
MOLECULAR AND CELLULAR BIOLOGY, Dec. 2004, p. 10470–10478 Vol. 24, No. 23
0270-7306/04/$08.00�0 DOI: 10.1128/MCB.24.23.10470–10478.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Binding to Nonmethylated CpG DNA Is Essential for
Target Recognition, Transactivation, and Myeloid

Transformation by an MLL Oncoprotein
Paul M. Ayton,† Everett H. Chen,† and Michael L. Cleary*

Department of Pathology, Stanford University School of Medicine, Stanford, California

Received 14 August 2004/Accepted 9 September 2004

The MLL gene is a frequent target for leukemia-associated chromosomal translocations that generate dom-
inant-acting chimeric oncoproteins. These invariably contain the amino-terminal 1,400 residues of MLL fused
with one of a variety of over 30 distinct nuclear or cytoplasmic partner proteins. Despite the consistent inclu-
sion of the MLL amino-terminal region in leukemia oncoproteins, little is known regarding its molecular
contributions to MLL-dependent oncogenesis. Using high-resolution mutagenesis, we identified three MLL
domains that are essential for in vitro myeloid transformation via mechanisms that do not compromise
subnuclear localization. These include the CXXC/Basic domain and two novel domains of unknown function.
Point mutations in the CXXC domain that eliminate myeloid transformation by an MLL fusion protein also
abolished recognition and binding of nonmethylated CpG DNA sites in vitro and transactivation in vivo. Our
results define a critical role for the CXXC DNA binding domain in MLL-associated oncogenesis, most likely
via epigenetic recognition of CpG DNA sites within the regulatory elements of target genes.

A distinctive subset of transcriptional regulators exerts its
functions via epigenetic modifications of chromatin surround-
ing the regulatory elements of target genes. These are typified
by the trithorax and polycomb groups of chromatin-associated
proteins, which function antagonistically as upstream tran-
scriptional regulators of the homeotic genes in Drosophila spp.
and mammals (31). The MLL protein (10, 15, 37) is a mam-
malian orthologue of trithorax and is required for embryonic
development via the maintenance but not initiation of expres-
sion of target genes such as the Hox genes (2, 38, 41, 42). MLL
exists in a multicomponent complex and mediates its epige-
netic transcriptional effector functions via a SET domain-de-
pendent histone methyltransferase activity (23, 24). MLL spe-
cifically methylates lysine 4 (K4) present on the N-terminal tail
of histone H3, a modification typically associated with tran-
scriptionally active regions of chromatin (36).

The MLL gene is a frequent target for chromosomal trans-
locations associated with aggressive human acute leukemias,
generating novel chimeric genes between MLL and 1 of over
30 distinct partner genes (3). These genetic events lead to the
production of dominant-acting oncogenic fusion proteins that
invariably consist of the N-terminal 1,400 residues of MLL
fused to variable portions of the partner protein. The results of
structure-function studies of a subset of MLL fusion proteins
suggest a common theme whereby transcriptional effector do-
mains of the partner proteins make critical contributions to the
oncogenicity of MLL fusion proteins (8, 9, 18, 22, 32–34, 43).
The consistent inclusion of the N-terminal 1,400 residues in all
described MLL fusion proteins suggests that it contributes
critical common functions to leukemogenesis, although the
mechanistic basis for such functions remains poorly defined.

Similarly, while much progress has been made in defining
the epigenetic transcriptional effector functions of MLL, the
mechanism by which either wild-type or oncogenic mutants of
MLL specifically recognize and selectively discriminate chro-
matin surrounding target genes remains unknown. Recently a
Fugu MLL homologue has been described that exhibits exten-
sive sequence homology throughout its length, including the
N-terminal region of MLL retained in its oncogenic fusion
protein derivatives (7). The identification of Fugu MLL al-
lowed the putative assignment of numerous novel conserved
functional domains within the N terminus of MLL that have
the potential to contribute to MLL-associated oncogenesis.

