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The HRX gene (also called MLL, ALL-1, and Htrx) at chromosome band 11q23 is associated with specific
subsets of acute leukemias through translocations that result in its fusion with a variety of heterologous
partners. Two of these partners, ENL and AF9, code for proteins that are highly similar to each other and as
fusions with HRX induce myeloid leukemias in mice as demonstrated by retroviral gene transfer and knock-in
experiments, respectively. In the present study, a structure-function analysis was performed to determine the
molecular requirements for in vitro immortalization of murine myeloid cells by HRX-ENL. Deletions of either
the AT hook motifs or the methyltransferase homology domain of HRX substantially impaired the transform-
ing effects of HRX-ENL. The methyltransferase homology domain was shown to bind non-sequence specifically
to DNA in vitro, providing evidence that the full transforming activity of HRX-ENL requires multiple DNA
binding structures in HRX. The carboxy-terminal 84 amino acids of ENL, which encode two predicted helical
structures highly conserved in AF9, were necessary and sufficient for transformation when they were fused to
HRX. Similarly, mutations that deleted one or both of these conserved helices completely abrogated the
transcriptional activation properties of ENL. This finding correlates, for the first time, a biological function of
an HRX fusion partner with the transforming activity of the chimeric proteins. Our studies support a model
in which HRX-ENL induces myeloid transformation by deregulating subordinate genes through a gain of
function contributed by the transcriptional effector properties of ENL.

Chromosomal aberrations affecting band 11q23 are the most
commonly observed cytogenetic alterations in infant acute lym-
phoblastic leukemias and in subtypes of acute myeloid leuke-
mias (9, 29). Similar genetic lesions are prevalent in secondary
leukemias arising after treatment of neoplastic diseases with
topoisomerase II inhibitors (14, 15). Chromosomal transloca-
tions of 11q23 to 30 different cytogenetic loci have been found
in leukemic cells (for reviews, see references 3 and 43). A
molecular analysis revealed the presence of a large reading
frame coding for 3,968 amino acids spanning the common
chromosomal breakpoint at 11q23. Because of a regionally
limited but significant homology to the Drosophila trithorax
gene (TRX), the gene was designated HRX (also named
ALL-1, HTRX, or MLL) (13, 17, 42, 47). TRX is responsible for
the maintenance, but not initiation, of HOX gene expression in
flies (5, 23). Knockout studies of mice suggest a similar role for
HRX in mammals (46).

To date, 12 different fusion partners involved in chromo-
somal translocations affecting HRX have been cloned and se-
quenced (reviewed in references 3 and 43). Additionally,
internal duplications within the amino-terminal part of HRX
and specific deletions of exon 8 have been identified in leuke-
mic blast cells (25, 34, 35). Despite this wealth of information,
the genetic mechanisms by which mutations in HRX cause
transformation are still elusive. All identified fusion transcripts
join HRX in frame with a respective partner and support the
potential expression of a full-length fusion protein. This is

indicative of a functional contribution of the fusion partner
and suggests a gain-of-function mechanism, although alterna-
tive mechanisms have been proposed (22, 27, 34, 35, 46). In-
deed, an emerging theme is that many of the known fusion
partners seem to be capable of interacting with the RNA poly-
merase II transcription machinery. Several fusion partners
(AF4, AF9, and ENL) appear to be bona fide transcription
factors and have been shown to transactivate certain promot-
ers in vivo (28, 32). Two fusion partners are directly involved in
transcriptional regulation. These are the RNA polymerase II
elongation factor ELL and the transcriptional coactivator CBP
(CREB binding protein) (37, 38, 40).

