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MLL translocations specify a distinct gene
expression profile that distinguishes a

unique leukemia
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Acute lymphoblastic leukemias carrying a chromosomal translocation involving the mixed-lineage leukemia gene
(MLL, ALL1, HRX) have a particularly poor prognosis. Here we show that they have a characteristic, highly distinct
gene expression profile that is consistent with an early hematopoietic progenitor expressing select multilineage

markers and individual HOX genes. Clustering algorithms reveal that lymphoblastic leukemias with MLL transloca-

tions can clearly be separated from conventional acute lymphoblastic and acute myelogenous leukemias. We
propose that they constitute a distinct disease, denoted here as MLL, and show that the differences in gene
expression are robust enough to classify leukemias correctly as MLL, acute lymphoblastic leukemia or acute
myelogenous leukemia. Establishing that MLL is a unique entity is critical, as it mandates the examination of
selectively expressed genes for urgently needed molecular targets.

A subset of human acute leukemias with a decidedly unfavorable
prognosis possess a chromosomal translocation involving the
mixed-lineage leukemia gene (MLL, HRX, ALLI) on chromo-
some segment 11923 (refs 1-4). The leukemic cells, which typi-
cally have a lymphoblastic morphology, have been classified as
acute lymphoblastic leukemia (ALL). Unlike other types of child-
hood ALL, however, the presence of the MLL translocation in
ALL often results in an early relapse after chemotherapy. As MLL
translocations are typically found in infant leukemias and in
chemotherapy-induced leukemia, it has remained uncertain
whether host-related factors or tumor-intrinsic biological differ-
ences are responsible for poor survival.

Lymphoblastic leukemias with a rearranged MLL or germline
MLL are similar in most morphological and histochemical char-
acteristics. Immunophenotypic differences associated with lym-
phoblasts bearing an MLL translocation include a lack of the
early lymphocyte antigen CD10 (ref. 5), expression of the pro-
teoglycan NG2 (ref. 6) and a propensity to co-express the
myeloid antigens CD15 and CD65 (ref. 5). This prompted the
corresponding gene to be called mixed-lineage leukemia! and
gave rise to models that remain largely unresolved, in which the
leukemia reflects disordered cell-fate decisions or the transfor-
mation of a more multipotent progenitor.

Translocations in MLL result in the production of a chimeric
protein in which the amino—terminal portion of MLL is fused to

the carboxy—terminal portion of 1 of more than 20 fusion part-
ners’. This has led to models of leukemogenesis in which the
MLL fusion protein either may confer gain of function or neo-
morphic properties or may interfere with normal MLL function
(with the MLL translocation representing a dominant-negative
gene). Moreover, mice heterozygous for Mil (MII*/~) show devel-
opmental aberrations®?, suggesting that the disruption of one
allele by chromosomal translocation may also manifest itself as
haplo-insufficiency in leukemic cells.

The MLL protein is a homeotic regulator that shares homology
with Drosophila trithorax (trx) and positively regulates the main-
tenance of homeotic (Hox) gene expression during develop-
ment®. Studies of Mll-deficient mice indicate that Ml is required
for proper segment identity in the axioskeletal system and also
regulates hematopoiesis®. As Ml normally regulates the expres-
sion of Hox genes, its role in leukemogenesis may include altered
patterns of HOX gene expression. Much evidence shows that
HOX genes are important for appropriate hematopoietic devel-
opment!®, In addition, the t(7;11) (p15;p15) found in human
acute myelogenous leukemia (AML) results in a fusion of
HOXA9 to the nucleoporin NUP98 (refs 11,12). Thus, HOX
genes represent one set of transcriptional targets that warrant
assessment in leukemias with MLL translocation.

