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Abstract 

Translocations involving chromosome band Ilq23, found in acute lymphoid and 
myeloid leukemias, disrupt the MLL gene. This gene encodes a putative 
transcription factor with regions of homology to several other proteins including the 
zinc fingers and other domains of the Drosophila trithorax gene product, and the 
"AT-hook" DNA-binding motif of high mobility group proteins. We have 
previously demonstrated that MLL contains transcriptional activation and repression 
domains using a GAL4 fusion protein system (21). The repression domain, which 
is capable of repressing transcription 3-5-fold, is located centromeric to the 
breakpoint region of MLL. The activation domain, located telomeric to the 
breakpoint region, activated transcription from a variety of promoters including 
ones containing only basal promoter elements. The level of activation was very 
high, ranging from IO-fold to more than 300-fold, depending on the promoter and 
cell line used for transient transfection. 

In translocations involving MLL, the protein produced from the der(ll) 
chromosome which contains the critical junction for leukemogenesis includes the 
AT-hook domain and the repression domain. We assessed the DNA binding 
capability of the MLL AT-hook domain using bacterially expressed and purified 
AT-hook protein. In a gel mobility shift assay, the MLL AT-hook domain could 
bind cruciform DNA, recognizing structure rather than sequence of the target DNA. 
This binding could be specifically competed with Hoechst 33258 dye and with 
distamycin. In a nitrocellulose protein-DNA binding assay, the MLL AT-hook 
domain could bind to AT-rich SARs, but not to non-SAR DNA fragments. The 
role that the AT-hook binding to DNA may play in vivo is unclear, but it is likely 
that DNA binding could affect downstream gene regulation. The AT-hook domain 
retained on the der(ll) would potentially recognize a different DNA target than the 
one normally recognized by the intact MLL protein. Furthermore, loss of an 
activation domain while retaining a repression domain on the der( 11) chromosome 
could alter the expression of various downstream target genes, suggesting potential 
mechanisms of action for MLL in leukemia. 
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Introduction 

Chromosomal translocations involving chromosomal band IIq23 with as 
many as 30 different chromosomal regions have been observed in 5-10% of 
patients with acute lymphoblastic leukemia (ALL), and acute myeloid leukemia 
(AML) [17]. The most frequent translocations observed are the t(4;11) and t(ll; 19) 
in ALL, and the t(9;11), and t(6;11) in AML [23,33]. We and others have 
previously cloned the MIL gene (for mixed-lineage leukemia or myeloid-lymphoid 
leukemia; also called ALL-I, HRX, and Htrx) at IIq23 [38]. We have 
demonstrated that almost all of the chromosomal breaks occur in an 8.3 kb BamHI 
fragment of MIL, designated the breakpoint cluster region (BCR) [40]. In addition 
5-15% of patients treated for a prior neoplasm with DNA topoisomerase II (topo II) 
inhibitors, especially the epipodophyllotoxins, develop therapy related acute 
myeloid leukemia (t-AML) [15,21]. We showed that all t-AML patients who had a 
rearranged MIL gene had balanced II q23 translocations and a history of treatment 
with topo II inhibitors [15]. 

At present, 10 different chromosomal partners which rearrange with MIL 
have been cloned [1,8,16,32,38,39,42,44]. The fusion gene on the der (11) 
chromosome, which has been proposed to contain the critical junction for 
leukemogenic transformation because it is conserved in complex translocations, 
consists of 5' MLL sequences and 3' sequences from the partner chromosome 
[37]. Moreover, in about 25% of patients studied, the translocated telomeric region 
of MIL is deleted [41]. Thus, the der(ll) fusion protein is most likely responsible 
for leukemogenesis in patients with MIL rearrangements. The different partners 
provide quite variable protein domains, but all fusion proteins appear in frame. 