In this report, we undertook extensive high-resolution mu-
tagenesis mapping to delineate domains throughout the N
terminus that are essential for MLL-associated transformation.
We identified three regions of MLL that are essential for
transformation, two of which have no known function but
do not compromise nuclear localization. The third required
region is the CXXC/basic domain, whose contributions to my-
eloid transformation correlate with its ability to mediate bind-
ing to nonmethylated CpG DNA sites in vitro and transcrip-
tional activation in vivo. We conclude that the CXXC/basic
domain within MLL fusion proteins may facilitate essential
recognition of regulatory elements within MLL target genes in
vivo in a methylation-sensitive manner.

MATERIALS AND METHODS

Plasmids. MLL deletion and site-directed mutants (Table 1) were created by
PCR with PfuTurbo DNA polymerase (Stratagene). PCR products flanked by
convenient restriction sites were subcloned into either an SP72 vector containing
a EcoRI-BglII cDNA fragment encoding a FLAG epitope at its 5� end followed
by MLL nucleotides (nt) 1 to 2249 or a pBluescript vector containing an AccI-
BamHI cDNA fragment encoding MLL nt 1334 to 3754. All junctions were
sequenced, and the mutant inserts were cloned in-frame into the MSCV FLAG
MLL-ENL (Delta SB) vector, encoding a FLAG-tagged MLL-ENL fusion cDNA
(FlagME) in which vector SalI and BamHI sites had been destroyed. For ex-
pression in COS-7 cells, FlagME and deletion mutants were excised from the
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MSCV vector by use of EcoRI-XhoI and ligated into the EcoRI-SalI sites of the
expression plasmid pCMV5. For bacterial expression, polyhistidine-tagged MLL
CXXC mutants (nt 3406 to 3754) were cloned in-frame into the NcoI-HindIII
sites of the prokaryotic expression plasmid pRSETB.

Myeloid immortalization assay. Transduction of murine bone marrow cells
and methylcellulose replating assays were performed as previously described (19).

Western blotting. Cos-7 cells grown in six-well plates were transfected with 2
�g of pCMV5 FlagME or its derivatives by use of Lipofectamine Plus (Invitro-
gen). At 2 days later, cells were lysed in sodium dodecyl sulfate (SDS) sample
buffer, boiled, sheared, and frozen. Dithiothreitol and bromophenol blue were
added prior to electrophoresis through SDS–6% polyacrylamide gels. Proteins
were electroblotted onto Hybond ECL (Amersham) in Tris–glycine–0.05% SDS–
10% methanol for 3 h. Membranes were probed with monoclonal antibody
FLAG M2 (Sigma) diluted 1:2,000 followed by a secondary antibody conjugated
to horseradish peroxidase (Accurate Antibodies). Bands were visualized using
ECL reagent (Amersham).

Immunofluorescence. Cos-7 cells were plated onto glass slides and transfected
with pCMV5 FlagME plasmids as described above. After 24 h, cells were washed
three times with phosphate-buffered saline (PBS), permeabilized, and blocked
with 0.5% Triton X-100 and 10% normal goat serum in PBS for 30 min. FLAG
M5 antibody (10 �g/ml) diluted in PBS–10% goat serum was added to the slides
and kept overnight at 4°C in a humidified chamber. Slides were then washed
three times with 0.1% Triton in PBS and incubated with anti-mouse immuno-
globulin G conjugated to Texas Red (Jackson Laboratories) diluted 1:100 in
PBS–10% goat serum. After 90 min of incubation, slides were washed three
times and overlain with Vectashield (Vector Laboratories, Burlingame, Calif.).

Reporter assays. The REH human pro-B cell line was grown to log phase and
washed with RPMI medium. Cells were resuspended at a concentration of 3 �
106cells/0.8 ml in RPMI medium plus 5 �g of DEAE-dextran/ml (30) together
with 1 �g each of herpes simplex virus (HSV) thymidine kinase (TK) luciferase
reporter and various pCMV5-FlagME effector plasmids. Cells were electropo-
rated at 250 V and 960 �F, transferred into 4.2 ml of complete medium, and
harvested 2 days later for determination of luciferase activities (Luciferase Assay
System; Promega) and protein concentrations (Bio-Rad).

