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We have identified a gene at 11q23, telomeric to MLL, that encodes
a guanine nucleotide exchange factor (GEF). This gene is transcribed
into a 9.5-kb mRNA containing a 4.6-kb ORF. By Northern analysis, it
was found to be expressed in all human tissues examined including
peripheral blood leukocytes, spleen, prostate, testis, ovary, small
intestine, colon, and minimally in thymus. Analysis of the predicted
protein sequence indicates that it has strong homology to several
members of the family of Rho GEFs that includes such oncogenes as
Dbl, Vav, Tiam, and Bcr. A patient with primary acute myeloid
leukemia (AML) and a karyotype of 51,XY,18,119,13mar was found
to have the 5* end of MLL at exon 6 fused in-frame with the 3* end
of almost the entire ORF of this gene, which we named LARG for
leukemia-associated Rho GEF. Transcriptional orientation of both
genes at 11q23 is from centromere to telomere, consistent with other
data that suggest the MLL-LARG fusion resulted from an interstitial
deletion rather than a balanced translocation. LARG does not appear
to have any homology with other MLL partner genes reported thus
far. Thus, LARG represents an additional member of the GEF family
and a novel MLL fusion partner in acute myeloid leukemia.

LARG u Dbl protein u gene rearrangements

Leukemia is a heterogeneous disease at the molecular level
resulting from a variety of alterations in numerous genes

important for cell growth, differentiation, and cell death (1, 2).
Identification and characterization of these genetic rearrangements
has proved invaluable for appropriate diagnosis and prognosis,
especially in acute leukemia. Rearrangements of the MLL gene
(ALL1, HRX, and Hrtx) located at chromosome band 11q23 are
commonly involved in acute leukemia. These rearrangements have
been associated with 5–10% of adult and pediatric cases of primary
acute leukemias (3–6) and also are found in the majority of patients
with secondary leukemias after prior treatment with DNA topo-
isomerase II inhibitors (e.g., etoposide) (7, 8). MLL consists of at
least 36 exons encoding an estimated 430-kDa protein that is
thought to function as a positive regulator of gene expression in
early embryonic development and hematopoiesis (9, 10). MLL
translocation breakpoints cluster within an 8.3-kb region spanning
exons 5–11 (11). At least 20 different partner genes with MLL have
been cloned (12–23) from the more than 30 different chromosomal
translocation partners identified to date (3, 24, 25). The mecha-
nisms by which these rearrangements result in leukemia remain
largely unknown.

In addition to chromosomal translocations, other mechanisms of
MLL rearrangement have been demonstrated in patients with acute
leukemia. The partial tandem duplication (PTD) of MLL is present
in approximately 10% of patients with acute myeloid leukemia
(AML) and normal cytogenetics and in the majority of patients
with AML and trisomy 11 as the sole cytogenetic abnormality (26,
27). This rearrangement is characterized by an internal duplication

of MLL spanning exons 2–6 or 2–8 (28). Cytogenetic deletions of
11q23 are also frequently found in acute leukemia. Although they
are less likely than 11q23 translocations to involve MLL (29–33),
some cases of cytogenetic deletions have been shown to represent
cryptic translocations of MLL (34).

In the present study, we identify a novel gene at 11q23, which
was named LARG for leukemia-associated Rho guanine nucle-
otide exchange factor (GEF). LARG has strong sequence ho-
mology to several members of the Rho family of GEFs. Further,
LARG was found to be fused with MLL in a patient with primary
AML. Cytogenetic and molecular evidence suggests that this
fusion resulted from an interstitial deletion at 11q23.

Materials and Methods
Patient. A 38-year-old male (patient 76) with a history of
occupational exposure to herbicides was diagnosed with primary
AML (FAB-M4). After receiving standard induction chemo-
therapy, he achieved complete remission by morphological bone
marrow analysis and received a successful allogeneic bone
marrow transplantation from an HLA identical sibling. He died
6 months later from interstitial pneumonia. There were no signs
of relapse at autopsy.

Cytogenetic Analysis and Comparative Genomic Hybridization. Cyto-
genetic analysis was performed by using standard techniques on
diagnostic bone marrow (35). The criteria used to define a
cytogenetic clone and the description of karyotypes followed the
recommendations of the International System for Human Cy-
togenetic Nomenclature (36). Metaphase whole chromosome
painting was performed by using standard techniques with a
chromosome 11-specific probe (Oncor) (37, 38). Comparative
genomic hybridization was performed according to Kallioniemi
et al. (39) with modifications (40).