The MIL gene spans approximately 100 kb and contains at least 21 small 
exons which code for a protein of predicted molecular mass of 430 kd [43]. The 
cellular function of the MLL protein is unknown, but homologies to other proteins 
may provide some clues. MLL shares some regions of homology with the 
Drosophila trithorax (trx) protein including a zinc-finger domain, and the COOH
terminal region of the protein [16,27,43]. Trithorax is also >400 kd and is 
involved in maintaining the proper spatial pattern of expression of homeotic genes 
of the Bithorax and Antennapedia complexes by interacting with cis regulatory 
elements in their promoters [7,25,27]. Other MLL motifs defined by homology are 
three AT hooks, which are homologous to HMGI(Y) chromatin binding proteins 
[43], and a motif shared with mammalian DNA methyltransferase [26]. Therefore, 
by homology to domains of other proteins, it seems likely that MLL is a DNA 
binding protein. We have previously reported that MLL contains an extended 
activation domain in the C-terminal part of the protein, and a repression domain in 
the N-terminal part of the protein [46]. Furthermore, the AT-hook region of MLL 
is capable of binding cruciform DNA, recognizing the structure rather than the 
sequence ofthe target DNA [46]. 

In this paper, we demonstrate that the MLL AT-hooks are capable of 
binding to scaffold attachment region (SAR) DNA, but not to non-SAR DNA from 
the same gene region. We also demonstrate that distamycin and Hoechst 33258 can 
compete for_ MLL AT-hook binding to cruciform DNA. Therefore, in 
translocations involving MIL, the SAR DNA binding and cruciform DNA binding 
domain and a repression domain would remain on the der(ll) chromosome, and a 
very strong activation domain would either be lost [24,41] or translocated to the 
der(other) chromosome. The splitting of these functional domains is likely to 
contribute to leukemogenesis in cells containing MIL translocations. 
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Materials and Methods 

DNA clones and proteins. 
DNA encoding MLL amino acids 142-400 (AT-hook), or as controls, MLL amino 
acids 1101-1400, MLL amino acids 2772-3114, or Egr-l amino acids 281-304 
(Egr-l repression domain) [12], were subcloned into pGEX-KT [18]. MLL 
glutathione S transferase (GST) fusion proteins were expressed in bacterial cells, 
purified, and quantitated by polyacrylamide gel electrophoresis as previously 
described [46]. The histone HI protein was obtained from Sigma (St. Louis, MO). 
DNA fragments from the the interleukin-2 3' untranslated region (UTR) [10] 
(kindly provided by Raymond Reeves, U Wash.), and the IFNA2 gene flanking 
regions ([4], Broeker et aI., manuscript in preparation) were previously 
characterized as SARs or non-SARs using functional SAR mapping assays 
[9,30,45]. The SAR and non-SAR DNA inserts were purified on agarose gels, 
radiolabeled by filling in with Klenow fragment of DNA polymerase, and used as a 
probe for the SAR-protein binding assay. 
SAR-protein binding assay. 
One ug of each GST-fusion protein was transferred onto nitrocellulose membrane 
using a Dot blot apparatus. Dot blots were first pre-incubated at room temperature 
in a buffer containing 10 mM Tris (ph 7.5), 50 mM NaCl, 2 mM EDTA, and 5% 
non-fat dry milk [13]. Blots were then incubated with 32p labelled SAR and non
SAR DNAs in this same buffer and temperature but with 0.5% non-fat dry milk and 
competitor DNA (E. coli). Blots were then washed in the binding buffer several 
times [13]. DNA/protein hybridization signals were analyzed by autoradiography. 
Cruciform DNA binding assays. 
Artificial cruciform DNAs were prepared as described [2,3,46]. Cruciform DNA 
consists of oligonucleotides 1-4 [3]. Gel mobility shift assays were performed as 
described [2,46]. Hoechst 33258 and distamycin were purchased from Sigma (St. 
Louis, MO). Amounts of distamycin and Hoechst 33258 ranging from 50ng to 1 ug 
were added as competitors at the beginning of the reactions. For the repression 
domain binding reactions, 1 ug of the competitors were added. 