Gel-shift assays. pRSET CXXC mutants were expressed in BL21(DE3)pLys
bacteria. Histidine-tagged proteins were purified using Ni-nitrilotriacetic acid
agarose beads (QIAGEN) according to the manufacturer’s instructions. Proteins
were concentrated in Centricon 3 filters (Amicon, Beverly, Mass.), and concen-
trations were determined by a Bradford assay. Gel shifts were performed as pre-
viously described (6) with double-stranded oligonucleotide probes including
probe 1 (GGGCCGTGCTAGTGCGTCGTACCCGCCGA) or the HSV TK
promoter-proximal CG box (GGGATGCAGTTCGGGGCGGCGCGGTCCGA
GGT).

RESULTS

A structure-function analysis was conducted to determine
which regions of MLL are required by the oncogenic fusion
protein MLL-ENL to induce the enhanced replating of my-
eloid progenitors in vitro, a phenotype representative of its
transformation properties in primary bone marrow cells (19).
In view of the large portion of MLL retained in MLL-ENL
(1,400 amino acids [aa]), it was divided into three distinct
subdomains (aa 1 to 400, 401 to 1150, and 1151 to 1400) for the
purposes of our analyses. Details of the various MLL-ENL
deletion mutants are summarized in Table 1.

The AT hook DNA binding motifs are dispensable for my-
eloid transformation by MLL-ENL. Within its first 310 aa,
MLL contains three AT hook DNA binding motifs that are
highly conserved with Fugu MLL. A previous study implicated
a large amino-terminal region containing these three motifs as
being required for myeloid transformation (32). To assess their
relative contributions to MLL-associated oncogenesis, small
internal deletions of the RGRP core sequence were generated
within each AT hook motif. The solution structure of the AT
hook predicts that such mutations would abolish association
with the minor groove of DNA (17). MLL-ENL constructs
lacking single AT hook motifs (constructs AT1, AT2, and
AT3) induced efficient myeloid transformation in vitro (Fig.
1A), indicating that each motif is individually dispensable.
Therefore, a more extensive set of mutants was constructed
that lacked two or more AT hooks. These included mutants
with a deletion of AT hooks 1 and 2, with or without additional
deletion of the RGRP of AT hook 3 (AT1-2 and AT1-2�3,
respectively), and a larger deletion spanning AT hooks 1 to
3 (AT�NTS). All of these MLL-ENL mutants induced en-
hanced replating of myeloid progenitors (Fig. 1A), indicating
that AT hook function was not required for in vitro transfor-
mation. The nuclear targeting signal 1 (NTS-1), which resides
between AT hooks 2 and 3 (39), was also shown by this analysis
to be unnecessary for transformation.

Conversely, deletion of MLL residues 35 to 289 (construct
�N1) completely eliminated myeloid transformation. Al-
though AT hooks 1 and 2 were deleted by this mutation, a
smaller deletion spanning residues 35 to 170 (construct �N2)
implicated a novel upstream region as necessary for MLL-ENL
transformation activity. This essential region contains two no-
table subdomains. One consists of 60 residues (aa 43 to 102),
which we term the SAG domain due to its high content of
serine (32%), alanine (30%), glycine (20%), and proline
(13%), which is not conserved with Fugu MLL. It is flanked by
a conserved sequence (aa 103 to 171) termed the N-terminal
conserved sequence (NCS), which is 48.5% identical to the
Fugu MLL. Both the SAG domain and NCS are unique to the
MLL protein family, but their sequences offer no clues regard-

TABLE 1. Mutants of MLL-ENL employed for these studies

Designation(s) Deleted amino acids Description

�N1 35–289 Large N-terminal deletion
�N2 35–170 SAG�NCS deletion
AT�NTS 172–317 Contiguous deletion of all AT

hooks and NTS1
NTS1 242–288 Deletion of NTS1
AT1-2, -3 172–226, 303–306 Deletion of AT1 through AT2

and AT3
AT1 176–179 Deletes RGRP sequence of AT1
AT1 176–179 Deletes RGRP sequence of AT1
AT2 222–225 Deletes RGRP sequence of AT2
AT3 303–306 Deletes RGRP sequence of AT3
NTS3-SNL2 727–1106 Deletion of NTS3 through SNL2
U1 snRNP-1 869–1014 Large deletion of RERE/U1