We considered that MLL translocations might maintain a gene
expression program that results in a distinct form of leukemia
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and reasoned that RNA profiles might resolve whether leukemias
bearing an MLL translocation represent a truly biphenotypic
leukemia of mixed identity, a conventional B-cell precursor ALL
with expression of limited myeloid genes, or a less committed
hematopoietic progenitor cell. In addition, comparing gene
expression profiles of lymphoblastic leukemias with and without
rearranged MLL is important because of their markedly different
response to standard ALL therapy and because such analysis may
identify molecular targets for therapeutic approaches. The
expression profiles reported here show that ALLs possessing a
rearranged MLL have a highly uniform and distinct pattern that
clearly distinguishes them from conventional ALL or AML and
warrants designation as the distinct leukemia MLL.

Results

MLL is distinct from conventional ALL

To further define the biological characteristics specified by MLL
translocations, we compared the gene expression profiles of
leukemic cells from individuals diagnosed with B-

precursor ALL bearing an MLL translocation

and DNTT (mouse TdT); genes required for appropriate B-cell
development!'®~1°, TCF3, TCF4, POU2AF] and LIG4; and
SMARCA4 (mouse Snf2b), which is correlated with B-precursor
ALL in an AML/ALL comparison'? (Fig. 1 and Web Note A).
Genes encoding certain adhesion molecules are relatively over-
expressed in MLL, including LGALSI, ANXA1, ANXA2, CD44
and SPN.

Several genes that are expressed in hematopoietic lineages
other than lymphocytes are also highly expressed in MLL. These
include genes that are expressed in progenitors?*-22, PROMLI,
FLT3 and LMO2; myeloid-specific genes**->>, CCNAI, SER-
PINBI, CAPG and RNASE3; and at least one natural killer
cell-associated gene?®, the gene encoding NKG2D (Fig. 1 and
Web Note A). Overexpression of HOXA9 and PRGI in MLL is of
particular interest, as these genes have been reported to be highly
expressed in AML!3 and overexpression of HOXA9 has been
associated with a poor prognosis'.
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MLL is arrested at an early stage of hematopoiesis
Because lymphoblasts with MLL rearrangement express many
myeloid-specific genes, we carried out a detailed assessment of
the expression of lymphoid genes. Genes known to mark early B-
lymphoid commitment, such as CD79B (mouse Igh) and CD19,
are expressed in MLL, albeit at lower levels than in ALL (Fig. 2).
MME is not expressed in MLL (Fig. 2), whereas the interleukin-7
receptor gene (IL7R) is expressed at similar levels in ALL and
MLL (Web Note A).

Several genes have been shown to vary their expression level as
murine hematopoietic cells differentiate from stem cell to com-
mon lymphoid progenitor, to pro-B and then to pre-B cells.
CD79B, CD24, CD44 and SPN expression represent early steps of
lymphoid development!4?7. Expression of CD79B and CD24
increases with maturation, whereas CD44 and SPN expression
decrease?’. The MLL samples express relatively low levels of
CD24 and CD79B but high levels of both CD44 and SPN (Fig. 2).
Together, these data indicate that MLL represents a maturational
arrest at an early lymphoid progenitor stage of development.

Some HOX genes are expressed at higher levels in MLL
than in conventional ALL

The fact that several members of the class I Hox genes are regu-
lated by MII® prompted us to make a detailed comparison of the
patterns of HOX gene expression in ALL and MLL. Several of the
20 class I HOX genes present on the microarrays show significant
and consistent differences in expression. The genes HOXA9 and
HOXAD5 are not expressed in conventional ALL but are expressed,
often at high levels, in most MLL samples (Fig. 3).

Similarly, HOXA4 is typically expressed in MLL but rarely in con-
ventional ALL (Fig. 3). Expression of HOXC6 is mildly elevated in
MLL (Web Note A). The HOX
patterns show selectivity, how-
ever, as other genes such as
HOXA7 show no obvious differ-
ence in their expression pattern 20000
(Fig. 3). The gene MEISI,
encoding a cofactor for HOX
proteins that can accelerate 10000
Hoxa9-dependent leukemia?®, is
also overexpressed significantly
in MLL (Web Note A), as has 0
been reported for the subset of
leukemias containing t(4;11)%°.
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25000
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ALL
CD79B (Igp)

