-specific oligo-

nucleotides or PCR primer pairs.

Introduction

A reciprocal translocation involving chromosomes 4 and 11 results
in a characteristic form of acute leukemia. Leukemia with the t(4;ll)
is the most common form of infant ALL1 and is characterized by a

mixed lymphoid/myeloid phenotype and an extremely poor prognosis
with conventional chemotherapy (1,2). The two genes involved in the
translocation, located within chromosome bands Ilq23 and 4q21,
have been cloned and are expressed in a variety of cell lines and
tissues (3-10). The Ilq23 gene (known as MLL, HRX, or ALL-1) is

homologous to the Drosophila trithorax gene and has been shown to
contain two different DNA-binding motifs, a centromeric AT-hook
motif and a zinc-finger region located in the middle of the gene (3-7).
The 4q21 gene (known as AF-4 or PEL) encodes a serine/proline-rich

protein (such regions have been associated with transcriptional acti
vation) and contains possible nuclear localization and GTP-binding
motifs in the telomeric region (9-11). Close breakpoint proximity on
Ilq23 has been shown in many studies (2, 4, 12-14); breakpoints on
AF-4 are less tightly clustered (8). In this study we have designed a

single set of primers which will detect the derivative 11 fusion mRNA,
using the RT-PCR technique, from seven t(4;ll) leukemias, to spe

cifically analyze breakpoint sequences. We have generated PCR prod
ucts in all seven cases using an upstream primer in exon 6, just
centromeric to MLL exon 7, and a downstream primer telomeric to

Received 5/13/93; accepted 7/20/93.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1This research was supported in part by a grant from the NIH and an Outstanding

Investigator Grant Award (R35 CA49721) from the National Cancer Institute to J. H. K..
and a Childrens Cancer Research Fund grant and an American Cancer Society Clinical
Oncology fellowship (93-111-2) to J. M. H.

2 To whom requests for reprints should be addressed, at Harvard Street at East River

Road, Box 484 UMHC, Department of Pediatrics, University of Minnesota. Minneapolis,
MN 55455.

-1The abbreviations used are: ALL, acute lymphoblastic leukemia; RT, reverse tran-

scriptase; PCR, polymerase chain reaction; cDNA, complementary DNA; Der, derivative
chromosome.

AF-4 codon 391. We have shown six unique fusion sequences, doc
umenting variable MLL and AF-4 exon usage in the der(ll) fusion

transcripts in t(4;ll) acute leukemia.

Materials and Methods

Patient Samples and Cell Lines. The RS4;11 cell line, established in our
laboratory (15), is available from American Type Culture Collection (Rock-

ville, MD). MV4;11 and Bl are established t(4;ll) cell lines described in detail
elsewhere (16, 17). The AN4;11 cell line was established from an 8-month-old

infant with t(4;11 ) ALL as described (8). Leukemia cells were obtained from
three other patients (S. W. and M. P. were infants; A. B. was 14 years old) with
t(4;ll) ALL and cryopreserved before their use in these studies. In patient S.
W., 1 X 10s leukemia cells were injected into the peritoneum of SCID mice

and harvested 2 months later for cell culture; mRNA was extracted at this point.
Additional cell lines obtained from American Type Culture Collection for use
as negative controls were THP-1, a human monocytic cell line, and Nairn 6, a
human pre-B cell line.

RNA Preparation and RT-PCR Amplification of MLL/AF-4 Junctions.

Polyadenylated RNA was isolated from cell lines using the FastTrack mRNA
isolation kit (Invitrogen, San Diego, CA). For patient samples with limited cell
number, the MicroFast Track (Invitrogen) system was used, with 2 million to
4 million cells/reaction tube. In vitro reverse transcription of mRNA to cDNA
was performed with random hexamer priming using Avian Myeloblastosis
virus reverse transcriptase in a 20-/il reaction mixture using a commercial kit