snRNP and flanking sequences
U1 snRNP-2 869–897 Small deletion of RERE/U1

snRNP
SNL1�2 400–443, 1008–1106 Deletion of SNL1 and SNL2
SNL1 400–443 Deletion of SNL1/NTS2/Trx1

homology domain
NTS3 727–748 Deletion of NTS3
SNL2 1008–1106 Deletion of SNL2/Trx2 homology

domain
CXXC/basic 1153–1250 Deletion of CXXC/DNA methyl-

transferase homology domain
and flanking basic region

CXXC 1151–1197 Deletion of CXXC domain
Basic 1200–1250 Deletion of basic region
CC/AA 1155, 1158 Substitution of cysteines with

alanines at 1155 and 1158 in
CXXC domain

E1165A 1165 Substitution of glutamate with
alanine at 1165 in CXXC
domain

KFGG/AAAA 1178–1181 Substitution of KFGG with
AAAA in CXXC domain
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ing their contributions to MLL function. Thus, MLL oncogenic
activity is AT hook independent but requires novel uncharac-
terized sequences in the MLL amino terminus.

All mutants of MLL-ENL were efficiently expressed and
migrated at their predicted sizes in Western blot analysis fol-
lowing transfection into Cos-7 cells (Fig. 1B), indicating that
lack of myeloid transformation by select mutants was not due
to lack of expression. All MLL-ENL mutants localized to the
nucleus and displayed a speckled subnuclear distribution
in transiently transfected Cos-7 cells (Fig. 1C). Notably, the
NTS-1 domain, previously identified to be sufficient for target-
ing a cytoplasmic protein into the nucleus (39), was not re-
quired for either nuclear localization or myeloid transforma-
tion by MLL-ENL. These results suggest that the ability of
amino-terminal mutants of MLL-ENL to eliminate myeloid
transformation occurs via a mechanism independent of sub-
nuclear localization.

Conserved subnuclear localization motifs are dispensable
for nuclear localization and myeloid transformation. The cen-
tral region of N-terminal MLL (aa 400 to 1100) contains sev-
eral domains conserved with Fugu MLL, including nuclear
(NTS-3) and subnuclear (SNL1 and SNL2) targeting motifs
and a region of similarity with U1 snRNP (11, 39). The short
SNL1 and SNL2 motifs are the only sequences conserved be-
tween Drosophila trithorax and MLL that are consistently re-
tained by oncogenic MLL fusion proteins. To determine the
role of nuclear and/or subnuclear targeting in the oncogenic
action of MLL-ENL, mutants were generated that lacked the
SNL1, SNL2, or NTS-3 domains and were assayed for their
oncogenic potential. All efficiently transformed myeloid pro-
genitors (Fig. 2A), indicating that the targeted domains are
individually dispensable. Furthermore, a mutant of MLL-ENL
lacking both SNL1 and SNL2 (SNL1�2) also retained full
oncogenic activity (Fig. 2A), thus excluding a redundant SNL

FIG. 1. Amino-terminal MLL sequences are essential for myeloid transformation by MLL-ENL. At the top of the figure is a scale map of
conserved and/or functional MLL domains in the MLL-ENL chimeric oncoprotein. Vertical lines indicate AT hook motifs (AT1, AT2, and AT3).
Shaded boxes indicate nuclear translocation sequences (NTS1, NTS2, and NTS3), subnuclear localization domains (SNL1 and SNL2), homology
with U1 snRNP (U1 snRNP), and similarity to DNA methyltransferase (CXXC and basic). (A) Murine bone marrow cells enriched for
stem-progenitor cells following 5-fluorouracil treatment were transduced with retroviral constructs expressing proteins that are schematically
shown on the left side of the panel. The bar graph (right) indicates numbers of colonies with BLAST-like morphology obtained in the third round
of serial replating. (B) Detection of MLL-ENL fusion protein expression in Cos-7 cells by Western blot analysis. Faint lower bands represent
processed, prematurely terminated, or degraded protein. (C) Representative immunofluorescence analysis of transfected Cos-7 cells shows the
typical localization to nuclear speckles manifested by all MLL-ENL proteins analyzed in this mutant series. Transfected proteins were detected
with M2 monoclonal antibody that recognizes an amino-terminal FLAG epitope in all constructs.
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function in oncogenesis. Similarly, deletion of the U1 snRNP
homology domain (constructs snRNP1 and snRNP2) did not
eliminate myeloid transformation (Fig. 2A). Thus, no single
motif in this region of MLL was individually necessary for in
vitro transformation. However, larger deletions spanning mul-
tiple motifs (e.g., NTS3 to SNL2) eliminated transformation.