Southern Analysis. Genomic DNA was isolated by a standard
procedure from diagnostic bone marrow (41). Six micrograms of
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DNA was digested to completion with BamHI and electropho-
resed on a 0.8% agarose gel. The gel was Southern-blotted and
hybridized with B859, a cDNA probe spanning the 11q23
breakpoint cluster region containing exons 5–11 of the MLL
gene (42). Southern analysis, probe radiolabeling, and hybrid-
ization were performed following standard procedures (43).

Genomic DNA Phage Library Screening. Genomic DNA from the
diagnostic patient sample was digested with BamHI and ligated
to the Lambda DASH II phage vector following the manufac-
turer’s protocol (Stratagene). The ligation mixture was packaged
with Gigapack II Gold packaging extract (Stratagene), titered,
and plated on XL1-Blue MRA (P2) cells (Stratagene). One
million recombinant phage plaques were screened with the B859
probe following standard procedures (43). Positive clones were
isolated, amplified, and subcloned into pBluescript II plasmid
vector (Stratagene) for further analysis.

Restriction Mapping and Sequencing. Multiple restriction enzymes
were used to map the 17-kb fragment. The Human Cancer Genetics
sequencing facility at The Ohio State University performed se-
quencing of DNA and cDNA clones by using an Applied Biosys-
tems model 377 Stretch DNA sequencing system (Perkin–Elmer).
All sequences were compared against the GenBank databases by
using the Basic Local Alignment Search Tool (BLAST).

Reverse Transcription–PCR (RT-PCR). Total cellular RNA was iso-
lated from diagnostic bone marrow by using RNA STAT-60
following the manufacturer’s protocol (Tel-Test, Friendswood,
TX). RT was performed by using random hexamers and Super-
script II reverse transcriptase (Life Technologies, Grand Island,
NY). This cDNA was amplified on a model 9700 thermal cycler
(Perkin–Elmer Applied Biosystems) with AmpliTaq DNA poly-
merase (Perkin–Elmer) by using an upstream primer designed
from the B859 probe of MLL (59-GGAAGTCAAGCAAG-
CAGGTC-39) and a downstream primer (59-CATACTTG-
CACTGTTGTCAT-39) designed from a genomic fragment that
shared 88% sequence identity with a murine expressed sequence
tag (EST) (see Results). The product was analyzed by electro-
phoresis on an ethidium bromide-stained 1% agarose gel and
subcloned by TA cloning (Invitrogen) for sequencing.

Northern Analysis. Using restriction enzymes HaeIII and BstXI, an
862-bp region of unknown sequence was cut out of the RT-
PCR-amplified MLL-LARG fusion. This fragment, named
HB862, did not contain any MLL sequence and was used as a
probe for analysis of LARG expression in a human multiple
tissue Northern blot (CLONTECH) following the manufactur-
er’s instructions.

cDNA Cloning. A human normal prostate 59 STRETCH cDNA
library (CLONTECH) was screened according to the manufac-
turer’s recommendations. Positive clones were isolated, cloned
into pBluescript II SK1, and sequenced. From the first-round
consensus sequence, two probes were designed from the 59 and
39 ends and amplified by PCR. Screening of the library was
performed a second time with the 59 and 39 probes. Based on this
consensus sequence, rapid amplification of the 59 and 39 cDNA
ends was performed on normal human jejunum by using a
commercial kit (Boehringer Mannheim). The sequence obtained
from the positive clones was assembled and compared with EST
sequences in GenBank and The Institute for Genomic Research
(TIGR) databases by using BLAST. Sequences found in this
search then were added to the consensus by using DNASTAR
sequence analysis software (DNAstar, Madison, Wisconsin).
Protein motif analysis was performed by using the EXPASY
PROSITE database (44).