Results 

The AT-hook domain was first described in the HMGI(Y) group of proteins 
[35]. The AT-h90ks were demonstrated to bind to the AT-rich DNA present in the 
3' untranslated region (UTR) of the IL2 gene [34]. This same region of the IL2 3' 
UTR has also been shown to be a SAR [10]. MLL contains three AT-hooks 
clustered in a single domain near the amino terminus of the protein (Fig. 1). 
Although these AT hooks contain the same core amino acid sequence as the 
HMGI(Y) AT hooks, flanking amino acids are very different but tend to be lysine, 
arginine or proline (Fig. 2). 

The MLL AT hook domain contains three AT hooks of similar but not 
identical sequence to the HMGI(Y) AT hooks, and thus we wished to test whether 
it could also bind to the AT-rich DNA present in the IL2 3' UTR. We found that the 
MLL AT hook domain bound strongly to the IL2 3' UTR SAR using a 
nitrocellulose binding assay (Fig. 3A). Histone HI protein was used as a positive 
control because it has previously been shown that histone H I protein binds 
cooperatively to SAR DNA [22]. We also tested binding of the MLL repression 
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Fig.1. Schematic representation of the normal MLL eDNA on chromosome 1 L The figure is 
drawn to scale and the position of pertinent MLL amino acids are indicated by numbers_ The AT 
hook amino acids subcloned and expressed as protein for binding studies are indicated and the AT 
hooks underlined_ The locations of the O.8kb breakpoint cluster region (BCR), the zinc finger 
region, and the transcriptional activation and repression domains are also shown_ 
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Fig. 2. Comparison of HMGI(Y) and MLL AT hook amino acid sequence. Each protein 
contains three AT hooks separated by a variable number of amino acids. The sequences of the AT 
hooks are denoted by the single-letter amino acid code, and their positions in the protein denoted by 
the amino acid numbers_ Amino acid identity is indicated by a vertical line_ 

domain (amino acids 1101-1400) to the IL2 3' UTR SAR. This domain has 
previously been shown to bind to cruciform DNA as well as to duplex DNA [46]. 
We found that the MLL repression domain also bound to the IL2 3' UTR SAR 
(Fig_ 3A). In contrast, the repression domain of another protein, the early growth 
response gene Egr-l, did not bind to the IL-2 3' UTR SAR (Fig. 3A). We then 
wished to test whether this was a general observation; could the MLL AT hooks 
bind all SARs or just a subset of SARs_ Furthermore, we wished to determine 
whether the hlLL AT hook binding was specific for SAR DNA or whether the AT 
hooks were also capable of binding to non-SAR DNA. Therefore, we tested the 
known SAR and non-SAR DNA fragments from the IFNA2 gene region [4] for 
binding to the MLL AT hook domain. Both SAR (SAR2) DNA fragments from the 
IFNA2 gene showed strong binding to the MLL AT hook domain (Fig_ 3B) 
whereas non-SAR fragments (lFNA2 coding region, IFNA2 flanking region 1_0 kb 
BglII/BamHI), did not bind (Fig_ 3B)_ None of the SAR and non-SAR DNA 
fragments bound to the MLL activation domain or to the Egr-l repression domain 
(Fig. 3B, and data not shown)_ Neither of these proteins was expected to bind to 
DNA, and thus they represented negative controls_ All SAR and non-SAR DNA 
fragments bound to histone HI protein and to the MLL repression domain (Fig. 
3B). These protein species showed a non-specific pattern of binding. 
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Fig. 3. The MLL AT hook domain binds to SAR DNA but not to non-SAR DNA. Proteins 
were expressed in bacteria. purified, spot blotted onto nitrocullulose membrane, and hybridized 
with radiolabeled SAR or non-SAR DNA fragments . Proteins assayed were MLL AT hook 
domain (amino acids 142-400), MLL repression domain (amino acids 1101-1400), MLL activation 
domain (amino acids 2772-3114), Egr-l repression domain (amino acids 281-304), and histone HI 
protein. (A) Binding to the IL2 3' UTR SAR. (B) Binding to interferon alpha 2 SAR and non-SAR 
DNA fragments. Left panel shows the binding results of the IFNA2 non-SAR DNA regions 
(lFNA2 coding region=.4 kb BglII, and 1.0 kb BgllI/BamHI S' upstream region). Right panel 
shows the binding results of the lFNA2 S' upstream SARs (1.8 kb BamHI/EcoRI, and .7 kb 
EcoRI). The map at the bottom of the figure (top black line) shows the IFNA2 gene (left and 
thicker black line), and the two 5' upstream SARs (SARI , and SAR2 = thick black bars below 
the map). Note that only SAR2 was tested for protein binding. 