When transiently transfected into Cos-7 cells, all deletion
mutants in the central region of MLL were appropriately ex-
pressed at predicted sizes (Fig. 2B). All deletion mutants also
efficiently localized to characteristic MLL subnuclear domains
(Fig. 2C), including the NTS3-SNL2 mutant, which lacked
oncogenic activity. Thus, a large central region spanning resi-
dues 727 to 1106 is essential for MLL-associated oncogenesis
via a mechanism independent of subnuclear localization; how-
ever, we were unable to define a single conserved motif re-
sponsible for this requirement.

The CXXC/basic domain is essential for myeloid transfor-
mation. The CXXC DNA binding domain of MLL is highly
conserved with Fugu MLL (7) and also shares similarity with
domains present in a number of transcriptional regulators,
several of which are implicated in modulation of DNA meth-
ylation. These can be aligned to reveal numerous conserved
residues, which predict two repeats of the CGXCX2C se-
quence (R1 and R2) flanked by two linker sequences (L1 and

L2) and followed by a conserved CX2RXC sequence (Fig. 3).
A short basic region is located immediately carboxy terminal to
the CXXC domain (Fig. 4A) and exhibits a high lysine content
(27% over 56 residues) that is not extensively conserved with
Fugu MLL or other mammalian MLL homologues.

MLL-ENL constructs lacking the CXXC and/or basic do-
mains were examined for their ability to transform myeloid
progenitors (Fig. 4A). Lack of the CXXC/basic or the CXXC
domain alone completely eliminated in vitro replating poten-
tial, indicating that the CXXC domain is essential for MLL-
associated transformation. Deletion of the basic domain alone
compromised, but did not eliminate, transformation. Clono-
genic activity was observed, but colonies were decreased in
number (Fig. 4A) and size and were less compact with a more
dispersed morphology (data not shown).

Site-directed missense mutations were introduced into the
CXXC domain to investigate its molecular requirement in
greater detail. Double alanine substitutions were introduced in
conserved cysteine residues C1155/C1158 within the amino-
terminal end of CGXCX2C repeat 1 (Fig. 3). Alanine substi-
tutions were also introduced into one of two conserved acidic
residues (E1165) in L1 and the central conserved KFGG block
(aa 1178 to 1181) positioned within the larger L2 region. Re-
plating assays showed that the CC/AA and KFGG/AAAA site-

FIG. 2. Subnuclear localization and nuclear translocation sequences 2 and 3 are dispensable for MLL-ENL-mediated myeloid immortalization.
(A) The bar graph (right) indicates numbers of colonies with BLAST-like morphology obtained in the third round of serial replating (averages of
triplicate determinations) in methylcellulose cultures following retroviral transduction of the mutant proteins shown on the left. (B) Detection of
MLL-ENL fusion protein expression in Cos-7 cells by Western blot analysis. (C) Photomicrographs show typical localization in nuclear speckles
for mutants in this series.
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directed mutants of MLL-ENL were completely defective for
myeloid transformation (Fig. 4A). In contrast, the E1165A
mutant was indistinguishable from wild-type MLL-ENL in its
ability to immortalize myeloid progenitors. When transiently
transfected into Cos-7 cells, all CXXC deletion and site-di-
rected mutants were appropriately expressed at their predicted
sizes and localized in discrete subnuclear domains (Fig. 4B and
C). Thus, highly conserved residues in the R1 and L2 regions
are essential for CXXC function and MLL-associated onco-

genesis via a mechanism independent of subnuclear localiza-
tion.

Residues within the CXXC domain that eliminate MLL-
associated myeloid transformation are required for binding to
nonmethylated CpG DNA and for transactivation. The CXXC
domain of MLL mediates binding to nonmethylated CpG
DNA (6). We therefore determined the relationship between
mutations within the CXXC domain of MLL that eliminate
myeloid transformation and their effect on binding to non-

FIG. 3. Alignment of CXXC domains demonstrating highly conserved residues in various proteins. Shading denotes amino acid residues that
are identical with human MLL. Site-directed mutations created in MLL-ENL are indicated above the alignment. Identity and similarity consensus
sequences are indicated at the bottom of the figure.