Fluorescence in Situ Hybridization (FISH). A 15-kb FISH probe was
cut out of the 17-kb subcloned fragment with restriction enzymes
and contained only the new gene. The probe was labeled with the
BioNickô DNA labeling system (Life Technologies) by using biotin-
14-dATP and hybridized to metaphase chromosome preparations
obtained from peripheral blood lymphocytes from a normal male
according to the manufacturer’s instructions (Oncor). The probe
was precipitated in the presence of human placental and herring
testis DNAs by using a BlocKit (Oncor) before denaturation and
overnight hybridization with target metaphases. Probe signals were
detected by using FITC-conjugated avidin followed by a single
amplification step. The chromosomes were counterstained with
propidium iodide and antifade. Slides were examined on a Zeiss
Axioskop epifluorescent microscope equipped with dual band pass
filters and a filter wheel, and images were obtained by using
MACPROBE software and the PowerGene FISH System (Perceptive
Scientific Systems, League City, TX).

Radiation Hybrid Mapping. Primers from the 59 end of the 17-kb
genomic band were used to amplify a 500-bp product from a

Fig. 1. Southern analysis of an AML cell line, a normal donor, and two
patient bone marrow samples. This blot was made from BamHI-digested DNA
and hybridized with the B859 probe. A germ-line MLL 8.3-kb band is seen in
each sample. In the positive control RS4;11 cell line, two rearranged bands are
seen in addition to the germ-line band. Each band represents one portion of
the translocation. The second lane is a normal donor negative control. In the
last two lanes, both patient 76 and the PTD show a single 17-kb rearranged
band. However, the 17-kb band in the patient 76 lane shows greater intensity
relative to the germ-line band unlike the rearrangement seen with the PTD.

Fig. 2. Multiple tissue Northern analysis. This human tissue Northern blot
was hybridized with the HB862 cDNA probe. (Upper) A major 10-kb transcript
was expressed in the spleen, prostate, testis, ovary, small intestine, colon, and
minimally in the thymus. A similar transcript was detected from human
leukocytes from normal healthy donors (data not shown). A smaller, approx-
imately 6-kb transcript, seen in the testis RNA, most likely represents a splice
variant. (Lower) A b-actin control probe is shown.
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Genebridge4 (GB4) radiation hybrid panel (Research Genetics,
Huntsville, AL). The PCR amplification was performed by using
Taq polymerase (Boeringer Mannheim) in a Perkin–Elmer
Cetus 9600 thermal cycler, and the products were visualized by
ethidium bromide staining after electrophoresis in a 1.5%
agarose gel. The scoring data were submitted to the Whitehead
InstituteyMassachusetts Institute of Technology Center for
Genome Research mapping server (http:yywww-genome.wi.
mit.eduycgi-binycontigyrhmapper.pl).

Chromosomal mapping of sequence-tagged site (STS) mark-
ers was performed to confirm the FISH data by using the GB4
radiation hybrid map displayed by The National Center of
Biotechnology Information (www.ncbi.nlm.nih.govygenemap)
(45). Additional fine mapping was carried out with KIAA0382, a
partial sequence containing the 39 end of the gene (46).

Results
Cytogenetic analysis performed on the case of AML revealed a
karyotype of 51,XY,18,119,13 mar1[19]y46,XY[1]. A chro-
mosome 11-specific painting probe hybridized to all three
marker chromosomes. Comparative genomic hybridization stud-

ies indicated an amplification of the 11q22qter. The MLL gene
at 11q23 was rearranged on Southern analysis with a single
restriction fragment and with the appearance of amplification
(Fig. 1). This single restriction band on Southern analysis can be
found with the PTD of MLL (28) or with chromosomal trans-
locations where the reciprocal fusion is lost (47). No PTD could
be confirmed on further analysis.

A lambda phage library was constructed with genomic DNA
from the case of AML and screened with the B859 probe from
MLL. A 17-kb fragment was identified and subcloned. Restric-
tion mapping and partial sequencing of this band revealed a
121-bp segment that shared 88% sequence identity with a murine
EST (GenBank accession no. C86803), consistent with exonic
sequence. RT-PCR primers were constructed from this se-
quence and the B859 probe, and RT-PCR was performed by
using cDNA from the patient’s bone marrow sample. The cDNA
amplicon contained 924 bp that had no sequence homology to
any known genes in existing databases. A portion of this cDNA
was cut into a smaller 862-bp fragment and used as a probe
(HB862) to screen a human multiple tissue Northern blot (Fig.
2). A 10-kb transcript was detected in spleen, prostate, testis,