Further support for a decisive role of the fusion partners
comes from knock-in studies, showing that mice expressing an
HRX-AF9 fusion under the natural HRX promoter develop
acute myeloid leukemia whereas mice engineered to express an
HRX-Myc tag fusion show no sign of disease (10). Recently,
we demonstrated that retrovirus-mediated gene transfer of
HRX-ENL into murine hematopoietic progenitors led to their
immortalization and that this activity required the presence of
the ENL moiety of the fusion protein (24). To further study the
contribution of HRX and ENL, we took advantage of this
myeloid methylcellulose assay that identifies the transforming
properties of HRX-ENL. We tested a series of HRX-ENL
deletion mutants to investigate the participation of several
conserved sequence motifs to the oncogenic activity of the
fusion product. We demonstrate here that a biological function
of an HRX fusion partner is critical for the oncogenic activity
of the resulting fusion product. These results support a model
in which 11q23 translocations create HRX fusion proteins with
a new combination of functional domains that transform he-
matopoietic cells by a gain-of-function mechanism.
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MATERIALS AND METHODS

Plasmid and mutant construction. The 6-kb HRX-ENL cDNA (42) was in-
serted into the EcoRI site of the retroviral vector pMSCV-neo (pMSCV/HRX-
ENL [24]) and used to construct a series of nested deletions by the method of
Henikoff (19). Double-stranded oligonucleotides containing unique NsiI and
NruI sites were inserted either at the amino terminus, at the carboxy terminus, or
into the PflMI site 153 nucleotides upstream of the fusion point between HRX
and ENL (numbering according to sequences deposited under GenBank acces-
sion no. L04284 and L04285). An additional FLAG tag sequence (ATGGACT
ACAAGGACGACGATGACAAG) was encoded in the amino-terminally insert-
ed oligonucleotide. TAA codons in all three reading frames were incorporated
into the carboxy-terminal oligonucleotide. After digestion with NsiI and NruI and
exonuclease III treatment, the resulting deletion clones were sequenced and
suitable constructs were selected. The following clones were used in this study
(numbers in parentheses indicate deleted nucleotides): pDHN1 (1 to 854),
pDHN2 (1 to 1841), pDHN3 (1 to 2494), pDHC1 (3800 to 4184), pDHC2 (3112
to 4184), pDHC3 (2118 to 4184), pDEC1 (5952 to 5999), and pDEC2 (5818 to
5999) (Fig. 1).

Additional mutants of pMSCV/HRX-ENL were generated by fusing various
carboxy-terminal portions of ENL directly to HRX. ENL fragments were ampli-
fied by PCR and inserted into the ApaLI site at the junction of HRX and ENL.
Clones obtained this way are labeled pDEN2 (5613), pDEN3 (5749), and pDEN4
(5887), with the numbers in parentheses indicating the first nucleotide of ENL
sequence in the clone. All PCR products were completely sequenced to exclude
errors introduced by Taq polymerase.

Comparable C-terminal portions of ENL were fused to the GAL4 DNA
binding domain (amino acids 1 to 147) in the vector pSG424 (33). For DNA
binding studies of the BCB (basis-cysteine-basic) region, HRX sequences encod-
ing amino acids 1147 to 1244 were amplified by PCR and inserted into the correct
reading frame of pGEX-3X (pGST-MT; Pharmacia, Uppsala, Sweden). The
sequences of constructs and oligonucleotides used for these studies are available
upon request.

Western and Southwestern blotting. Nuclear extracts of transiently transfected
Bosc23 cells were prepared by using high-salt buffer (500 mM NaCl, 20 mM
HEPES [pH 7.5], 0.5 mM EDTA, 0.1% Triton X-100, 0.5 mM sodium vanadate,
2 mM NaF, 2 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, aproti-
nin [40 mg/ml], leupeptin [20 mg/ml], and pepstatin A [40 mg/ml]) and centrifu-
gation. Protein samples (40 to 60 mg per lane) were electrophoresed in a sodium
dodecyl sulfate (SDS)–5% polyacrylamide gel and blotted onto polyvinylidene
fluoride membranes (Immobilon-P; Millipore, Bedford, Mass.) by tank blotting
using an alkaline transfer buffer {10 mM 3-[(3-cholamidopropyl)-dimethylam-

monio]-1-propanesulfonate (CHAPS; pH 11.0), 0.1% SDS, 1% methanol}.
Membranes were blocked in 5% nonfat dry milk in phosphate-buffered saline
with 0.2% Tween 20 and incubated with either the monoclonal antibody
HRX107, an anti-FLAG antibody (Kodak, Rochester, N.Y.), or a rabbit poly-
clonal serum raised against ENL (7). Proteins were detected with horseradish
peroxidase-conjugated secondary antibodies in a standard chemiluminescence
Western blotting protocol (ECL system; Amersham, Arlington Heights, Ill.).
GAL4 fusion proteins were transferred in Towbin buffer (15.6 mM Tris, 120 mM
glycine, 15% methanol) and detected with a monoclonal antibody against the
GAL4 DNA binding domain (Clontech, Palo Alto, Calif.).