FIG. 4. The CXXC domain is essential for MLL-ENL transformation. (A) The bar graph (right) indicates numbers of colonies with BLAST-
like morphology obtained in the third round of serial replating (averages of triplicate determinations) in methylcellulose cultures following
retroviral transduction of the mutant proteins shown on the left. (B) Detection of MLL-ENL fusion protein expression in Cos-7 cells by Western
blot analysis. (C) The photomicrographs show typical localization in nuclear speckles for MLL-ENL mutants in this series.
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methylated CpG DNA. Purified, recombinant proteins con-
taining the wild-type or mutant MLL CXXC/basic domains
were utilized for gel shift assays. DNA probes contained five
CpG sites corresponding to clone 1 derived from the binding
site selection (6) or the HSV TK promoter-proximal CG box
(Fig. 5A). In agreement with previous studies, the wild-type
CXXC/basic domain bound efficiently to both probes. Binding
was CXXC dependent and did not require the basic domain
(data not shown). For mutants CC/AA and KFGG/AAAA,
binding to both CpG probes was completely eliminated. Con-
versely, the E1165A mutant was unimpaired in its binding
ability. Thus, residues within the CXXC domain that eliminate
MLL-associated myeloid transformation are required for bind-
ing to nonmethylated CpG DNA sites in vitro.

Several MLL fusion proteins, including MLL-ENL, have
been shown to transactivate a variety of promoters, and their
transcriptional effector properties are essential for myeloid

oncogenesis (8, 9, 30, 32, 33). Therefore, the role of the
CXXC/basic domain in transcriptional activation by MLL-
ENL was also investigated. MLL-ENL expression plasmids
were transiently transfected together with a luciferase reporter
construct under the control of the HSV TK promoter into the
REH pro-B cell line (Fig. 5B). MLL-ENL strongly activated
transcription of the luciferase reporter, whereas mutants lack-
ing either the CXXC/basic domains or the CXXC domain
alone were unable to activate transcription above background.
MLL-ENL lacking the basic region alone exhibited reduced
transactivating properties, suggesting that while the basic do-
main is not required for binding to CpG sites in vitro, it does
contribute to transactivation in vivo. MLL-ENL proteins har-
boring the CC/AA or KFGG/AAAA mutations were unable
to activate transcription. Conversely, the E1165A mutant be-
haved in an manner identical to that of wild-type MLL-ENL in
its ability to activate transcription. These data support a model
whereby MLL-associated oncogenesis requires CXXC do-
main-dependent recognition and binding to nonmethylated
CpG sites within the regulatory elements of target genes, lead-
ing to their constitutively maintained expression via the tran-
scriptional effector properties of the MLL partner protein.

DISCUSSION

Despite the prevalent involvement of MLL in a variety of
mutations in human leukemias, little is known regarding its
critical molecular contributions to the transforming properties
of MLL oncoproteins. In this study, we have utilized a variety
of functional assays to determine the essential regions required
for target recognition, transactivation, and myeloid transfor-
mation by a representative MLL fusion protein, MLL-ENL.
Unexpectedly, most conserved and/or previously defined func-
tional domains were individually dispensable. These include
the three AT hook motifs that are highly conserved in verte-
brate MLL orthologues and thought to facilitate binding to
AT-rich DNA in the minor groove. This property of MLL,
therefore, appears to be nonessential for transformation. Nev-
ertheless, previous studies implicated sequences near or over-
lapping the AT hook motifs as being required for myeloid
transformation (32), and our present analysis assigns this func-
tion to a novel region flanking the AT hook motifs herein
described as the SAG and NCS domains. The SAG sequence
is not found in other mammalian MLL homologues or ortho-
logues, while the NCS is well conserved with Fugu MLL, sug-
gesting this region may play an important functional role. The
SAG and NCS regions do not exhibit any sequence homology
to other proteins, and the mechanism by which the SAG/NCS
contributes to MLL-associated oncogenesis is presently un-
clear.