Fig. 3. Comparison of LARG amino acid sequence to various other proteins. Numbers refer to amino acid position of each protein. White letters in black boxes
represent amino acid identity. (A) Predicted amino acid sequence of LARG relative to other PDZ-containing proteins. (B) Predicted LH domain of LARG compared
with several Rho GEFs and Lsc. (C) Predicted DH domain compared with several Rho GEFs and Dbl. (D) Predicted PH domain of LARG compared with several Rho
GEFs and pleckstrin.
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ovary, small intestine, and colon, and minimally in the thymus.
Peripheral blood leukocytes failed to show expression on the
commercial blot; however, subsequent Northern analysis of
other normal human leukocytes from normal healthy donors
showed expression (data not shown).

A normal prostate cDNA library was screened with the HB862
probe to identify the full-length cDNA sequence of the new gene.
Two rounds of library screening yielded a total of 5.1 kb of
sequence, which was compared with known sequences in public
databases and found to have 2.5 kb of overlap with a 6.2-kb
partial cDNA sequence KIAA0382 (GenBank accession no.
AB002380) (46). Additional ESTs also were added to the
contiguous sequence. 39 Rapid amplification of cDNA ends
(RACE) performed on normal human jejunum RNA yielded a
product of 497 bp that confirmed the 39 end of the gene. 59
RACE also performed on jejunum RNA gave 60 bp of additional
sequence on the 59 end of the gene and completed the ORF.

The overlapping subclones, ESTs, and PCR products were
assembled into one contiguous sequence, resulting in a total cDNA
size of 9,501 nt. This sequence was submitted to GenBank (acces-
sion no. AF180681). Computer analysis indicated a 4,635-nt ORF
encoding a 1,544-aa protein with an estimated molecular mass of
173.2 kDa. From prostate cDNA library-derived subclones, an
alternatively spliced exon of 57 bp was observed (nucleotides
150–206) that was not observed in 59 rapid amplification of cDNA
ends products from jejunum or testis tissue.

Motif analysis using the EXPASY PROSITE database indicated at
least four significant regions of homology to known functional
domains. Most interesting were identification of a Dbl homology
(DH) and a pleckstrin homology (PH) domain, which function
in tandem in proteins in the Dbl family of GEFs (48). The other
two domains identified were a PDZ domain and a bipartite
nuclear localization signal. Additionally, an independent com-
parison with the PDZ-Rho GEF protein also identified the
presence of a Lsc homology (LH) domain, a motif that was
named for sequence identity to a region from the Lsc gene (49).
Amino acid sequences for these functional domains were com-
pared with several GEF family members specific for the Rho

family of GTPases by using the DNAstar MEGAALIGN analysis
program. This analysis revealed a strong degree of homology for
each domain, suggesting that this novel gene represents an
additional member of the Rho GEF family (Fig. 3).

FISH on metaphase preparations from normal peripheral
leukocytes was performed with the 15-kb probe from the
rearranged genomic fragment. Eight metaphases were analyzed
and each demonstrated a single signal on each chromosome 11
in band q23. No signals were present on any other chromosome.
Physical mapping with the GB4 radiation hybrid panel placed the
unknown gene 0.00 cR from marker AFMB048ZA9 and 4.71 cR
from marker WI-7302 in 11q23.3. Additional fine mapping of the
gene was determined with KIAA0382. Five STS markers were
found on the GB4 radiation hybrid map in 11q23.3: WI-8803,
D57446, and stSG47768 constitute different cDNA fragments of
the gene whereas D11S2318E and A005R48 overlap most of the
same cDNA sequence. MLL is located in 11q23.3 between
D11S939 (117.9 cM) and D11S924 (120.8 cM). Our STS marker
data place the unknown gene in a 59 to 39 orientation into the
adjacent, telomeric interval to MLL between D11S924 (120.8
cM) and D11S925 (123.5 cM) (Fig. 4).

The original genomic hybridization to B859 produced a 17-kb
band that included the new gene and MLL. Both genes mapped
to 11q23.3. To determine how the new gene was involved with
MLL in a case of AML, RT-PCR was performed with a 59 B859
primer and 39 primer from the new gene. Sequence analysis of
the 1,136-bp product revealed a fusion of exon 6 of MLL and the
new gene that maintained the ORF of both genes (Fig. 5). The
breakpoint in the new gene was at its 59 end after nucleotide 931
with 80% of the ORF contained in the in-frame fusion. We
therefore named this gene LARG, for leukemia-associated Rho
GEF. A schema illustrating the protein domains of both the
wild-type and chimeric gene products is shown in Fig. 6.

