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Abstract
Deregulated HOX expression, by chromosomal translocations and myeloid-lymphoid leukemia
(MLL) rearrangements, is causal in some types of leukemia. Using real-time reverse transcription-
PCR, we examined the expression of 43 clustered HOX, polycomb, MLL and FLT3 genes in 119
newly diagnosed adult acute myeloid leukemias (AMLs) selected from all major cytogenetic groups.
Downregulated HOX expression was a consistent feature of favorable AMLs and, among these cases,
inv(16) cases had a distinct expression profile. Using a 17-gene predictor in 44 additional samples,
we observed a 94.7% specificity for classifying favorable vs intermediate/unfavorable cytogenetic
groups. Among other AMLs, HOX overexpression was associated with nucleophosmin (NPM)
mutations and we also identified a phenotypically similar subset with wt-NPM. In many unfavorable
and other intermediate cytogenetic AMLs, HOX levels resembled those in normal CD34+ cells,
except that the homogeneity characteristic of normal samples was not present. We also observed that
HOXA9 levels were significantly inversely correlated with survival and that BMI-1 was over-
expressed in cases with 11q23 rearrangements, suggesting that p19ARF suppression may be involved
in MLL-associated leukemia. These results underscore the close relationship between HOX
expression patterns and certain forms of AML and emphasize the need to determine whether these
differences play a role in the disease process.
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Introduction
Our understanding of acute myeloid leukemia (AML) has come from the elucidation of genes
at recurrent chromosomal rearrangements. Mutations in growth factor receptors, signaling
intermediates, transcription factors and the nucleophosmin (NPM) gene1-9 have added to this
knowledge. Chromosomal features define the major prognostic groups (favorable, intermediate
and unfavorable), although some abnormalities are variably classified.10,11 Within these
broad groups are subsets with shared biological/clinical features. For example, t(8;21), inv(16)/
t(16;16) and t(15;17) AMLs all share an excellent chance for long-term response and cure. The
fact that both t(8;21) and inv(16) alterations affect AML1 (Runx1) and a PML1 isoform
reportedly interacts with AML1b12 raises the possibility that these subtypes might share a set
of deregulated genes. Although high-density microarrays have successfully identified
individual subsets,13,14 common expression signatures linking the favorable AMLs have not
been reported.

Homeodomain genes, including the clustered HOXA-D loci, encode transcription factors
regulating pattern formation, differentiation and proliferation. There is considerable evidence
linking deregulated HOX expression with human acute leukemia. This includes translocations
targeting specific HOX genes, particularly those located at 5′ in their clusters (for example,
HOXA9),15 or myeloid-lymphoid leukemia (MLL), which normally functions to maintain
proper HOX levels.16 In mice, retroviral integrations affecting Hoxa7 and Hoxa9 cause AML,
17 and integrations involving MEIS1 facilitate AML development via the effects on HOX
protein localization and DNA binding.18 Golub et al.19 reported that HOXA9 was the single
most informative gene distinguishing AML from acute lymphoblastic leukemia. In addition,
although no expression signature correlated with treatment response or outcome, HOXA9 was
overexpressed in poor-outcome patients. However, no statistical correlates were provided and
further studies were suggested. Overexpression of other HOX genes, that is HOXA5,20
HOXB321 or HOXB4,22,23 affects myeloid proliferation and differentiation without causing
AML, suggesting that they may contribute to the leukemogenic process or influence the
phenotype.

We first reported that favorable AMLs express low levels of HOX genes, although the number
of cases (n = 34) was limited.24 Similar conclusions were reached by Debernardi et al.25 in
28 cases, of which half consisted of favorable AMLs, with the remainder having 11q23
abnormalities or normal karyotypes. Thus, although suggestive of a common expression
pattern, the AMLs examined have been limited and biased. We also initially reported that the
highest HOX expression occurred in a subset of intermediate cytogenetic cases with elevated
FLT3 levels and FLT3 mutation rates.26 This subset was subsequently shown to contain
NPM mutations.2,27 HOX expression in other AMLs, except for MLL (11q23) rearrangements,
has not been rigorously examined.