For Southwestern blotting, glutathione S-transferase (GST)–BCB or GST
proteins were purified by affinity chromatography on glutathione-Sepharose
(Pharmacia) as recommended by the manufacturer. Proteins were spotted onto
nitrocellulose membranes, which were then blocked for 1 h at room temperature
in incubation buffer (30 mM HEPES [pH 7.9], 50 mM NaCl, 5 mM dithiothreitol,
10 mM ZnSO4, 0.5% bovine serum albumin). pBluescript bacterial plasmid and
sonicated salmon sperm DNA were radiolabeled by random priming; poly(dI-
dC) (Sigma, St. Louis, Mo.) was end labeled by using T4 polynucleotide kinase
by following standard procedures. Probes were added to the incubation buffer
without further denaturation and allowed to bind to the immobilized proteins for
1.5 h at room temperature. Following two washes in incubation buffer, the
membranes were exposed to X-ray film.

Infection of primitive progenitors and methylcellulose colony forming assays.
The production of retroviral supernatants, infection of primitive hematopoietic
progenitors, and their culture in methylcellulose were conducted as previously
described (24), with the following modifications. Bone marrow cells from 5-
fluorouracil-treated B.A1 mice (C57BL/Ka.AKR/J) depleted in mature myeloid
and lymphoid cells were cultured overnight with interleukin-3 (IL-3), IL-6 (10
ng/ml), and stem cell factor (100 ng/ml). The cells were then infected by spin-
oculation, which was repeated on the next day. On the day following the second
spinoculation, an equivalent of 2 3 103 to 5 3 103 cells of the starting lineage-
depleted population was seeded per 1.1 ml of Methocult M3230 methylcellulose
medium (Stem Cell Technologies Inc., Vancouver, British Columbia, Canada)
supplemented with 10 ng each of murine recombinant IL-3, IL-6, and granulo-
cyte-macrophage colony-stimulating factor (R&D Systems, Minneapolis, Minn.)
per ml and 100 ng of murine recombinant stem cell factor (gift from Sandoz) per
ml with or without 1.3 mg of G418 (Gibco BRL, Gaithersburg, Md.) per ml.
Comparable percentages of G418-resistant colonies ensured that the retroviral
titers obtained with the different constructs were similar. This was confirmed by
performing a parallel titration on NIH 3T3 cells. Growth of the cells transduced
with the different constructs was assessed during the course of four rounds of

FIG. 1. In vitro proliferative effects of HRX-ENL mutants. HRX-ENL chimeric proteins are shown schematically, with filled boxes denoting the three AT hook
motifs homologous to HMG-I(Y) proteins and the BCB domain that shows similarity with mammalian DNMT. Stippled boxes indicate amino- and carboxy-terminal
regions of ENL that show homology with AF9 and more distantly with yeast ANC1. An amino-terminal FLAG epitope tag is depicted by a filled circle. Gaps indicate
deletions. Numbers at the top indicate amino acids at fusion sites in HRX and ENL, respectively. The proliferative capacity of hematopoietic progenitors transduced
with different constructs was measured in a myeloid methylcellulose assay. The bar graph represents the number of colonies per 104 input cells in a third round of serial
methylcellulose plating (mean 6 standard error of the mean, n $ 3).
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serial methylcellulose cultures by scoring the number of colonies and studying
their morphology. Results presented in Fig. 1 correspond to the cloning efficiency
at the third passage measured as the mean of results with duplicate dishes seeded
with 10,000 cells pooled from secondary colonies. Averages and error margins
were determined from at least three independent transduction experiments (ex-
cept for construct DHC1, studied in only two experiments).