MLL is distinct from both
AML and conventional ALL
MLL is characterized by the
expression of myeloid-specific
genes, which raises the possi-
bility that MLL may be more

closely related to AML. To o ALL
examine this possibility and SPN (CD43)
also whether MLL can be sepa- 14000

rated as a distinct type of 12000
leukemia, we carried out a 10000
principal component analysis 8000

(PCA) using the gene expres- 6000
sion profiles of MLL, ALL and 4000
AML specimens. The cluster- 2000
ing algorithm of PCA reduces 0
complex  multidimensional ALt

data to a few specified dimen-
sions so that it can be visual-
ized effectively°.
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Initially, we carried out the analysis in an unsupervised manner,
using the 8,700 genes that show some variability in expression level.
As expected, the ALL and AML samples have substantial separation
(Fig. 4a). Notably, the MLL samples are largely separate from the
AML or ALL samples (Fig. 4a). To determine whether this separa-
tion could be attributed to a difference in hematopoietic identity,
we carried out a similar analysis using the 500 genes whose expres-
sion best distinguishes the separation of AML and ALL. When pro-
jected into this 500-gene space using PCA, the MLL samples are
again separate from the AML and ALL samples (Fig. 4b).

As the above clustering analyses supported three distinct entities
of ALL, AML and MLL, we examined whether selected genes could
be identified that distinguish each type of leukemia from the other
two (Fig. 5). Compared with the other leukemias, conventional
ALL samples express high levels of lymphoid-specific genes
(MME, CD24, DNTT and LIG4). AML samples express high levels
of myeloid-specific genes DF, CTSD and ANPEP, whereas MLL
samples express high levels of genes associated with hematopoietic
progenitors (PROMLI, LMO2, FLT3; Fig. 5). Permutation analysis
indicates that roughly 200 genes are significantly overexpressed in
MLL as compared with the other two leukemia categories (data
not shown). Together, the PCA and gene expression comparisons
(Figs 4 and 5) indicate that MLL is a separable, distinct disease on
the basis of its gene expression profile.

Gene expression profiles correctly classify ALL, MLL and
AML

A more stringent assessment of the power of the difference in
gene expression profiles is their capacity to assign individual
samples as MLL, conventional ALL or AML. Currently, the detec-
tion of MLL translocations in leukemia samples is most often

CD19
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20000
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Fig. 2 Selected early lymphocyte gene expression in ALL and MLL. Relative expression levels of MME (CD10), CD19, CD79B, CD24,
SPN (CD43) and CD44 in ALL and MLL samples are shown. Each bar represents an individual leukemia sample. The expression val-
ues are raw data obtained from Affymetrix GENECHIP analysis after the arrays are scaled as described in Methods.
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genes that most closely corre-
lated with the ALL/MLL/AML
class distinction were identi-
fied and the expression of
these genes was used to deter-
mine the class of the withheld
sample. The model assigned
the withheld sample to the
appropriate class with 95%
accuracy. Moreover, this accu-
racy was maintained as the
number of genes used to build
the predictor was increased
from 40 to 250 (Fig. 6), which
is further testimony to the
strong  distinction among
these categories of leukemia.
To assess whether the unique
signature of gene profiles in
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Fig. 3 Selected HOX gene expression in ALL and MLL. Relative levels of expression of HOXA9, HOXA5, HOXA4 and
HOXA7 in ALL and MLL samples are shown. The expression values are obtained using Affymetrix GENECHIP analysis

after the arrays are scaled (Methods).

MLL samples could be attrib-
uted to their occurrence in
infants, we tested the above
model using ten independent
leukemia samples. The test set

carried out by cytogenetic analysis or by fluorescence in situ
hybridization (FISH), both of which can sometimes fail techni-
cally and are not always available. Thus, other approaches to
assign individual cases correctly to meaningful subsets of
leukemia would be useful. To test this possibility, we devel-
oped a three-class predictor based on a k-nearest-neighbors
algorithm?!. This algorithm assigns a test sample to a class by
identifying the k nearest samples in the training set and
choosing the most common class among these k nearest
neighbors. For this purpose, distances were defined by a
euclidean metric on the basis of the expression levels of a
specified number of genes.