In the present study, we expanded the repertoire of genes to include most clustered HOXA-D
genes, plus selected trithorax, polycomb and other homeodomain family members. We utilized
real-time reverse transcription-PCR (RT-PCR) to obtain accurate assessments of gene
expression. All SYBR-based assays were verified and applied to an independent set of AMLs
(n = 119) plus sorted CD34+ cells from four normal marrow donors. Downregulation of
HOX expression was a striking feature of favorable AMLs. Among these, inv(16) cases had a
distinct profile. Using a 17-gene predictor in 44 additional samples, we observed a 94.7%
specificity for classifying favorable vs intermediate or unfavorable cytogenetic groups. As
anticipated, marked HOX overexpression was observed in intermediate AMLs with NPM
mutations, although we also identified a subset of phenotypically similar cases without NPM
mutations. In many unfavorable AMLs, we detected Hox levels that resembled those in normal
CD34+ cells, except that the striking normal homogeneity was lost in the leukemias. Finally,
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we found that HOXA9 expression correlated with survival and response to therapy and that
BMI-1, a polycomb gene known to repress p19ARF25, was overexpressed with MEIS1 in 11q23
(MLL) rearrangements.

Methods
Patient samples

Specimens of bone marrow (BM) aspirates (n = 60), peripheral blood (n = 41) or peripheral
white blood cells obtained by leukophoresis (n = 18) were from newly diagnosed AML patients
under informed consent (MD Anderson IRB-approved protocol). Karyotypes were obtained
by conventional methods as part of the diagnostic work-up, typically on BM samples. Except
as indicated, samples were obtained from patients prior to treatment and, before processing,
contained a median percentage blast count of 77.0±s.e.m. 2.8 or, in acute promyelocytic
leukemia (APL), 84.5% ±s.e.m. 16.9 promyelocytes. Mononuclear cells were isolated by
centrifugation through Ficoll-Hypaque (Sigma Chemical Co., St Louis, MO, USA). Cells were
stored in liquid nitrogen or lysed with RNA Stat 60 (Tel-Test, Friendswood, TX, USA), as
directed by the manufacturer, and the RNA stored at -80 °C. Samples from healthy BM donors
were selected for CD34+ cells using a Mini-Macs magnetic-antibody column (Miltenyi
Biotech, Auburn, CA, USA) as directed by the manufacturer.

Gene expression assays and mutation analysis
Preparation of RNA and cDNA and assessment of gene expression by quantitative (q) real-
time PCR were performed as described.26 SYBR Green-based qRT-PCR assays were
developed to run under a standard set of conditions, and each product was initially verified by
DNA sequencing from multiple cDNA and genomic DNA templates. Assays were validated
in three independent labs using ABI Model 7700 and 5700 instruments. For the ABI 7000 and
newer instruments, conditions included 9600 emulation. In all the samples analyzed, PCR
products were shown to represent a single product by dissociation curves. Genes chosen for
the present study were shown to be variably expressed among 10 AML, biphenotypic and
chronic myelogenous leukemia blast crisis leukemia cell lines (not shown). Raw data were
normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), that is, ΔCt =
Ctspecific gene -Ct GAPDH. Similar results were obtained using 18S rRNA (data not shown).
Expression data are reported as the number of transcripts per thousand copies of
glyceraldehyde-3-phosphate dehydrogenase; high HOX expression is defined as levels >10
and low expression as levels equal to or <0.1. A comparison of HOX expression in paired BM
and peripheral blood samples from patients with high (>80%) blast counts did not show
differences (not shown). Mutation analysis for NPM, FLT3 and C/EBPα used 65-55 °C
touchdown PCR on cDNA, followed by DNA sequence analysis (sequencing performed by
the DNA Sequencing Core of the University of Colorado Cancer Center). Primer sequences
are provided in supplementary material.