We have previously demonstrated that the MLL AT hook region, as well as 
the repression domain, could bind cruciform DNA using a gel mobility shift assay 
and synthetic cruciform DNA structures [46]. The AT hook domain binding was 
specific, because retarded bands were competed with an excess of nonradiolabeled 
competitor cruciform DNA [46]. Surprisingly, the binding of the MLL repression 
domain to cruciform DNA probes was also partially competed with a 100-fold 
molar excess of nonradiolabeled cruciform DNA [46]. The MLL AT-hook domain 
was recognizing structure rather than sequence of the DNA, because duplex DNAs 
that together contained all of the same DNA sequence did not bind the MLL AT 
hooks [46]. In contrast, the MLL repression domain was able to bind to duplex 
DNA, however, this binding was not competed with a lOO-fold molar excess of 
nonradiolabeled duplex DNA [46]. Therefore, the AT-hook domain of MLL can 
specifically recognize and bind to a cruciform DNA structure. It has previously 
been demonstrated that the dye Hoechst 33258 and the drug distamycin, which both 
have a similar three-dimensional structure as the HMGI(Y) AT hooks, compete for 
binding of the HMGI(Y) AT hooks to AT-rich DNA [14,35]. We wished to 
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Fig. 4. Crucifonn DNA binding activity of the MLL AT hook domain is specifically competed 
with Hoechst 33258 or distamycin. Proteins were expressed in bacteria, purified, and tested by gel 
mobility shift analysis for their ability to bind radiolabeled crucifonn DNA probes. Protein-DNA 
complexes were fonned in the presence of increasing amounts of Hoechst 33258 (lanes 2-5, 12) or 
distamycin (lanes 6-9, 13), or a 100-fold molar excess of cold competitor DNA (lanes 10, 14), or 
without competitor (lanes 1, 11). Free probe is indicated by an arrow. Proteins assayed were 
MLL AT hook domain (amino acids 142-400) (lanes 1-10) and MLL repression domain (amino 
acids 1101-1400) (lanes 11-14). Proteins were incubated with radiolabeled crucifonn probe. 

determine whether the MLL AT hook binding to cruciform DNA was similarly 
competed with Hoechst 33258 or distamycin. For competition, amounts of 
distamycin or Hoechst 33258 ranging from 50ng to I ug were added at the 
beginning of the incubation period. Both distamycin and Hoechst 33258 were able 
to compete the binding of the MLL AT hook domain to cruciform DNA in a manner 
similar to the nonradiolabeled competitor cruciform DNA (Fig. 4, lanes I -10) . In 
contrast, even I ug of distamycin or Hoechst 33258 were unable to compete for 
MLL repression domain binding to cruciform DNA (Fig. 4, lanes 12,13). 