We assessed the accuracy of this method using a cross-valida-
tion approach with a training set of 20 ALL, 17 MLL and 20
AML samples. When 1 of the 57 samples was removed, the
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comprised three childhood
(older than 1 y) conventional
ALLs, two lymphoblastic leukemias of childhood carrying cyto-
genetically verified MLL translocations, two infant (1 vy)
leukemias in which cytogenetic analysis did not detect an MLL
translocation and three AML samples. Using the 100 genes that
best correlated with the three-class distinction, nine of ten sam-
ples were correctly classified as MLL, ALL or AML. The one
apparent error was an infant that was reported to be negative for
an MLL rearrangement by cytogenetics but was consistently pre-
dicted to have a rearrangement on the basis of gene expression
profile. This prompted further analysis by FISH, which con-
firmed that this infant leukemia did indeed possess an MLL
translocation and that the prospective assignment by expression
profiling was correct. Together, these data show that the unique
gene expression profile characteristic of MLL is largely indepen-
dent of the age of the affected individual.
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Fig. 4 Comparison of gene expression between ALL, MLL and AML. a, Principal component analysis (PCA) plot of ALL (red), MLL (blue) and AML (yellow) carried
out using 8,700 genes that passed filtering. b, PCA plot comparing ALL (red), MLL (blue) and AML (yellow) using the 500 genes that best distinguished ALL from
AML. Three-dimensional virtual reality modeling language (VRML) plots can be viewed at our web site (http://research.dfci.harvard.edu/korsmeyer/MLL.htm).
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Fig. 5 Genes that are specifically expressed in MLL, ALL or AML. The top 15 genes that are most highly correlated with one type of leukemia as compared with the
other two are shown. Each column represents a leukemia sample and each row a gene. The gene accession numbers and the gene symbols or DNA sequence
names are shown on the right. Relative expression levels are shown in red (relatively high) and blue (relatively low) and ordered as described in Fig. 1.

Discussion

Gene expression profiles of lymphoblastic leukemias that possess
an MLL translocation are remarkably consistent and differ signif-
icantly from those of other leukemias. We therefore propose that
they should be considered a distinct disease termed ‘mixed-lin-
eage leukemia’ This concept is supported by our comparison of
MLL samples with conventional B-cell precursor ALL samples
that lack MLL rearrangement, in which roughly 1,000 genes were
underexpressed and 200 overexpressed in the group possessing
an MLL rearrangement. Moreover, evaluation of the expression
profiles using PCA indicates that MLL is clearly separable from
both conventional ALL and AML.

The expression differences are so robust that we could correctly
classify roughly 95% of our leukemic samples as MLL, ALL or
AML. As testimony to the extent of divergence of MLL, it remained
separable from ALL and AML when 250 genes were used to build
the class predictor. Future studies should examine whether further
subdivision of ALL is warranted. Of note, MLL rearrangements can
also occur in AML, and gene expression analysis of cytogenetically
well characterized AML will determine whether their gene profiles
are distinct. Our data strongly suggest a model in which a specific
chromosomal translocation results in a distinct type of lym-
phoblastic leukemia, rather than a model in which all transloca-
tions merely provide transformation events that subsequently
converge on a common pathway of leukemogenesis.

The gene expression patterns of MLL provide insight into the
models proposed for its cellular origin. A summary of expression
profiles shows that MLL expresses some lymphocyte-specific and
myeloid-specific genes, but at lower levels than either conven-
tional ALL or AML, respectively. On the basis of murine studies
that have defined gene expression patterns during lymphocyte
commitment!'4?7, the low expression of CD24 and CD79B, along
with the high expression of SPN and CD44, suggest that MLL is
arrested at an earlier stage of development than conventional

nature genetics ¢ volume 30 ¢ january 2002

ALL. Moreover, the expression of genes that are typically found
in progenitor cells suggests that MLL represents an early
hematopoietic progenitor. This is consistent with studies show-
ing that multilineage gene expression occurs in hematopoietic
progenitors before full lineage commitment?2,

Another possibility is that MLL might represent the expansion
of a bipotential B-macrophage progenitor>>34, Early B cells can
be induced to differentiate into myelomonocytic cells under cer-
tain conditions®®, and the derivation of macrophages from
leukemia cell lines has been well documented®. An attractive
model is that the MLL fusion protein drives the ‘transdifferentia-
tion’ of an early lymphocyte progenitor. The expression of many
myeloid and monocyte/macrophage-specific genes is consistent
with MLL reflecting a very early B-cell progenitor that has initi-
ated transdifferentiation.