Transcriptional transactivation assays. REH cells (3 3 106) were electropo-
rated with 1 mg each of GAL4 fusion construct and pGAL4-TKcat reporter
plasmid DNAs in RPMI–10% fetal calf serum containing 5 mg of DEAE-dextran
per ml at 250 V and 960 mF in a 0.4-mm cuvette (Bio-Rad electroporator). At
48 h after electroporation, expression of the chloramphenicol acetyltransferase
(CAT) reporter gene was assayed by a standard chloramphenicol conversion
assay. Results and error margins were determined from four independent ex-
periments.

RESULTS

Retroviral transduction of primary myeloid colony-forming
cells with mutated forms of HRX-ENL. To investigate the
molecular requirements for HRX-ENL-mediated transforma-
tion, a structure-function analysis was performed to determine
which portions of HRX and ENL were necessary for in vitro
immortalization of murine hematopoietic cells. Various mu-
tated forms of HRX-ENL (Fig. 1) were constructed in the
retroviral vector pMSCV/neo for expression under the control
of the retroviral long terminal repeat (18). High-titer retroviral
stocks were generated by transient transfections of the plasmid
constructs into the ecotropic packaging cell line Bosc23 and
then used for infection of primary bone marrow cells that were
enriched for progenitor and stem cells (24). In previous stud-
ies, we showed that expression of HRX-ENL under these con-
ditions resulted in the immortalization and transformation of
murine myelomonocytic precursors (24). In the present study,
the numbers and morphologic appearances of colonies at the
third round of serial plating in methylcellulose cultures were
used as criteria for assessing the in vitro transformation abili-
ties of HRX-ENL proteins. Appropriate expression of each
protein was confirmed by Western blot analysis of nuclear
extracts prepared from transfected Bosc23 cells. All proteins
expressed by the engineered constructs displayed the expected
apparent molecular weights in SDS-polyacrylamide gel elec-
trophoresis (Fig. 2) and were correctly imported into the nu-
cleus. Expression levels of mutant proteins were comparable to
that obtained for HRX-ENL. Several constructs contained ad-
ditional amino-terminal sequences encoding the FLAG
epitope tag, which did not impair the transformation ability of
full-length HRX-ENL (data not shown).

HRX-ENL requires its AT hook and methyltransferase ho-
mology domains to exert its full transforming effects on pri-
mary myeloid progenitors. A series of deletion mutants was
used to establish the portions of HRX required for in vitro
transformation by HRX-ENL. Three of these constructs
(DHN1, DHN2, and DHN3) contained increasing deletions of
the amino terminus of HRX-ENL. They removed part (DHN1)
or all (DHN2 and DHN3) of the AT hook motifs, which have
homology with HMG-I(Y) proteins, but did not extend into
the region of similarity with DNA methyltransferases (DNMT)
(Fig. 1). Progenitors transduced with two of the mutants
(DHN1 and DHN3) did not demonstrate any proliferative ad-
vantage compared to cells infected with the empty vector, as
they had practically completely exhausted their clonogenic po-
tential after two rounds of methylcellulose plating. Cells trans-
duced with the DHN2 mutant generated a slightly higher num-
ber of tertiary colonies than the control (16 6 12 versus 2.8 6
1.8). These colonies were comprised of tightly aggregated cells
reminiscent of the compact primitive colonies generated by
full-length HRX-ENL. They were, however, smaller than those
induced by HRX-ENL and generally did not proliferate upon
a fourth round of plating, suggesting that this construct had

lost most of its proliferative effect. Taken together, these ob-
servations indicated that amino-terminal HRX sequences con-
taining the AT hook motifs make an essential contribution to
the in vitro oncogenic properties of HRX-ENL.

We conducted a similar analysis of mutants with deletions
initiating at different internal sites in the coding region of HRX
and terminating at the HRX-ENL fusion site (DHC1, DHC2,
and DHC3). Deletion of 128 HRX amino acids near the fusion
region between HRX and ENL (mutant DHC1) but sparing
the methyltransferase homology domain showed no adverse
effects on transforming activity, as the colonies generated were
similar in appearance and numbers to those obtained with
full-length HRX-ENL (Fig. 1). In contrast, larger deletions
that encompassed the region of homology with methyltrans-
ferases (DHC2 and DHC3) substantially diminished the trans-
formation potency of HRX-ENL. However, they did not ap-
pear to completely eliminate it, since the numbers of third-
generation colonies were slightly, but reproducibly, above that
observed in vector control cultures (26 6 8 and 24 6 16 for
DHC2 and DHC3, respectively). The few colonies that were
observed displayed a somewhat diffuse morphology unlike that
of the compact colonies induced by HRX-ENL. Cells har-
vested from these colonies displayed a limited proliferation
capability and did not generally yield daughter colonies in
subsequent platings. Thus, the methyltransferase homology
domain as well as the AT hook region of HRX appeared to be
essential for the in vitro oncogenic effects of HRX-ENL.