(Invitrogen). Two Â¡JL\of this reaction was diluted to 50 fj.1with a PCR mixture
containing 2.5 units of Taq DNA polymerase, 10 HIMTris HC1, 50 nM KC1, 4.0
mM MgCN, 200 JJ.Mdeoxynucleotide triphosphate, and 20 pmol of primers. We
used the sequence of a der(ll) cDNA clone from a RS4;11 cDNA library (9)
to design PCR primers around the RS4;11 breakpoint. In addition, we also
utilized the published ALL-! sequence (5). The primers used were: Ml (which
primes in MLL exon 6), 5'-GAGCAGAGCAAACAGAAAA-3', as the for
ward primer on the MLL gene; Al (priming at AF-4 codon 387), 5'-GGAAAG-
GAAACTTGGATGG-3'; and A2, (priming at AF-4 codon 520), 5'-TTGGT-
CAGCCAGTTGTCCA-3' as the reverse primers on the AF-4 gene. For clarity,

codon numbering for both the AF-4 (10) and MLLIHRX (5) genes maintains
that used in previous reports. After initial denaturation at 94Â°Cfor 7 min,

denaturation. annealing, and extension were performed on an automated heat-
block (DNA Thermal Cycler, Perkin Elmer-Cetus) at 94Â°Cfor 1 min, 55Â°Cfor
45 s, and 72Â°Cfor 1 min, respectively, for a total of 35 cycles. Nine jj,l of PCR

mixture were size-fractionated on a 1% agarose gel and stained with ethidium

bromide. Positive and negative controls were carried through all steps. Nega
tive results from the control cell lines were verified by repeat testing with each
primer set and the demonstration of integrity of isolated mRNA with ampli
fication of the /3-actin gene. Amplification of ÃŸ-actinmRNA was accomplished
with the following primers: forward 5'-CCTTCCTGGGCATGGAGTCCTG-
3'; and reverse S'-GGAGCAATGATCTTGATCTTC-S'.

Cloning, Southern Analysis, and Sequencing of PCR Products. PCR
products were cloned into the pCR II sequencing vector (TA cloning; Invitro
gen), which uses an AT overhang cloning site flanked by Â£coRI restriction
sites. The products were excised with EcoRl, size-fractionated on agarose gels,
and transferred to Hybond-N nylon membranes (Amersham. Arlington
Heights, IL). The membranes were probed with a 19-base pair oligonucleotide,
p363, 5'-TGACCCATTCATGGCCTCCT-3', which is the cDNA sequence
beginning at AF-4 codon 363, immediately 3' to an exon telomeric to the

RS4;11 breakpoint (8). The probe was end-labeled with Digoxigenin-NHS

ester (Boehringer Mannheim, Indianapolis, IN) and hybridized according to the
manufacturer's directions. Alternatively, the membranes were probed with
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pc606, which contains 205 base pairs of MLL cDNA fused lo 1184 base pairs
of AF-4 cDNA. This probe was 32P-labeled by random priming (US Biochem

ical, Cleveland, OH). Positive clones were sequenced using the T7 and SP6
promotor sequences in the pCR II vector as primers, by the dideoxy chain
termination method. Both strands of two clones were sequenced from each cell
line or patient sample.

Results

PCR Primers to Amplify the MLL/AF-4 Fusion RNA. Fig. 1
shows the heterogeneity in PCR product size using primer pair Ml/
A2, which is the pair that amplifies a product from all seven t(4;ll)
leukemias tested. Identically sized fragments were obtained from
RS4; 11 and patient A. B. (approximately 700 base pairs) and from
AN4;11 and patient S.W . (approximately 600 base pairs); Bl yields
a fragment slightly smaller than RS4;11 and A.B. (Fig. L4). The cell
line MV4;11 yielded the smallest product, approximately 550 base
pairs, and patient M. P. yielded the largest, approximately 850 base
pairs. All cells except Bl yielded a product with the primer pair
Mi/Al (which moves the AF-4 priming site 400 base pairs in a

centramene direction; data not shown). PCR product size was not
predictive of fusion sequence similarity (see below). The cell lines
THP-1 (data not shown) and Nalm-6 (Fig. L4) were consistently
negative with both primer pairs but yielded the appropriate-sized
fragment with ÃŸ-actinprimers (Fig. IÃŸ).