Statistical methods
Bootstrap-validated unsupervised hierarchical clustering used the R statistical software
package (http://www.R-project.org).28 Clustering used a distance metric based on the Pearson
correlation coefficient and average linkage. We performed bootstrap validation by resampling
rows (genes) for sample clustering or columns (patient samples) for gene clustering from the
data matrix with replacement, then repeating the clustering.29 We recorded for each pair of
genes or patient samples the percentage of times, in 500 bootstrap samples, they were included
as part of the same cluster. To examine whether any genes were differentially expressed
between groups of AML patients based on cytogenetics, we performed a separate analysis of
variance for each gene. The Cox proportional hazards model was used to determine whether
any HOX gene was potentially useful for predicting survival. The two-sample t-test was used
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to examine HOX genes predictive of response analyzing each gene in patients who achieved a
complete remission (CR) to those who failed or were resistant to therapy. To examine the
association between HOX expression and mutations of FLT3, NPM and C/EBPα, we performed
two-sample t-tests for each gene, comparing expression in patients with and without mutations.
To correct for multiple testing, we applied the stepwise permutation-based procedure of Korn
et al.,30 which controls the actual number of false discoveries. This approach contrasts with
methods, like the false discovery rate of Benjamini and Hochberg,31 which control the
expected number of false discoveries, and is especially suited to the case in which there are
dependencies among genes, such as we have previously reported among the genes in the
HOX family.24,26 Analyses were performed using BRB ArrayTools developed by Dr Richard
Simon and Amy Peng Lam. For analysis of variance, after determining the genes that were
significantly different, we used Tukey's test for honestly significant difference to determine
the groups that were different for each gene. For correlations with clinical parameters, we
computed Pearson correlation coefficients among HOX genes, as well as between HOX genes
and other clinical variables, for example, BM blast percentage. The qRT-PCR gene expression
data were log 2-transformed in the statistical analysis described above. To develop a
multivariate predictor of genes for determining the cytogenetic groups to which a given sample
belongs, diagonal linear discriminant analysis, implemented in the Class Prediction Tool in
BRB ArrayTools, was used.32 A separate test data set was used to evaluate the accuracy of
the gene classifier for classifying new samples.33

Results
Hierarchical clustering based on HOX expression

One hundred and nineteen newly diagnosed cases of AML were studied initially, as well as
normal CD34+ cells from four marrow donors. Samples were arbitrarily selected from
favorable, intermediate and poor prognostic cytogenetic cases without consideration of
response or outcome. Only samples with intact RNA, as judged by gel electrophoresis and the
relative staining intensities of 28S/18S rRNA bands, were used. The median age was 60.2
years, and the percentage of favorable, intermediate and unfavorable disease was 14, 44 and
38%, respectively. Four patients had no analyzable metaphases. All received a high-dose Ara-
C-containing regimen, unless they had APL, in which case they received all-trans retinoic acid,
arsenic trioxide and/or idarubicin. Overall, 58% of patients achieved a CR. Survivals ranged
from 0 to 452 weeks with a median of 38 weeks. Other clinical parameters are provided in
Supplementary Table 1. Specimens were obtained from BM aspirates (n = 60), peripheral blood
(n = 41) and peripheral white blood cells obtained by leukophoresis (n = 18). We have not
detected differences in HOX expression between samples when both corresponding BM and
peripheral blood were compared (not shown).