The HOX genes that are selectively expressed in MLL are candi-
dates for direct targets of the MLL fusion proteins. Studies of MII-
ablated mice have indicated that select members of the clustered
Hox genes require MLL for their expression. As overexpression of
Hoxa9 has also been shown to induce AML in mouse models?®, and
its expression is controlled by levels of MIP’, misexpression of
HOXA9 might be an important component of leukemogenesis dri-
ven by MLL translocations. Future studies should determine
whether MLL fusion proteins directly activate HOX genes and thus
lead to defects in hematopoietic differentiation.

To our knowledge, this is the first whole-genome profiling
study to show that a chromosomal translocation can specify a
unique gene expression program. In addition, the finding that
MLL is a distinct disease is of pathogenic and therapeutic impor-
tance. Lymphoblastic leukemias with MLL translocations are rec-
ognized as having a poor prognosis because standard ALL
therapies have been relatively ineffective. The unique identity of
MLL provides insight into this poor response and suggests that
new therapeutic approaches are needed.
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Fig. 6 Classification of ALL, MLL and AML on the basis of their gene expression
profile. The error rate in class prediction (y axis) is plotted against the number
of genes used to build the model (x axis). This plot was generated using a cross-
validation approach. One of 57 samples (20 ALL, 17 MLL, 20 AML) was with-
held, and the specified number of genes that best correlated with the
ALLUMLL/AML three-class distinction were identified. The class of the withheld
sample was then determined on the basis of the expression pattern of the
genes identified in this manner. This process was repeated for all 57 samples,
and the error rate in class prediction was calculated. The models were gener-
ated using between 1 and 250 genes.

Notably, pilot studies have shown that cytarabine, an
important agent in myeloid leukemia treatment, may improve
the outcome for MLL-affected individuals*®%, But it is the
translocation-specific therapies that are proving attractive for
their efficacy and lack of toxicity. Other leukemias in which a
translocation specifies a distinct disease include chronic myel-
ogenous leukemia (CML), with its BCR-ABL fusion, and
acute promyelocytic leukemia, with its PML-RARQ fusion.
The tailored development of the tyrosine kinase inhibitor
STI571 for treating CML and the use of all-trans retinoic acid
in APL have substantially improved the outcome in people
with those diseases*142,

Although pharmacological approaches to the complex regula-
tory capacity of MLL may prove challenging, the distinct gene
expression signature defined here for MLL may provide unan-
ticipated molecular targets. Of note, FLT3 is the most differen-
tially expressed gene that distinguishes MLL from ALL and AML
(Fig. 5). Aberrations of FLT3, especially duplication of its jux-
tamembrane domain, have been noted in some cases of AML
and may be leukemogenic**3. As a tyrosine kinase receptor,
FLT3 represents an attractive target for rational drug develop-
ment. The power of whole-genome profiling to define unique
disease entities such as MLL will stimulate the development of
therapies based on molecular targets.