Discussion
In this report, we describe a gene named LARG whose predicted
protein is an additional member of the Dbl family of proteins.
Like all Dbl family members, LARG contains a DH domain in
tandem with a PH domain. The Dbl family of proteins is
generally structurally dissimilar except for the presence of these
tandem DHyPH domains (50). Members of the Dbl protein
family function as GEFs, most often for the Rho family of
GTPases (51). Rho GEFs promote the exchange of GDP for
GTP and thereby activate members of the Rho family, which
include Rho, Rac, and cdc42 (52). Classically, Rho GTPases are
known to regulate the formation of actin cytoskeletal structures;
however, it is becoming increasingly evident that they also are
involved in transcriptional regulation, membrane trafficking,
and control of cell growth (51, 52).

Protein domains similar to LARG’s predicted domains have
been studied in depth in other Rho GEF proteins. The DH domain
has been shown to be responsible for the nucleotide exchange
activity of GEFs toward Rho GTPases (53). Positioned adjacent to
the DH domain, the PH domain functions in membrane localiza-
tion through its interaction with membrane lipids and proteins (54).
PDZ domains have been identified in well over 75 different proteins
and have been implicated in protein–protein interactions often
involving transmembrane signaling pathways (55). Nuclear local-

Fig. 4. Schema of chromosome 11q shows the telomeric relation of LARG to
MLL as determined by radiation hybrid mapping. D11S939, D11S924, and
D11S925 anchor markers are shown from the GB4 radiation hybridization map
and are depicted immediately upstream and downstream to both genes.
WI-8803, A005R48, D11S2318E, D57446, and STS-G47768 STSs were identified
from searching the GB4 map with the KIAA0382 partial cDNA sequence. These
STSs are shown relative to their position in the cDNA sequence of LARG and
support its having a 59 to 39, centromeric to telomeric orientation. A yeast
artificial chromosome (YAC) map determined from WI-8803 and the White-
head InstituteyMassachusetts Institute of Technology database further sup-
ports the orientation of LARG. YAC symbols: y1 5 797-E7, y2 5 822-G-8, y3 5
785-C-6, y4 5 828-G-11, y5 5 969-D-7, y6 5 901-A-11, y7 5 936-D-9.

Fig. 5. Amino acid and cDNA sequence of MLL and LARG at the breakpoint
determined by RT-PCR show an in-frame fusion.
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ization signals are responsible for the targeting and translocation of
proteins from the cytoplasm to the nucleus through nuclear pores
(56, 57). Lastly, the LH domain of PDZ-RhoGEF has been shown
to bind activated a subunits of heterotrimeric G proteins of the Ga12
family (49). The corresponding amino-terminal domain of p115
RhoGEF has been shown to mediate direct stimulation of GEF
activity by Ga13 (58).

Beyond their capacity as regulators of GTPases, many Rho GEFs
are known for their role as oncogenes, for example, Vav, Dbl, Tiam,
Lbc, Lsc, and Lfc (59). The oncogenic potential of the Rho GEFs
is noteworthy as many initially were identified because of their
ability to transform NIH 3T3 cells into a malignant phenotype (52).
This oncogenic potential is thought to be mediated by the DH
domain through altered expression and activation of Rho GTPases.
One Rho GEF, Bcr, has been implicated in leukemia through a
recurrent chromosomal translocation. Bcr is fused with Abl in
t(9;22) and this gene fusion is termed the Philadelphia chromosome
as seen in chronic myeloid leukemia (CML), ALL, and rarely, AML
(60). Interestingly, the 59 portion of Bcr is retained in the Phila-
delphia chromosome fusion product whereas, in the MLL-LARG
fusion, the 39 portion of the LARG was retained. However, like the
MLL-LARG fusion, the DH and PH domains of Bcr are retained
in the p210 Bcr-Abl fusion protein of CML, but not in the smaller
p190 fusion protein of ALL (50).