The methyltransferase homology domain of HRX binds
DNA. Of the two HRX-derived domains of HRX-ENL estab-
lished above to be fundamental for in vitro proliferation, the
one containing the AT hook motifs has previously been shown
to possess DNA binding properties (6). The other HRX do-
main is conserved in DNMT (Fig. 3A) within a region neces-
sary for specific binding to methylated DNA (4), but its actual
contributions to DNA recognition have not been established.

FIG. 2. Analysis of mutant HRX-ENL protein expression levels in trans-
fected Bosc23 cells. Nuclear proteins (40 to 60 mg per lane) isolated from cells
transiently transfected with the indicated constructs were subjected to Western
blot analysis using either a monoclonal anti-FLAG (specificity M2) antibody (A),
a polyclonal antiserum against ENL (B), or a monoclonal anti-HRX antibody
(HRX107) (C and D). Asterisks indicate endogenous ENL (B) or breakdown
products (7) from endogenous HRX (C and D). The positions of molecular mass
markers are indicated.
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The sequence of this homology region includes short clusters
of cysteines flanked by basic amino acids (hence the term BCB,
for basic-cysteine-basic motif). To test for the potential of this
region to bind DNA, it was fused to GST and the purified
GST-BCB protein was immobilized on membranes for South-
western blot analyses. GST protein alone served as a negative
control. Salmon sperm DNA and poly(dI-dC) were used as
probes; the latter possesses conformational features that are
recognized and bound by DNMT like hemimethylated DNA
despite the absence of methylation. GST-BCB bound radiola-
beled salmon sperm DNA and the synthetic substrate poly(dI-
dC) under conditions where no binding was observed with
GST alone. Less binding was obtained when the blot was
probed with bacterial plasmid DNA (Fig. 4). These observa-
tions indicated that the methyltransferase homology domain
can bind DNA in vitro without a pronounced sequence spec-
ificity, features that are also characteristic of the AT hook
motifs (6, 30).

The conserved, carboxy-terminal, transcriptional activation
domain of ENL is essential for in vitro transformation of
myeloid progenitors by HRX-ENL. In previous studies, we

demonstrated that fusion of HRX with ENL confers a gain of
function that is required for alterations of the in vitro growth
and self-renewal potentials of primary myelomonocytic precur-
sors (24). To determine which portions of ENL were required
for induction of this phenotype, we constructed a series of
HRX-ENL deletion mutants that progressively removed ami-
no- or carboxy-terminal ENL amino acids. Assessment of the
colony formation of hematopoietic progenitors transduced
with the resultant constructs indicated that most of the amino-
terminal portion of ENL was dispensable for in vitro transfor-
mation. Two HRX-ENL constructs lacking 430 and 475 N-
terminal ENL amino acids (constructs DEN2 and DEN3,
respectively) retained the ability to stimulate the proliferation
and replatability of progenitor cells (Fig. 1) which displayed
only modest decreases in cloning efficiencies in the third round
of methylcellulose cultures (DEN2 and DEN3 generated 219 6
56 and 109 6 26 colonies, respectively, compared to 293 6 132
colonies obtained with HRX-ENL). The deletion in construct
DEN3 preserved the last 84 carboxy-terminal amino acids of
ENL containing two predicted helical structures that are highly
conserved with HRX fusion partner AF9 (Fig. 3B). However,