Sequencing of MLL/AF-4 Fusions and Characterization of
Fusion mRNA Diversity. All PCR products yielded clones which
were positive by Southern analysis using probes as described in "Ma
terials and Methods." Sequencing of the PCR products from the seven

t(4;ll) leukemias yielded six different fusion junction patterns (Fig.
2). AN4;11 and S. W. yielded identical fusions, with MLL codon 1362
fused in frame io AF-4 codon 347. RS4;11 and A. B. showed fusions
that joined the same MLL and AF-4 exons, but that differed by one
codon on AF-4 (a CAG trinucleotide, resulting in the absence of a

glutamine residue in A. B.), with MLL codon 1406 fused in frame to
AF-4 codon 347 in RS4;11 but to AF-4 codon 348 in A. B. This
breakpoint occurs at the beginning of a 45-base pair exon on AF-4,

which starts at codon 347 with a CAG trinucleotide, and is flanked on
the 5' end by an intron ending with a CAG trinucleotide (8). Thus this

fusion seems to be the result of the alternate use of two adjacent CAG
trinucleotides as a splice site, as previously noted by Domer et al. (9).

Despite very similar PCR fragment sizes, RS4;11 and Bl yield a
very different fusion sequence. The MLL breakpoints are separated by
129 nucleotides, and the AF-4 breakpoints are separated by 132 nu-

cleotides. In Bl, this results in the fusion, in frame, of MLL codon
1444 (which is the 3' end oÃMLL exon eight) io AF-4 codon 391. The

breakpoints of M. P. are at MLL codon 1444 and AF-4 codon 348.

MV4;11 showed yet another fusion pattern, with MLL codon 1362
fused in frame to AF-4 codon 362.

AN4;11 and S.W.

M B1 MV AN RS MP AB SW N1 N2 P1
A

1000 bp

500 bp

B
246 bp

Fig. 1. PCR amplification of ALL/AF-4 mRNA. Amplified fragments were separated
by electrophoresis on 1% agarose gels. A. primer pair M1/A2. B. ÃŸ-actinprimers. M, size

markers. RS, cell line RS4;11. Bl, cell line Bl. MV, cell line MV4;11. AN, cell line
AN4;11. Patients were M.P., A. B., and S. W. NÃŒ,cell line Nairn 6. N2, no (empiate. PI
and P2 are positive controls for the reverse transcription and PCR. respectively.
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Fig. 2. Nucleotide sequences at junctions of MLL and AF-4 fusion transcripts in the

indicated t(4;ll) cell line or patient sample. In each set. the top row is published MLL
sequence, the bottom row is published AF-4 sequence, and the center row is our der(II)
fusion sequence. The codon numbers are taken from Ref. 5 tat MLL and Rcf. 10 (or AF-4.
Brackets, areas of sequence identity between MLL and AF-4 at the fusion point.

These results are consistent with three different breakpoints on MLL
(between exons 6 and 7, 7 and 8, and 8 and 9) as reported (4) and
identifies three breakpoints on AF-4 (at codons 347, 362, and 391)

(Fig. 3). As shown schematically in Fig. 3, all cases tested retain on
the derivative 11 fusion transcript the MLL gene through exon 6 and
the AF-4 gene telomeric to codon 391.

Discussion

In the present study, we have designed one pair of PCR primers
which will detect the fusion region of the derivative 11 transcript in
seven of seven t(4;ll) acute leukemias and sequenced this region.
Several lines of evidence suggest that it is the derivative 11 product
that is etiologically important in Ilq23 acute leukemia. Studies of
complex translocations involving Ilq23 show consistent conservation
of the der(ll) chromosome (18). Molecular studies have shown de
letions of telomeric chromosome 11 DNA( 13). We therefore sought to
design a strategy to determine, using the RT-PCR technique with

sequencing of the amplified products, those portions of the MLL and
AF-4 genes which are conserved and thus likely to be etiologically

significant, in the der(ll) transcript in different cases of t(4;ll) acute
leukemia.

Studies of the MLL and AF-4 genes have shown that both are
positioned with the 5' end toward the centromere and that the der(ll)

transcript in t(4;ll) leukemia fuses centromeric MLL to telomeric
AF-4 (4, 5, 9, 11). The MLL gene has many small (74-147-base pair)

exons; several investigators have shown by Southern and sequence
analysis that Ilq23 breakpoints cluster between exons 6 and 7, 7 and
8, and 8 and 9 (4, 5, 12). Our sequence analysis corroborates exons 6
through 9 as the MLL fusion point in t(4;ll) leukemia. In our previous
work at the genomic level, breakpoints on AF-4 were less clustered

than those on MLL, and we identified an exon of 45 base pairs (codons
347-361) at the cDNA junction of the der(4) fusion transcript in the