Forty-three genes were analyzed by qRT-PCR. These included 39 homeodomain and two
polycomb genes (EZH2 and BMI-1) plus MLL and FLT-3. Normalized expression levels for
each are provided in Supplementary Table 2. To determine if any genes were reproducibly
associated with cytogenetic groups, we applied hierarchical clustering with validation by
bootstrap sampling, using the expression of 43 genes to cluster 115 AML and four normal
CD34+ samples. These results are shown in Figure 1, in which the solid yellow and blue colors
represent, respectively, complete concordance and the lack of clustering. Dendrograms for
hierarchical clustering are shown on both edges, and the color bars indicate the cytogenetic
group of each sample (blue, favorable; green, intermediate; red, unfavorable). As can be seen,
cases from each major cytogenetic group were predominantly clustered with others from the
same group. In addition, the normal CD34+ samples indicated in black form a tight subcluster
reflecting a high degree of homogeneous expression. This uniformity was absent in the
leukemic samples.
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Low levels of HOX expression are characteristic of favorable cytogenetic AMLs
A striking feature observed in each favorable AML was the low level of HOXA and HOXB
gene expression (Supplementary Table 2). Minimal expression was detected for genes in the
HOXC and -D clusters, excluding alternative HOX gene usage. Among favorable AMLs, cases
with inv(16) or t(16;16) had statistically significant higher HOX expression, particularly
HOXB2, HOXB3, HOXB4 and MEIS1. Shown in Table 1 are levels of 12 genes that distinguish
inv(16) and t(16;16) cases with parametric P-values <0.05. On the basis of a permutation
distribution of the t-test statistics for each gene, with 95% confidence, there were no false
positives among the first eight genes. We also compared HOX levels in five t(15;17) patients
to five patients with t(8;21) AML. Levels of MEIS2 (P = 0.004) and BMI-1 (P = 0.03) were
significantly higher in t(8;21) AML. Among 44 additional AML cases, six had favorable
subtypes. Again, we observed that HOX expression was uniformly low and that inv(16) cases
had a distinguishable pattern (Supplementary Table 3). In fact, favorable AMLs could be
distinguished from other cases with high sensitivity and specificity (see below).

HOX expression in other AML subtypes
Low HOX levels in favorable AMLs were contrasted by marked overexpression in cases with
intermediate cytogenetics and NPM mutations (Supplementary Table 2). In our series, there
were 27 NPM mutations among 50 evaluable intermediate cases; 35 mutations were identified
among all 115 cases with cytogenetic data. Thirty genes were differentially expressed in
samples with NPM mutations (parametric P-values <0.05). Using the permutation distribution
of the t-test statistics for each gene, we identified 21 with no false positives at 95% confidence
(Supplementary Table 4). It is worth noting that we identified four cases (nos. 18, 17, 35 and
22) with wild-type NPM, which had a very similar phenotype to those with NPM mutations.
This included HOX overexpression, diploid or pseudodiploid karyotype, and reduced numbers
of CD34+ cells. Also, this wild-type NPM subset had significantly higher FLT3 mRNA levels
compared to either unfavorable AMLs (Kruskal-Wallis overall χ2 test, P = 0.012, Bonferroni-
corrected P = 0.015) or favorable AMLs (Bonferroni-corrected P = 0.0138). Many unfavorable
and other intermediate cytogenetic cases had HOX levels resembling those in normal CD34+
samples. However, compared to normals (notable for their homogeneity of expression), the
leukemia samples were much more variable (Supplementary Table 2).

To determine if specific homeodomain genes could be used to distinguish major cytogenetic
groups, we performed a separate one-way analysis of variance for each gene. Twenty-four
genes (Supplementary Table 5) had parametric P-values <0.05. On the basis of permutation
distribution of the F-ratio for each, with 95% confidence, there were no false positives among
the top 20 genes. Using Tukey's test for honestly significant difference, all 20 differentially
expressed genes, except EZH2, were able to distinguish favorable vs intermediate cytogenetic
AMLs. Although most HOXA genes could distinguish favorable vs unfavorable cases, only
the HOXB genes were effective at distinguishing intermediate vs unfavorable AMLs.