Through radiation hybrid mapping and FISH studies, LARG
was mapped to 11q23, telomeric to MLL. Like MLL, LARG is
oriented in a 59 to 39 direction. In this case of AML studied, the
mapping information taken together with routine cytogenetics
provide data that are most consistent with the interpretation of
an interstitial deletion involving MLL and LARG in 11q23. This
deleted segment includes at its 59 end, the 39 portion of MLL, and
at its 39 end, the 59 portion of LARG. LARG appears to be the
first gene that is fused with MLL as the result of an interstitial
deletion at 11q23 although the evidence accumulated thus far
does not exclude the possibility of another mechanism. One
possibility could be a translocation involving the homologous
chromosome 11 with the subsequent deletion of the reciprocal
LARG-MLL fusion. Another possible mechanism might involve
the phenomenon termed segmental jumping translocation
(SJT). SJT is the amplification and translocation of a chromo-
somal segment to structurally abnormal chromosomes and no-

tably has been observed with an 11q segment containing MLL
in secondary AML (61).

Importantly, the deletion-induced MLL-LARG fusion at
11q23 appears to explain the single 17-kb rearranged restriction
fragment observed by Southern blotting, which is seen with the
PTD of MLL, but not usually with balanced translocations
involving MLL. On two separate restriction enzyme digests
(HindIII not shown), the rearranged fragment appeared ampli-
fied, consistent with the fact that comparative genomic hybrid-
ization studies indicated an amplification of 11q22ter, and all
three marker chromosomes were hybridized by the chromosome
11-specific painting probe. However, exact quantification of the
amplified copy number was not possible, likely because of
variation in efficiency of transfer of BamHI- and HindIII-
digested DNA fragments for Southern blotting.

The majority of MLL fusion proteins lack consistent sequence
homology among each other. Likewise, LARG does not appear
to have any homology to other known MLL fusion partners,
although like many partner genes, it does encode a nuclear
localization signal that is retained in the fusion with MLL.
Without exception, gene fusions involving MLL are expressed
from the MLL promoter, and in cases of 11q23 translocation, the
reciprocal fusion is usually deleted, out of frame, or simply not
expressed (62). This finding suggests that the presence of the 59
end of MLL within the fusion is important for leukemogenesis.
The MLL-LARG rearrangement is expressed as an in-frame
fusion from the MLL promoter and because this rearrangement
likely occurred as the result of an interstitial deletion, a recip-
rocal fusion does not exist. Therefore, the MLL-LARG fusion
protein may be an important contributor to leukemogenesis. The
fact that 80% of LARG’s ORF is retained as part of the fusion
would support this contribution. However, we cannot rule out
that an interstitial deletion at 11q23 resulted in the removal of
an important tumor suppressor gene.

As new partner genes with MLL are discovered, more clues are
presented for MLL’s role in leukemogenesis; however, few conclu-
sions can yet be made. One of the central questions regarding
MLL’s contribution to leukemogenesis is whether its derivative
fusion protein acts in a gain-of-function or in a dominant-negative
role. In terms of the MLL-LARG fusion, we cannot rule out that
a truncation andyor a conformational change in LARG contrib-

Fig. 6. Schematic representation of MLL, MLL-LARG, and LARG proteins. In LARG, the PDZ domain, LH domain, bipartite nuclear localization signal, DH domain,
and PH domain are illustrated (Bottom). The predicted translocation product, MLL-LARG, is shown containing the AT hooks and methyl-CpG binding domain
of MLL and the bipartite nuclear localization signal, LH, DH domain, and PH domain of LARG.
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uted to leukemogenesis in light of the oncogenic potential of other
Dbl family members. Amino-terminal truncation of one closely
related Dbl family protein causes transformation of NIH 3T3 cells
in expression studies (63), and the elimination of the LH domain
specifically was thought to contribute to this transformation in
another (49). In the predicted MLL-LARG fusion protein, the
extreme amino-terminal end of LARG was truncated; however, the
LH domain remained undisturbed.

Cytogenetic deletions of 11q23 are commonly observed in
primary AML (64). These breaks often are described as either
terminal or interstitial deletions. However, terminal deletions
most likely do not exist and rather represent interstitial deletions

with breaks close to the telomere of 11q. MLL is not always
deleted or rearranged in these cases, suggesting that there are
other genes on the long arm of chromosome 11 that are involved
in leukemia. LARG rearrangements could provide an additional
explanation for these other 11q abnormalities.
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