FIG. 3. Comparative alignments of conserved regions of HRX and ENL required for the oncogenic activity of HRX-ENL. (A) Comparison of HRX amino acid
sequence (residues 1141 to 1244) with mouse and human DNMT (mMT and hMT) and the PCM1 component of the MeCP1 repressor complex [PCM1(A) amino acids
162 to 280 and PCM1(B) amino acids 275 to 395]. Amino acids conserved or conservatively replaced in HRX are highlighted. Conserved cysteine residues are marked
by asterisks, and basic amino acids are boxed. The portion of HRX fused to GST for the in vitro DNA binding assays is indicated by arrows. (B) Comparison of the
carboxy terminus of ENL (residues 463 to 559) with those of AF9 and ANC1 (21, 27, 42, 44). The highlighted amino acids are conserved or conservatively replaced
in ENL. Asterisks denote hydrophobic residues consistently found in all three proteins. Brackets denote the extent of deletions in the indicated mutant proteins.
Predicted helices 1 and 2 are underlined.
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a deletion extending further C terminal that removed ENL
amino acids comprising helix 1 but preserved helix 2 (construct
DEN4) completely abrogated the proliferative effect of HRX-
ENL. These analyses demonstrated that the 84 carboxy-termi-
nal amino acids of ENL were sufficient to confer growth-alter-
ing properties when they were fused to HRX. This was further
addressed by analyzing the effects of HRX-ENL carboxy-ter-
minal deletions that removed one (DEC1) or both (DEC2) of
the predicted helical structures conserved with AF9 (Fig. 3B).
Both mutations completely abolished the ability of HRX-ENL
to sustain the proliferation of primary hematopoietic cells in
the third round of methylcellulose plating (Fig. 1). Therefore,
the carboxy-terminal 84 amino acids of ENL are necessary and
sufficient when fused to HRX to alter the in vitro growth and
self-renewal properties of primary myeloid cells.

Previous studies have shown that the carboxy-terminal half
of ENL displays promoter-specific transactivation properties in
mammalian and yeast cells (32). We extended these analyses to
determine whether the region encompassing the transactiva-
tion activity of ENL mapped with the carboxy-terminal frag-
ment essential to the proliferative effect of HRX-ENL. Vari-
ous carboxy-terminal portions of ENL were fused to the
heterologous GAL4 DNA binding domain (Fig. 5A), and the
integrity of the clones was confirmed by Western blot analysis
of protein extracts obtained by transient transfection of Bosc23
cells (Fig. 5B). The GAL4 fusion clones were then assessed for
the ability to activate transcription of a reporter gene under
control of the herpes simplex virus thymidine kinase pro-
moter after cotransfection into the REH pre-B-cell line. Un-
der these conditions, the carboxy-terminal 156 amino acids of
ENL (construct GAL4-DEN1) displayed transcriptional acti-
vation potential comparable to that of GAL4-VP16 (Fig. 5C).
Transactivation was only modestly decreased with constructs

containing smaller C-terminal fragments of ENL (GAL4-
DEN2 and GAL4-DEN3), the latter containing the minimal 84
amino acids of ENL required for in vitro transformation. In
contrast, a deletion extending into this conserved domain that
removed helix 1 (construct GAL4-DEN4) reduced transactiva-
tion to less than 5%, whereas deletion of helix 2 in construct
GAL4-DEC1 abolished it completely (Fig. 5C). These studies
established a complete correlation between the transactivation
properties of ENL and its contributions to the growth-altering
properties of HRX-ENL.

DISCUSSION

The structure-function analysis reported here demonstrates
for the first time a correlation between specific biochemical
functions of distinguishable domains within an HRX fusion
protein and the ability to transform hematopoietic cells in
vitro. The DNA binding domains of HRX as well as the car-
boxy-terminal transactivation domain of ENL were identified
as crucial for the ability of HRX-ENL to alter the growth
properties of primary hematopoietic progenitor cells. These
observations provide strong support for a model in which
HRX-ENL induces transformation by deregulating subordi-
nate target genes through a gain of function contributed by the
transcriptional effector properties of ENL.