With these results as a training set, we developed a 17-gene multivariate predictor using
diagonal linear discriminant analysis from BRB ArrayTools. The predictor was comprised
mostly of HOXA and -B genes, along with PBX3 and MEIS1. The sensitivity and specificity
of the classifier for the favorable cytogenetics group was 88.2 and 89.8%, whereas for
intermediate and unfavorable cases, the sensitivity/specificity percentages were 67.9/82.3 and
66.7/81.4, respectively. We then validated the multivariate predictor on the 44 additional cases.
Although it was only 66% accurate (95% CI: 50-80%) in classifying the independent samples
into major cytogenetic groups, it was 83.3% sensitive and 94.7% specific for classifying
favorable vs intermediate or unfavorable cytogenetic groups combined, with an overall
accuracy of 93% (95% CI: 81-97%). This supports the hypothesis that favorable cases of AML
have a distinct and common homeodomain gene expression signature.
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HOXA9 as a prognostic marker and BMI-1 in MLL rearrangements
Golub et al.19 reported that HOXA9 correlated with outcome in AML, although further studies
were suggested. We examined this question by performing separate analyses using a Cox
proportional hazards model on patients for whom survival data were available (n = 119). For
overall survival, the levels of eight HOXA genes (that is, HOXA1-10) and MEIS1 had parametric
P-values less than 0.05 (Supplementary Table 6), with low expression favoring survival.
However, based on a permutation distribution of the χ2 statistics for each gene, we only have
90% confidence that there are no more than six false positives among these. The Kaplan-Meier
curve for HOXA9 expression, grouped in tertiles and analyzed by logrank test (low vs
intermediate plus high), is shown in Figure 2. Similar analyses were performed for event-free
survival. Only one gene, HOXA9, had unadjusted parametric P-values <0.05 (P = 0.0256). For
response to therapy, we compared 67 patients who achieved CR to 49 patients who were
resistant (excluding those with early death). Twelve genes (Supplementary Table 7) had
parametric P-values <0.05, with HOXA9 ranking predominantly. On the basis of permutation
distribution, with 95% confidence there are no more than six false positives among the first 11
genes. Levels of EZH2 were higher in patients achieving CR, whereas expression levels for
the other genes were lower.

AMLs with 11q23 (MLL) rearrangements overexpress MEIS1.34 We noted that expression of
BMI-1, a polycomb gene reported to repress p19ARF, was significantly correlated with
MEIS1 (Pearson r = 0.37, P<0.001). Compared to other unfavorable AMLs, BMI-1 levels were
significantly elevated in cases with 11q23 rearrangements (P = 0.038). Similar results were
observed in the additional 44 AMLs, suggesting that p19ARF suppression by BMI-1 may play
a role in the development of AML with MLL rearrangements. Other genes associated with
11q23 rearrangements are shown in Supplementary Table 8.

Discussion
Selective HOX deregulation by chromosomal translocations or retroviral integrations leads to
acute leukemia. Our findings suggest that differences in homeodomain gene expression are
related to the major cytogenetic groups. Strikingly, very low levels of homeodomain genes are
characteristic of favorable AML. The results from 119 initial cases, of which 17 were favorable,
were confirmed in 44 subsequent AMLs with six favorables. Using a 17-gene predictor in the
44 test samples, we observed a 94.7% specificity in classifying favorable vs intermediate or
unfavorable cytogenetic groups. Moreover, cases of inv(16) and t(16;16) were readily
discernable on the basis of HOX expression (Table 1).

We first reported that low HOX levels correlated with favorable AML, although the number
of cases was limited.24,26 Debernardi et al.25 described similar results, although their series
was also small and biased toward favorable cases. The current work involving 159 AMLs with
cytogenetic data confirms this association, thus linking each of the favorable subtypes, that is,
t(8;21), inv(16) and t(15;17), to a common gene expression signature. It is interesting to note
that an isoform of PML1 reportedly interacts with AML1b,12 raising the possibility that AML1
function could be affected in all favorable subtypes. Thus, it will be important to determine if
AML1, AML1-ETO or alterations of Cbfβ (the β-subunit with AML1) affects HOX expression.

The identification of a common expression pattern, particularly when members of the gene set
are known to be causally involved in leukemia, raises the question whether their expression
levels are involved in the disease process or merely reflect the cell of origin. In favorable AMLs,
it is possible that failure to upregulate certain HOX genes might impair differentiation, causing
cells to persist in the BM with susceptibility to acquired mutations. Such a scenario has been
suggested for cancer stem cells,35 and AML1-ETO reportedly affects DNA repair.36
Furthermore, Kuo et al.37 proposed that the inv16 Cbfβ-SMMHC fusion impairs
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differentiation/proliferation and noted that Cbfβ-SMMHC was more leukemogenic than
Runx1-Eto. It is worth noting that the higher levels of HOXA2, HOXB2-B4 and MEIS1 in inv
(16) cases could be responsible for this difference.