The central region of MLL (aa 401 to 1150) that is retained
in oncogenic fusion proteins contains multiple motifs previ-
ously implicated in nuclear and/or subnuclear localization. Our
analysis showed that these were dispensable individually or
in combination for myeloid transformation. However, a large
internal deletion removing multiple motifs (NTS3 to SNL2),
including the snRNP homology domain, eliminated myeloid
transformation. The NTS3-SNL2 mutant localized correctly to
subnuclear domains, suggesting that the central region require-
ment was independent of nuclear localization. However, we

FIG. 5. Point mutations in the CXXC domain abolish transcrip-
tional activation and DNA binding by MLL-ENL. (A) Gel-shift assay
of CXXC mutants. Bacterially expressed proteins (indicated above the
gel lanes) were incubated with a radiolabeled CG dinucleotide-con-
taining probe or the proximal CG box of the HSV TK promoter.
Protein-DNA complexes (arrow) were electrophoresed on nondena-
turing polyacrylamide gels and exposed to film overnight. WT, wild
type. (B) MLL-ENL constructs containing mutations in the CXXC
domain were transfected into REH cells along with an HSV TK lucif-
erase reporter gene. Relative luciferase values were normalized to
protein concentrations. Bars represent means and standard deviations
of three experiments.
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were unable to attribute any single domain to this essential
activity and therefore conclude that such large deletions may
be sufficient to compromise basic structural conformation of
the amino terminus of MLL or that the deleted domains co-
operate to provide an essential function in transformation.
Furthermore, our present study suggests that the central
snRNP homology domain of MLL exhibits a differential re-
quirement for myeloid transformation by MLL-ENL versus a
heterologous MLL fusion with an artificial dimerization do-
main (35). One potential explanation for this functional dis-
crepancy may lie in the mechanisms of action of distinct classes
of MLL fusion proteins that possess intrinsic transcriptional
effector functions such as MLL-ENL or dimerization domains.
Alternatively, select mutants with the particularly weak my-
eloid-transforming activity of a heterologous MLL fusion with
an artificial dimerization domain, such as that lacking the
RERE/snRNP homology domain, may exhibit only moderately
reduced activity and yet be scored as a complete loss of trans-
forming function.

Our results demonstrate a critical role for the CXXC domain
of MLL in myeloid transformation that correlates with its recog-
nition of CpG sites in vitro and transactivation in vivo. Subtle
mutations within the CXXC domain that eliminated myeloid
transformation highlighted conserved residues that were also re-
quired for transactivation and recognition of CpG DNA sites in
vitro. On the basis of sequence alignments, the CXXC domain
can be subdivided into five components, including two CGX-
CXXC repeats, each flanked at their carboxy terminus by linker
regions of 5 and 14 residues, respectively, followed by a
CXXRXC motif. Our mutational analysis revealed essential con-
tributions of conserved residues within one of the CGXCXXC
repeats, as well as the KFGG motif within the extended second
linker region. Conversely, E1165 within the short first linker re-
gion was not required for transactivation, CpG recognition, or
myeloid transformation, suggesting that either the charge of this
conserved residue or a more general role of the first linker region
may not be critical for CXXC function. We note that the two
adjacent acidic residues, E1165 and D1166, have the potential to
form an acidic pocket within the linker 1 region of the CXXC
domain. Thus, mutation of only one of these residues, E1165, may
not be sufficient to compromise the charge of the putative acidic
pocket. Cysteine residues located within the CGXCXXC repeats
may be required for coordination of zinc atoms and correct con-
formation, as has been reported for the CXXC protein CGBP
(21). We also note that the KFGG motif within the second linker
region of the CXXC domain has been previously associated with
CXXC-dependent recognition of nonmethylated CpG sites. This
association is most clearly illustrated by the MBD1 protein, which
possesses three copies of the CXXC domain, of which only the
CXXC3 domain that contains a KFGG motif within its second
linker region is capable of recognizing nonmethylated promoters
(14). In contrast, CXXC domains in MBD1 lacking the KFGG
motif bind only to methylated promoters. Thus, the presence of
the KFGG motif seems to discriminate CXXC domains that
recognize nonmethylated CpG sites. Moreover, KFGG motif-
dependent myeloid transformation by an MLL oncoprotein
underscores the critical importance of an appropriate epi-
genetic state of target sites to facilitate MLL recruitment and
subsequent transcriptional deregulation.