Among the three domains shown here to be necessary for
HRX-ENL’s oncogenic activity, the AT hook region is one
whose function has been best characterized due to previous
studies of HMG-I(Y) proteins. HMG-I(Y) proteins are mem-
bers of the high-motility group proteins and, like HRX, contain
three closely spaced AT hooks. They are abundant, nonhistone
components of chromatin that bind DNA in the minor groove,
recognizing altered DNA secondary structures, rather than
sequence, and function to bend DNA (for a review, see refer-
ence 16). In this capacity, HMG-I(Y) proteins serve as archi-
tectural transcription factors that are required for correct en-
hancer-dependent expression of several genes, including the
T-cell receptor alpha (2) and beta interferon genes (41). The
HRX AT hooks display in vitro DNA binding properties sim-
ilar to those of HMG-I(Y) proteins. They bind both to cruci-
form and intrinsically bent, AT-rich, scaffold attachment re-
gion DNA but not to nonscaffold DNA (6). Although these
similarities in DNA binding properties raise the possibility that
HRX targets genomic sites similar to those targeted by HMG-
I(Y) proteins, additional constraints on DNA binding are
likely to result from other domains within the amino-terminal
portion of HRX.

AT hook-containing proteins are also implicated in the
pathogenesis of a variety of benign mesenchymal tumors, es-
pecially lipomas (39). In these tumors, chromosomal translo-
cations result in the fusion of HMGI-C, a relative of HMG-
I(Y), to a variety of fusion partners predicted to be transcriptional
regulators (1, 36). HMGI-C proteins are small proteins con-
sisting of little more than three AT hook motifs which are
consistently preserved in HMGI-C chimeric proteins. These
features suggest that ectopic expression of HMGI-C targets
might be responsible for tumorigenesis in a subset of mesen-
chymal tumors. The fact that deletion of the AT hooks in
HRX-ENL leads to a concomitant loss of its transforming
potency underscores its potential similarity to the HMG-I fu-
sion proteins and supports the ectopic expression of original
HRX targets as one likely mechanism of leukemogenesis.
However, our studies indicate that the AT hooks are not a
sufficient contribution from HRX for oncogenesis since dele-
tions of HRX-ENL that preserved the AT hook motifs but
removed the BCB region led to marked reductions of growth-

FIG. 4. DNA binding activity of the methyltransferase homology (BCB) re-
gion demonstrated by Southwestern blot analysis. The GST-BCB fusion protein
(1, 0.5, and 0.25 mg) was spotted onto nitrocellulose membranes in parallel with
similar amounts of GST as a control. The membranes were incubated with the
indicated radiolabeled DNA probes, and bound DNAs were detected by auto-
radiography (left). To ensure that comparable amounts of test and control
proteins were applied, GST-immunoreactive proteins were detected on the same
membranes by Western blotting with an anti-GST monoclonal antibody (right).
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altering activity. Therefore, HRX contributes more than sim-
ply its AT hook motifs to oncogenic chimeras, suggesting that
target gene selection may result from a combination of speci-
ficity determinants within HRX.

Our studies implicate at least one additional recognizable
motif in HRX as vital for HRX-ENL’s oncogenic function
since the inactivation of the cysteine-rich methyltransferase
homology domain led to severe reductions in growth-altering
effects of HRX-ENL. This motif is found in all known mam-
malian DNMT (26, 45), and two copies of it are present in the
PCM1 component of the MeCP1 transcriptional repressor
(11). It consists of a bipartite structure in which a core con-
taining three cysteines (CGXCX2C) is repeated twice and
flanked by basic residues. The homology of the HRX cysteine
motif with mammalian DNMT extends further downstream
into another highly basic region that is not present in PCM1
(Fig. 3A).

Although the BCB motif of human DNMT has been dem-
onstrated to bind zinc in vitro (4), this motif does not resemble
typical DNA-binding Zn finger structures. The BCB motif is
part of a large amino-terminal portion of DNMT that inhibits
de novo methylation of unmethylated but not hemimethylated
DNA, suggesting that it contributes to recognition of DNA
methylation status. Rather than direct interaction with 5-meth-
ylcytosine itself, however, DNMT is proposed to recognize
distortions of DNA secondary structure resulting from meth-
ylation or other perturbations. For instance, DNMT binds
comparably to the artificial substrate poly(dI-dC) as to hemi-
methylated DNA, presumably because poly(dI-dC) has con-
formational features similar to those of methylated DNA (4).
This might also be a feature of the BCB domain of HRX, as it
displays more binding affinity in vitro for methylated salmon
sperm DNA and poly(dI-dC) than for bacterial plasmid DNA
that was only sporadically dcm methylated. However, in a mo-
bility shift assay, PCM1 does not require its BCB motif to bind

and discriminate methylated from unmethylated DNA (11).
Although its functional role remains to be fully elucidated, the
importance of the HRX BCB motif is underscored not only by
the results of our in vitro transformation analyses but also by
its consistent presence in all HRX fusion proteins reported to
date.