Could downregulation of HOX genes be related to C/EBPα? Kirstetter et al.38 reported that
eliminating C/EBPα p42 results in AML by committed leukemia-initiating cells and that
HoxA9 and Meis1 were downregulated. In this regard, AML1-ETO inhibits C/EBPα,39,40
raising the question whether homeo-domain profiles in t(8;21) or other favorable AMLs
resemble those in leukemias with C/EBPα mutations. However, our analyses indicate that
HOX levels in favorable AMLs are far lower than those with C/EBPα mutations
(Supplementary Table 2), suggesting that C/EBPα is not responsible, at least as a single factor.

Although homeodomain expression patterns in favorable AML are the most notable in terms
of linking an entire cytogenetic group to a common expression signature, other AML subsets
show distinct patterns of HOX expression. We first reported that the highest HOX levels
occurred in a subset of intermediate cytogenetic cases with increased FLT3 expression and
FLT3 mutations.26 Falini et al.2 and Verhaak et al.27 subsequently discovered that this
phenotype was associated with NPM mutations. In agreement with previous reports, we found
that 54% (that is, 27/50) of evaluable intermediate cytogenetic cases had NPM mutations.
Interestingly, we found four additional cases with similar levels of HOX genes and wild-type
NPM. These cases shared other phenotypic features associated with NPM mutations, that is,
diploid/pseudodiploid karyotype, reduced number of CD34+ cells and elevated FLT3 mRNA
levels.

Although HOX levels tended to be higher in intermediate cytogenetic AMLs with both NPM
and FLT3 mutations vs NPM mutation alone, the differences were not significant. On the other
hand, HOX expression was significantly higher in cases with mutation of both NPM and
FLT3 compared to FLT3 mutations alone. In related studies, we have found that FLT3
inhibition by PKC412 in MV4;11 cells, FLT3 stimulation by FLT ligand in RS4;11 cells and
BCR/ABL inhibition by imatinib in K562 cells consistently affect only a few non-clustered
homeo-domain genes (Starkova et al., to be presented elsewhere). Thus, FLT3 mutations are
probably not causally related to the high levels of HOX expression associated with NPM
mutations. Although it is unknown whether NPM mutations directly affect HOX expression,
the identification of a phenotypically similar subset with wt-NPM argues, in this instance, that
high HOX expression relates to the cell of origin. Alternatively, if NPM mutations do affect
HOX expression, then alterations in other pathway components might explain the apparent
phenocopy.

Our results are not dissimilar to those obtained from genome-wide cDNA or oligo-nucleotide
arrays. For example, the array analysis of Bullinger et al.13 was able to distinguish major
cytogenetic AML groups, although it tended to split subtypes with no common expression
pattern identified for favorable AMLs. Valk et al.14 reported that C/EBPα mutations clustered
into two predominant groups, and for 11q23 rearrangements, both Bullinger et al.13 and Valk
et al.14 presented evidence for molecular heterogeneity, consistent with clinical observations.
41 On the basis of homeodomain expression, we found similar heterogeneity for both C/
EBPα and 11q23 rearrangements (Supplementary Table 2).

Interestingly, in cases with 11q23 rearrangements, which affect MLL and are associated with
overexpression of HOXA9 and MEIS1,34 we found significantly higher levels of BMI-1.
MLL and BMI-1 are antagonistic in some developmental contexts16 and in experimental
leukemia induced by MLL-ENL.42 BMI-1 is a core component of the Polycomb (PcG) PRC1
complex, which ubiquitylates Lys119 of histone H2A. In knockout mice, Bmi-1 loss suppresses
3′-Hox genes, while upregulating 5′ genes (for example, HoxA9).43 Targeting PRC1 to DNA-
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binding sites is controlled through methylation of H3-K27 by EZH2, the catalytic component
of a second PcG complex, ESC-E(Z). Why BMI-1 overexpression would occur in some MLL
rearrangements with HOXA9 overexpression is unclear. One hypothesis could be that HOX
expression becomes BMI-1-independent as a result of some MLL fusions or secondary genetic
changes and the selection for BMI-1 upregulation comes from its effects on other genes. In this
regard, BMI-1 is overexpressed along with HOXA9, HOXA10 and MEIS1 in T-cell acute
lymphoblastic leukemias with CALM-AF10 fusions, which lack p16INK4A/p19ARF deletions
common in other types of T-cell acute lymphoblastic leukemia.44 These results suggest that
in the context of 11q23/MLL rearrangements, BMI-1 overexpression may suppress
p16INK4A/p19ARF and play a role in the disease process.