We also identified a role for the flanking basic region in

myeloid transformation and transactivation in vivo but not for
binding to CpG sites in vitro. The close proximity of the basic
domain to the CXXC domain suggests that it may contribute to
CXXC function, either by ensuring optimal conformation or by
modulating the sequence-specific binding to nucleotides flank-
ing the CpG core site in vivo. Interestingly, analysis of all other
presently identified CXXC domain proteins reveals that the
flanking basic region is unique to MLL and could therefore
provide the means to discriminate MLL versus non-MLL tar-
gets in the context of CpG sites. However, recent in vitro
binding site selection studies using the CXXC/basic region did
not reveal any sequence specificity flanking the CpG site (6).
Nevertheless, our transcriptional reporter assays clearly dem-
onstrated a requirement for the basic region for efficient MLL-
ENL-mediated transactivation. Furthermore, the possibility
that CXXC function is modulated by a flanking sequence is
supported by the recent analysis of the CXXC protein CGBP,
which requires additional residues immediately carboxy termi-
nal to the CXXC domain for binding to CpG sites in vitro (21).

Recently, a number of related MLL proteins have been
described that possess variable numbers of structural domains
conserved with MLL and/or TRX. These include MLL2 (13,
16), ALR (26), MLL3 (28), and MLL5 (12). It is presently
unclear whether any of these structural MLL homologues ex-
hibit overlapping functions during embryonic development,
hematopoiesis, or oncogenesis. However, of the three MLL
regions identified here as required for transformation, only the
CXXC domain is conserved with another MLL family mem-
ber, MLL2 (16). Based on the crucial role of the CXXC do-
main for MLL-associated oncogenesis, we speculate that
MLL2 represents the only other candidate MLL family mem-
ber that may harbor oncogenic potential via CpG site recog-
nition. Future domain swap experiments are required to ad-
dress functional compensation between the CXXC domains of
MLL and MLL2.

The amino-terminal regions of MLL studied here in the
context of an MLL fusion protein are also present in two other
classes of oncogenic MLL mutants, including partial tandem
duplications (PTD) and internal PHD finger 1 deletions
(PHD1) (2). Thus, our results are likely to have important
mechanistic implications for the functions of most if not all
MLL oncoproteins as well as those of normal MLL. We sug-
gest that the CXXC/basic domain may also mediate target
recognition by wild-type MLL, with at least some overlap in the
spectrum of target genes regulated by wild-type and oncogenic
mutants of MLL. Indeed, MLL-associated human and murine
leukemias express numerous HOXA cluster genes (1, 3, 27, 40)
whose expression is perturbed in MLL-deficient embryos. Fur-
thermore, using a genetic analysis, recent studies have shown
that MLL-associated myeloid transformation in vitro and in
vivo is dependent on select 5� Hoxa genes (3), known targets of
wild-type MLL during embryogenesis. Future studies may de-
fine a similar critical role for the CXXC/basic domain for the
oncogenic functions of PTD and PHD1 mutants.

The CXXC/basic domain of MLL epigenetically binds to
CpG DNA sites in a methylation-sensitive manner (6). During
hematopoietic differentiation, 5� HOXA gene expression is
maintained in stem cell and committed progenitor compart-
ments but is subsequently down-regulated as progenitors dif-
ferentiate towards mature effector cells of the myeloid lineage
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(20, 25, 29). The molecular mechanisms that control Hox
down-regulation during differentiation are presently unknown.
Global patterns of DNA methylation are normally established
early during embryonic development and then faithfully repli-
cated throughout the lifespan of the adult (5). Our results
suggest that one potential mechanism for Hox gene silencing
during normal hematopoietic differentiation may involve pro-
moter CpG methylation, which would functionally prevent
CXXC-dependent MLL binding and transcriptional regula-
tion. This concept offers a novel rationale for therapeutic
intervention, namely, induction of CpG methylation as a
potential means to blocking continued MLL fusion protein
occupancy of target gene regulatory elements after DNA rep-
lication occurs.
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