The deletion analyses performed on ENL identified its car-
boxy-terminal helical segments as critical for the oncogenic
activity of HRX-ENL. Additional, albeit circumstantial evi-
dence for the essential nature of this domain comes from the
molecular analysis of chimeric HRX-AF9 proteins in leuke-
mias. At least in one leukemia, only the carboxy-terminal 91
amino acids of AF9 were fused to HRX (27), resulting in a
fusion protein highly analogous to our DEN3 mutant. An align-
ment of ENL and AF9 (Fig. 3B) reveals that the minimally
required region that confers transformation activity when
fused to HRX corresponds almost exactly to the region con-
served between these proteins. Secondary structure predictions
(31) indicate the presence of two highly conserved helical seg-
ments with possible amphipathic character. Mutations that de-
leted either of these helical regions completely abrogated the
transforming activity of HRX-ENL. Furthermore, our finding
that both helical segments are necessary for transactivation
demonstrate a complete concordance in the structural require-
ments for these functions of ENL. However, ENL does not
display features of a typical transcriptional activator, and we
suggest that it may normally function as a coactivator, using its
C-terminal helical segments to interact with unidentified com-
ponents of the transcriptional machinery. Both ENL and AF9
show weak similarity in their C termini with yeast ANC1 (44),
which has been identified as a component of three multicom-
ponent transcription complexes: the SWI/SNF complex and
the TFIID and TFIIF basal transcription complexes (8, 20).
However, ENL has not been observed as a component of the
comparable mammalian complexes (12). Furthermore, the C

FIG. 5. Localization of the transcriptional transactivation region of ENL. (A) Schematic depictions of the structures of GAL4 DNA-binding-domain fusion
constructs containing carboxy-terminal portions of ENL. The filled bar indicates the region of ENL similar to AF9 and ANC1. Numbers refer to amino acid positions
in wild-type ENL. (B) Comparison of levels of expression by the different GAL4-ENL constructs. Total cellular proteins (60 mg) extracted from transiently transfected
Bosc23 cells were subjected to Western blot analysis using a monoclonal antibody specific for the GAL4 DNA binding domain. The positions of molecular mass markers
are indicated. (C) Transcriptional transactivation capability of GAL4-ENL proteins was measured by cotransfection with a plasmid carrying a CAT reporter gene under
the control of the herpes simplex virus thymidine kinase minimal promoter. Shown are a representative CAT conversion assay (left) and the average result of four
independent experiments (right).
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terminus of ANC1 does not conserve the helical secondary
structures present in ENL/AF9. Thus, although our studies
indicate a transcriptional role for ENL, it probably differs from
the one served by ANC1.

Taken together, our studies support a gain-of-function
mechanism for the oncogenic activity of HRX-ENL. We posit
that the DNA binding motifs of HRX are likely to target the
chimeric proteins to specific genomic sites and that the tran-
scriptional effector properties of ENL/AF9, and other partners
as well, will result in perturbations of target gene expression.
Two other HRX fusion partners with known functions seem to
support this hypothesis, as both are involved in transcriptional
regulation. ELL functions as an RNA polymerase II elonga-
tion factor, and CBP functions as a coactivator with, among
other properties, histone acetylase activity (37, 38, 40). The
available genetic and colocalization studies of Drosophila sug-
gest that TRX plays a role in cellular memory by opposing or
modulating the activities of Polycomb group proteins involved
in maintenance of repressed states of transcription. If this
function is conserved in HRX, the acquisition of a constitu-
tively active transcriptional motif resulting from protein fu-
sions in 11q23 leukemias may disrupt the ability of HRX to
appropriately modulate the activity of Polycomb group pro-
teins. This could prevent Polycomb group-mediated repression
of target genes whose continued expression would antagonize
terminal differentiation and associated cell cycle exit of hema-
topoietic cells.
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