Finally, among all cases, we found that lower HOXA9 expression was the best predictor of
overall/disease-free survival and response to therapy, extending the preliminary findings of
Golub et al.19 This appears to reflect the low level of HOXA9 in favorable AMLs together
with its elevated expression in other subtypes, including the unfavorable group. Other genes
(Supplementary Table 7), including HOXA family members, also correlated with outcome.
This reflects the high degree of coordinate regulation observed among members of the same
HOX group, for example the Pearson correlation coefficient between HOXA4 and HOXA9 is
0.92 (P<0.0001). However, in a multivariate analysis, HOX expression had no additional
impact when age and cytogenetics were considered (not shown). Interestingly, EZH2 levels
were higher in patients achieving CR. In the absence of MLL rearrangements, this is consistent
with targeting PRC1 to HOX loci to suppress expression. In summary HOX expression patterns
are closely linked to some major cytogenetic subgroups, particularly favorable AMLs. Because
HOX genes play a pathogenetic role in leukemia development when deregulated by certain
chromosomal translocations, these characteristic expression patterns suggest that they may
have a role in the disease process or phenotype. Interestingly, pair-rule genes such as Runt
(Runx1/AML1) are involved in a hierarchy with segment polarity genes, including homeotic
genes, during normal development (Choe et al.45 and references therein).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Bootstrap-validated hierarchical clustering of samples. We applied bootstrap-validated
unsupervised hierarchical clustering, using the expression of 43 genes to cluster 119 samples
(excluding four NAM cytogenetics). Clustering used a distance metric based on the Pearson
correlation coefficient and average linkage. We performed bootstrap validation by resampling
genes from the data matrix with replacement and then repeating the clustering. We recorded
for each pair of samples the percentage of times, in 500 bootstrap samples, that they were
included as part of the same cluster (cutting the dendrogram each time to produce seven
clusters). The percentage of times each pair of samples is clustered together is illustrated in the
main part of the image, ranging from 0% (pure blue) to 100% (pure yellow). Dendrograms for
hierarchical clustering by Pearson correlation with average linkage are shown on both edges.
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Color bars indicate sample type, which includes normal (NORMAL) CD34+ controls (black),
favorable (FAV) cytogenetics (blue), intermediate (INTERM) cytogenetics (green) and
unfavorable (UNFAV) cytogenetics (red). Individual patient numbers are indicated along the
bottom.
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Figure 2.
Kaplan-Meier survival curve for HOXA9 gene expression grouped by its tertiles. Patients in
the lowest tertile of expression have better survival than patients with moderate or high
expression of HOXA9 (P = 0.073).
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Table 1
Genes that discriminate inv(16) and t(16;16) cases from other favorable subtypes

Gene Parametric P-value Geometric mean expression

FAV t(15;17) or t(8;21) N = 10 FAV inv(16) or t(16;16) N = 7

HOXB4 <1e-07 0.0400 3.8773

MEIS1 <1e-07 0.0659 26.4084

HOXB2 <1e-07 0.2862 17.4490

HOXB3 <1e-07 0.0427 1.8071

HOXA2 4.80E-06 0.0174 0.2941

HOXA3 8.60E-06 0.0096 0.0943

HOXB6 1.31E-05 0.0057 0.1318

HOXA1 0.00039 0.0133 0.2323

HOXA4 0.0049521 0.0099 0.0936

HOXA5 0.0183021 0.0094 0.0241

HOXA10 0.022956 0.0291 0.2814

HOXB5 0.0404683 0.1189 0.4742

HOX genes that discriminate inv(16) and t(16;16) cases from other favorable prognosis subtypes. On the basis of a permutation distribution of the t-test
statistics for each gene, with 95% confidence, there were no false-positives among the first eight genes. Shown are the geometric means derived from the
log 2-transformed expression values and the parametric P-values for the t-statistic.
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