Discussion 

We are studying the potential cellular functions of MLL which is involved in 
chromosomal ' translocations that result in acute lymphoid and acute myeloid 
leukemias [38]. One particularly intriguing aspect of the MLL protein that we have 
been studying is the ability of its AT-hook domain to bind cruciform DNA in a 
structure-dependent, sequence-independent manner. It had been proposed that the 
AT-hook region of MLL would bind DNA because of its homology to the AT
hooks of the HMO-I(Y) proteins [35]. We found that this region of MLL could 
bind to cruciform DNA [46] as has been shown for the HMO box of the HMO 1/2 
proteins [2,3]. This binding is specific for DNA structure rather than DNA 
sequence because binding was not observed to duplex DNAs oithe same sequence 
[46]. Two types of natural cruciform structures occur: Holliday junctions formed 
during recombination [19], and the structures formed when inverted repeats are 
extruded from superhelical DNAs. These structures may be associated with 
initiation of mammalian DNA replication [II] and are also commonly found in the 
vicinity of structural genes, so that they might playa role in gene expression [2]. 
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As has been suggested for HMOI protein binding to DNA [31], the AT-hook 
region of MLL may also recognize sharp bends in DNA that are not necessarily part 
of a cruciform structure. It is unclear what role the AT-hook binding to DNA may 
play in vivo, but it is conceivable that it may recognize cruciform and/or bent DNA 
and thereby affect gene regulation. 

In this investigation we have concentrated on several aspects of MLL AT 
hook binding to DNA fragments including cruciform DNA and SAR DNA 
interactions. Our data demonstrate specific binding of the MLL AT hook domain to 
cruciform DNA. Furthermore, this binding is specifically competed with 
compounds that form a similar three dimensional structure as the HMOI(Y) AT 
hook domain (Hoechst 33~58 and distamycin). In contrast to the specific binding 
of the MLL AT hooks, the MLL repression domain seems to bind DNA fairly 
nonspecifically, and this binding is not competed by distamycin or Hoechst 33258. 

Scaffold attachment regions (SARs) are defined as regions of binding 
between the DNA axis and non-histone "scaffold" proteins. SARs are AT-rich 
regions, whose DNA is bent, and they may be protein-protected regions in the 
genome [13]. They map to specific non-random positions, i.e. near gene regulatory 
elements, and appear to organize interphase and mitotic chromatin into a series of 
loop domains [13]. Reeves et al. demonstrated that the HMGI(Y) AT hooks bind 
the IL2 3' UTR SAR [10,34]. We have similarly studied binding of the MLL AT 
hook domain to SARs. Although the MLL AT hooks have the same core amino 
acid sequence as the HMGI(Y) AT hooks, they differ significantly in sequence 
outside of the core region. We have demonstrated that the MLL AT hook domain is 
capable of binding to the IL2 3' UTR SAR. Furthermore, the MLL AT hook 
domain binds other SARs, but not non-SAR regions from the same gene. 

It may be that the MLL AT-hooks recognize bent DNA in general, or a 
particular subset of bent DNA structures, rather than only those present in 
cruciform DNA structures. Bent DNA would be found at sequences containing 
tracts of oligo(dA)-oligo(dT) spaced periodically along the DNA [17], and it has 
been found at origins of replication [5,17], scaffold associated regions (SARs) 
[45], and promoters [17]. It has also been demonstrated that retroviral integration 
into chromosomal DNA occurs preferentially at intrinsically bent DNA [29] and that 
bent DNA is present at chromosomal sites of illegitimate recombination events [28]. 
Furthermore, bent DNA is a preferential substrate for DNA topoisomerase II 
enzymes [20] and DNA nicking enzymes including topoisomerase I [6]. Because 
of the ability of the MLL AT-hook region to bind to cruciform DNA and SAR 
DNA, it will be important to determine the extent of MLL AT-hook binding to 
various bent DNAs, as well as the ability of the MLL protein itself to cause DNA to 
bend. It is possible that MLL could play an important role in illegitimate 
recombination which is the dominant mechanism of recombination in mammalian 
somatic cells.' Illegitimate recombination is responsible for most genome 
rearrangements such as translocations, deletions and nonhomologous integrations 
[36]. The mechanism of illegitimate recombination and the enzymes or regulatory 
proteins involved are poorly understood. It is interesting that MIL is involved in a 
variety of translocations that result in acute leukemia. Furthermore, we have shown 
that patients with therapy-related AML with balanced translocations of Ilq23 had 
received prior. treatment with DNA topoisomerase II inhibitors and had 
rearrangements involving MIL [15]. Perhaps the DNA binding of MLL may give a 
clue to the mechanism of these translocations and to the normal function of the MLL 
protein in cells. 
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