Methods

Leukemia samples. After obtaining informed consent, we obtained
leukemia samples from the peripheral blood or bone marrow of affected
individuals at diagnosis or relapse. All patients were treated on a protocol
approved by the Institutional Review Board. All MLL and ALL samples
were diagnosed as CD19% B-precursor ALL cells by pathologists at the
institution where the samples were collected. When the samples were
obtained from peripheral blood, the percentage of blasts was greater than
60% of the total white blood cells present. Fifteen of the samples with an
MLL translocation and all of the conventional childhood ALL samples
were obtained from affected individuals treated by Dana Farber Cancer
Institute protocols between 1980 and 2001. Three of the infant leukemia
samples with MLL rearrangements were obtained from individuals treated
by the Interfant99 protocol, and the two adult samples with MLL
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rearrangements were obtained from individuals treated at Princess Mar-
garet Hospital in Toronto. Except for three of the conventional ALL sam-
ples and four of the MLL samples that were obtained at relapse, all samples
were diagnostic specimens. The AML samples have been described!® and
were from both adults and children. Eight of the MLL rearranged samples
contain t(4;11), one t(9;11), three t(11;19), one t(3;11) and one t(1;11). Six
of the MLL rearrangements were detected by either FISH or Southern blot,
and thus the translocation partner is unknown.

We purified mononuclear cells from red blood cells and neutrophils by
Ficoll-Hypaque density centrifugation, and they were either frozen in liq-
uid nitrogen with 10% dimethyl sulfoxide in fetal calf serum or put directly
into Trizol (Gibco-BRL) for RNA purification. Further details regarding
leukemia samples can be found at our web site (http://research.dfci.har-
vard.edu/Korsmeyer/MLL.htm).

Assessment for the presence of MLL translocations. We assessed all
leukemia samples by standard cytogenetics. We screened all childhood ALL
samples for the presence of a TEL/AMLI translocation by RT-PCR as
described®®. Any sample for which cytogenetics failed and that had no
TEL/AMLI translocation was further assessed either by FISH using a probe
that spans the 11q23 breakpoint or by Southern blotting®>*7. We did not
assess AML samples for chromosomal translocations.

RNA purification, labeling and hybridization. We used a total of 10 x
10020 x 10 cells to prepare total RNA using the Trizol (Gibco-BRL)
purification method. This generally yielded between 5 pg and 20 pig of total
RNA, the quality of which was examined by gel electrophoresis. If the ribo-
somal RNA bands were intact, the RNA was determined to be of good
quality and 5-15 pg was used for subsequent production of biotinylated
antisense RNA as described!®. A detailed protocol can be found at White-
head/MIT Genome Center Molecular Pattern Recognition web site
(http://www.genome.wi.mit.edu/MPR). We excluded samples if less than
15 pg of labeled RNA was produced.

Labeled RNA was then hybridized to Affymetrix U95A or U95A V2
oligonucleotide arrays at 45 °C for 16 h. Arrays were washed and stained
with streptavidin—phycoerytherin (SAPE, Molecular Probes). The signal
was amplified using a biotinylated anti-streptavidin antibody (Vector Lab-
oratories) at 3 ig ml~L. This was followed by a second staining with SAPE.
We used normal goat IgG as a blocking agent. We carried out the scans on
Affymetrix scanners and calculated the expression values using Affymetrix
GENECHIP software. The chip image was then scanned visually for obvi-
ous differences between arrays. If there were obvious abnormalities present
in the image, the sample was rehybridized. The scans were then normalized
on the basis of a linear scaling method as described in Web Note A. Sam-
ples were disregarded if the scaling factor was greater than threefold.

Data analysis. We identified the genes that correlated with particular class
distinctions as described!>. We used the signal-to-noise statistic
(Ug—Hy)/(0y+07), where pand O represent the median and standard devia-
tion of expression, respectively, for each class. We carried out 100 permuta-
tions of the samples to determine whether the correlations were greater
than would be expected by chance with a 99% confidence.

The class predictor was carried out using a cross-validation approach
and the k-nearest-neighbors algorithm as described in Web Note A. We
removed a sample, identified the genes that correlated with the MLL,
AML, ALL class distinction and assigned the removed sample to a class on
the basis of the expression of these genes.

We carried out principal component analysis using S-plus statistical
software and the default settings. The coordinates of the three principal
components for each sample were then used to project the samples in three
dimensions. Further details of the analysis can be found at our web site
(http://research.dfci.harvard.edu/korsmeyer/MLL.htm).

Note: Supplementary information is available on the Nature Genetics
web site (http://genetics.nature.com/supplementary_info/).
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