RS4;11 cell line (8). In the present study, we showed five of seven
AF-4 cases (including all three infants tested) fused MLL to one AF-4
position, at the centromeric end of this 45-base pair exon. One of the
other 2 breakpoints on AF-4 is at the telomeric end of this exon (at

codon 362). A cDNA sequence of a t(4;ll) der(ll) fusion reported
from a patient with ALL (10) is in agreement with these results, with
the MLL breakpoint between exons 7 and 8 and the AF-4 break at
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Fig. 3. Schematic representation of MLL and AF-4 exons and functional domains and their location on the nonrearranged genes and the der(ll) fusion genes resulting from the 7
different fusion patterns. The regions of MLL and AF-4 deleted in each fusion transcript was determined by PCR product sequencing. Patient M. P. is shown as the prototype fusion
of MLL exon 8 to AF-4 codon 348. Brackets, deletions of regions of MLL and AF-4 beyond that deleted in patient M. P.. The codon numbers of breakpoints and exon boundaries are
indicated. Interrupted lines, region of zinc finger homology. Ml, forward primer on MLL. Al and A2, reverse primers on AF-4.

codon 362. At the mRNA level, AF-4 breakpoints are thus limited in

their distribution, probably reflecting the small size of the exons
involved relative to the large genomic region in which the breakpoints
are distributed. Our data show that MLL exons 7 and 8, and the AF-4
exons in codons 347-390, are inconsistently retained or lost in the

t(4;ll) der(ll) fusion transcript and thus are unlikely to contribute to
the function of the oncogenic fusion protein.

Comparison of our fusion sequences to published reports of MLL
and AF-4 regions of homology to known functional domains shows

which of these are conserved in all of our cases (Fig. 3). The MLL
gene is known to contain a centromeric AT-hook motif (5) (this do
main binds to AT-rich regions in the minor groove of DNA); this is

conserved in all Ilq23 translocations since it is very close to the
centromeric end of the gene. MLL also has three regions of homology
to the Drosophila trithorax gene, with one at the 3' end, and the other

two, with homology to the zinc finger domains, beginning at the end
of exon eight (4, 5). The zinc finger region is lost in five of seven of
our cases, while the other two (M. P. and Bl) retain 11 amino acids of
the first zinc finger, keeping only two of the four cysteine residues
needed to fold into the finger-like conformation. This would alter the
DNA-binding function of the protein, however, as the first two zinc-
fingers have a critical role in the specificity of the protein-nucleic acid

interaction (19). Thus the zinc finger regions does not appear neces
sary for malignant transformation. Centromeric to the zinc fingers, Gu
et al. (4) have reported a proline rich (27%) region, which could serve
as a transcriptional activation domain. An elegant study of the proline
rich (25%) region in the CTF/NF-1 family of CCAAT box binding

proteins has shown that this region retains transcriptional activation
activity even when separated from its DNA binding motif (20). In all
cases we studied, the proline-rich region in MLL is retained on der(ll)
and thus separated from the DNA-binding activity of the zinc finger
regions. On AF-4, areas of homology to known functional motifs are

two telomeric areas retained in all fusion sequences, a nuclear local
ization consensus, and a possible GTP-binding motif, suggesting that

this gene functions as a transcription factor (9,11). Having determined
the areas of each gene consistently retained on the der(ll) fusion gene
and thus potentially contributing to the function of the oncogenic
fusion protein, these studies help to pinpoint the areas warranting
further study using tools such as in vitro expression systems.

The RT-PCR method for detection of the t(4;ll) fusion mRNA can

now be applied to clinical cases. To screen infant ALL or to detect
minimal residual disease in treated patients, a single primer pair,
M1/A2, will detect the der(ll) transcript in all cases we have tested so
far. To look for a relationship between differential exon use and
disease parameters, it will be necessary to detect specific fusion site
sequences. This will require a set of primers or a fusion-specific

oligonucleotide for each fusion pattern, since we have demonstrated
that this cannot be extrapolated from PCR product size on agarose
gels. From such studies we will learn more about the function of the
oncogenic fusion protein and its clinical relevance, and we hope to
have an impact on the therapy of this particularly refractory leukemia.
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